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I Preliminaries

Résumé
Complex systems arise in virtually every domain of contemporary science and are associated with
a wide variety of natural and social phenomena. Therefore, one of the foremost challenges to
complex system theory is to overcome the increasing size and complexity of the relevant
mathematical model. In analyzing complex dynamical systems, it is often desirable to reduce the
order of such systems or to decompose it in subsystems without sacrificing key systems properties
such as stability, controllability, etc...
The Lyapunov function method appeared one of the most powerful methods for stability of
complex systems. But, despite its elegance, it is still in general impossible to find it for composite
system because of no universal and systematic procedure available to tell us how to find the
required Lyapunov function. Attempts to overcome the drawbacks of the Lyapunov approach have
led to the decomposition-aggregation method of the complex systems.
The main objective of this talk is to give a brief understanding of this class of systems.

Prof:Madjid Kidouche

Resumé
La conférence donne un aperçu sur le domaine extrêmement vaste de l'optimisation, avec un accent sur la classe de
problèmes d'optimisation convexe.
Le chemin est retracé depuis les conditions d'optimalité sous contrainte KKT (Karush Kuhn Tucker) avec les
classes de problèmes "programmation linéaire (LP)", "programmation quadratique (QP)", "programmation sur le
cône du second ordre (SOCP)", etc.
Un aspect important dans la recherche actuelle joue la disponibilité de logiciels appropriés, que ce soit des
solveurs pour une classe de problèmes (p.ex. IPOPT), que ce soit des langages de modélisation (p.ex. CVXPY,
Yalmip, Casadi).
Le domaine de la commande optimale a également vu un essor impressionnant les dernières années.Une classe de
méthodes de discrétisation populaires sont les "méthodes directes" qui permettent de traduire un problème
variationnel, où l'inconnue est une fonction, dans un problème d'optimisation nonlinéaire à large échelle, où
nombre de variables de décision est de l'ordre de 100 à 10'000.Là aussi, l'utilisation de logiciels spécialisés joue un
rôle important. La génération automatique des dérivées et la génération automatique de code C est évoquée, ce qui
ouvre le chemin vers des applications d'optimisation embarquée en temps réel, comme p.ex. la commande
prédictive nonlinéaire (NMPC).
La conférence termine avec une application dans le domaine de la génération de trajectoires temps-optimales pour
les machines-outils.

Prof : Raoul Herzog
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Abstract – The work presented in this paper focuses on the use of multi-controller approach to
control a robot wrist (STÄUBLI robot RX 90). The description and a nonlinear Mathematical
model of the process have been presented with the local parametric models around operating
points. Due to the advantage of a fractional order PID control compared to the conventional
PID, IMC control and LQG control, a Fractional order PID controller has been developed
around each selected operating points for each local parametric models with the Oustaloup
recursive approximation method (ORA). At the end, in order to show the efficiency of the
proposed method, some simulation results in CAO and MATLAB environments are given.

Keywords: Modeling, Local Control, Multi-controller control, Fractional PID controller, IMC
control, LQG control, Approximation Oustaloup method.

I.

Introduction

Supervisor

Invariant linear model for a physical process can only
be an approximation. Indeed, a physical process
generally has non-linearities [1] that are not taken into
account in the modeling of the process. For some
operating points of the physical process a local linear
model can be determined.
Two ways can be used to derive these linear models
the first is based on the priori knowledge of the process
and the second using identification. We may then seek to
enslave the whole process in operational space using the
local information [2],[3].
The objectives of this work are to develop a control
structure in which control law is deduced from a set of
controllers that are working together. The controllers
parameters are deduced from the local models of the
process.
The purpose of the multi-controller command [4] is to
control the output of any process in space operation using
controls developed by different local controllers.
The diagram block of the multi-controllers control
approach is represented as follows:

yp

up

Process
yp

uN
Controller N
Switcher

u1

Controller 1

up
r
yp
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r

Fig. 1: Multi-controller structure approach.
The multi-controller command is used to specify:
•
•

The controller’sstructures.
The switching type [5],[6].

Different solutions are proposed such as:
•
•
•
•

Fractional order PID controllers [7].
Digital RST controller and Adaptive controllers
[8],[9].
Frank or fuzzy switching [8][10].
Direct or indirect approach to collaboration
control law [8][10]. .

In our work we have choose the use of an indirect
approach based on comparison between different local
controller like fractional order PID controllers, IMC
control and LQG control and frank switching for robot
wrist control.
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II.

Process modeling

The geometric series structure model of STÄUBLI
Robot Rx-90 is shown in the figure 2 [11]:

Jm: inertia moment applied in the motor shaft.
Js: inertia moment applied in the output shaft (output
shaft with mass).
γ =γ +

γ

(4)

γm,γs:: Viscous friction applied to the motor shaft and
output shaft respectively.
Γ =K ∙u t

The motor torque is given by:

(5)

Where: Ke is the torque constant and u(t) control voltage.
Then the nonlinear model is given by:
X! = θ
X='

Fig. 2: RX-90 Robot model.
This robot has coupling between axis 5 and 6. The
actuators are brushless motors and the engine control
uses the rotor position to magnetic flux rotate to achieve
desired torque value. Our process corresponds to the
robot wrist (axis 6) can be represented by the following
figure:
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∙ ∙
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!

05 ∙ X

(6)

(7)
(8)

To find the structure of local parametric models, we
have used the tangent linearization. The general form of
tangent linearization applied on a non-linear system is:
89

8

δ7 = 4 :+ : . u< 5 . δX + g X< . δu
87
87

(9)

δY = −δX! /N

(10)

with :
δX = X − X< ; δY = Y − Y< ; δu = u − u<

11

f X< + g X< u< = 0

12)

At equilibrium point:

D< =

Fig. 3: Process model.
The mathematic dynamic process model is given by
the following equations:
Γ −Γ = J +
Γ =−

∙ ∙

with:

J = J +
where:

∙ sin θ
∙

∙

∙θ + γ +

∙θ

(1)

E.F.G
H.IJ

. sin

13

K.B

(14)

H

After the applied the equation (1) around operating
point (u0,X0), we have obtained the linear model as a
follows:
-

State equation:

(2)
(15)
(3)

X $B = 0

0
L = 'ME.F.G . cos

K.B

H .NO

H

1
0
RO + . SL + 'TB + . SD
−N
N
O

O

Output equation :
δY = 4−

!

05 ∙ δX

This system has the follows form:

(16)
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S L = U. SL + V. ∆D

(17)

SX = Y. SL

-

operating points, θs0=0 :
f! g = t

(18)

the process transfer function G(p) can by obtained by
the following function:
G p = C. ]p. I − A`M! . B =

bc d

-

G$ p = i

The transfer function G (p) of the process corresponds
the linear model is given by the following formula:
M0h

f g =i
01

∙*

; ai! =

γ*
*

; ai$ =

f{ p = i

M!!!.r

!!.$r∙i {o.ru

;

(28)

M!!!.r

(29)

!!.$r∙iM{o.ru

(20)

jh. ∙i jh

III. Internal Model Control and LQG
control

Where:
Ki =

(27)

operating points, θs0=π/3 and θs0=2π/3 respectively:

(19)

be d

M!!!.r

!!.$r∙t uo.!v

∙ ∙

∙*

∙ cos

-.B

(21)

For identify around each operating point considered a
linear model of order two, we place the process around
the operating point (u0=0, X10=0) and we excite the
process with the following signal:
u t = 0.2 ∙ ]sin 2πt + sin 4πt + sin 8πt `

(22)

This internal model control (IMC) approach is based
on the principle of proposing a control synthesis that acts
in parallel to the system and a model perfectly illustrates
the dynamic structure of the exogenous signal that the
regulator is supposed to control in real time (Figure 5)
including additive noise output [1].
d
r

u

+
-

Controller
synthesis

yp
Proces
s

Model
M

+
ym

-

Fig. 4: Structure of FOPID local controller.
After the identification we obtained the following
discrete model:
f n =p

M<.<<<!!<o∙p

M!.oqo∙p <.oqqq

(23)

This model corresponds to discrete continuous model
as follows:
M<.<rrss∙tM!!!.r

f g =t

!!.$r∙t uo.!v

(24)

The process model (20) contains no zeros. So we
obtained the continuous model follows:
f g =

We deduce:
w

t

M!!!.r

!!.$r∙t uo.!v

K i = 111.5; ai! = 11.25;

a i$ = C! ∙ cos

-.B

; C! = 79.14

(25)

(26)

The corresponding continuous linear model is as
follows:

Fig. 5: Structure of Internal model control (IMC)
The linear quadratic optimal control the assumed that
the mathematical function which is called the cost
function or performance index can be written. The term
optimal means that the procedure of this technique is to
minimize the cost function, however, in most cases the
cost function was minimized by trial and error method.
The general form of performance index equation
[12],[13]:
•
•
|H = ∑H
Iƒ< ~ € • € ~ € + D € ‚ € D €

(30)

In the equation above, k is the sample instant and N is
the terminal sample instant. Where matrix Q is a positive
semi definite and matrix R is a positive definite matrix.
The matrices Q and R determine the relative importance
of the error. Then the element of feedback, K is obtained
to minimize the performance index. The control law of
feedback is according to figure 6.
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Fig.7: Output of the model G1 without control.
Fig. 6: Structure of LQG control.
The LQG control approach based on the so-called
principle of separation of control and estimation. The
state-feedback controller K is optimal in the sense of a
quadratic criterion, and the Kalman filter K is the optimal
state estimator in the presence of white noise
disturbances. Taken together controller and filter give a
control law which is optimal in the presence of white
noise measurement and process noise [14][15].

Fig. 8: Output of the model G1 with PI tuining control.

The IMC and LQG control approach are applied are
each operating point (each local linear model)[16].

IV.

Simulation

The synthesis of the controllers is continuous. The
simulation is done in continuous time around the
following operating points θs0=0rad, θs0=π/3rad and
θs0=2π/3rad.The parameter valuesof the reference
modelλ0and λ1 are:
γ = 30 ; λ< = 900; λ! = 60

Fig. 9: Output of the model G1 with PID tuining control.

(31)

The PID controller parameters around the operating
points chosen is:
TABLE 1: PARAMETERS OF THE LOCAL CONTROLLER
parameters
Controller(θs=0)
Controller (θs=π/3)
Controller(θs=2π/3)

…t
-2
-2
-3

…†
-5
-0.4
0.1

…‡
-0.7
-0.4
-0.4

Fig.10: Output of the model G1 with LQG control.

Two simulations have been performed for each
operating point in order to verify the role of the
integrator, the stability of the closed loop and the proper
functioning of the controllers around the operating points.
With controller parameters around θs0=0rad and
reference signal r (t) is equal to:
r t = 0.1 ∙ sin 5 ∙ t

(32)

The simulation results are illustrated in the followings
figures:

Fig. 11: Output of the model G1 with IMC control.
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V.

Fig. 12: Output of the model G1 with loop shaping control
The results are illustrated in the following table:
TABLE 2: SIMULATION RESULTS FOR G1
Control
methods
PI

Setting
time (sec)
1.64

Rise time
(sec)
0.124

Peak
amplitude
1.35

Static
gain
1

PID

2.83

0.00439

1.01

1

LQG

4.36

2.32

0.999

0.999

IMC

0.198

0.114

1

1

Loop shaping

0.392

0.22

0.997

0.997

We can observe that the best results simulations are
obtained with Loop shaping control methods. We have
applied the same methods for the second and third model
(G2 and G3 local linear model). The obtained results are
illustrated in the followings tables:
TABLE 3: SIMULATION RESULTS FOR G2
Control methods

Setting
time (sec)

Rise time
(sec)

PI

2.74

0.22

Peak
amplitud
e
1.45

Static
gain

PID
LQG
IMC

17.7
3.11
0.216

0.174
1.35
0.125

1.05
0.995
1

1
0.995
1

Loop shaping

0.392

0.22

0.997

0.997

1

Robot Simulation with 3D Modeling

In 90s, the first commercial robotic simulation
software has been developed. The software was used to
solve complex design and to program robots. All the
simulation software used today has an extensive
simulation capability where any user can manage the
design and can associate this with the manufacturing
process. But, any technology has its advantages and
disadvantages[18],[19]. In the advantages area, I can
include a lower cost, while all of the simulation tools
offer the possibility to simulate the robot in different
scenarios, the programming code can be tested to
determine the compatibility and efficiency with the
specifications required, and many more features. Among
disadvantages there are :
-

All simulation programs simulate what are
programmed to simulate and many more scenarios
real world than a virtual world;

To develop a virtual model capable of emulating with
small error the real-world process, we have used two
software (matlab and solidworks). There are many tools
that can be used in simulation. From free simulation tools
and up to software with the license fee, below you can
find a complete list with all simulation software that are
used today in robotics[20],[21]. Solidworks software
used in 3D modeling and rendering in a virtual
environment that imitate the real environment of the
robot.In the first step we have developing a robot in
Malab-Simulink with SimMechanics block library and
check the mechanical design according to design
proposal request (figure 13) based on mathematical
formulas, with a very close behavior than the final
product (figure 14).

For the second linear local model (G2), we can
observe that the best results simulations are obtained with
Loop shaping and IMC control methods.
TABLE 4: PARAMETERS OF THE LOCAL CONTROLLER
Control
methods
PI
PID
LQG
IMC
Loop shaping

Setting
time (sec)
1.88
260
3.85
8.99
1.77

Rise time
(sec)
0.08
2.08
0.103
0.262
0.0929

Peak
amplitude
1.88
1.07
1.47
5.58
1.25

Static
gain
1
1
1
1
1

For the third linear local model (G3), we can observe
that the best results simulations are obtained with Loop
shaping and LQG control methods.

Fig. 13: Manipulator robot
The System (robot) is represented by the following
blocks: the body, joints, constraints, and force. The
SimMechanics block library provided us the tools to
formulate and solve motion equations of complete
mechanical system [22],[23],[24].
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Fig. 17: CAO (Solid Works) 3D robot model.
Fig. 14: Different element 3D modeling of robot with
solidworks
We used a bridge between solidworks_matlab with
same
adaptations
(SimMechanics
2007),
(MATLAB2010) to operate the robot model that we
designed with solidworks. The Simulink modeling then
appears:

Fig.15: Block diagram of robot Rx-90 model.
To simplify the simulation we have block all robot
joints except the terminal element and after we applied a
simple control signal. A block diagram of the robot with
the actuator and the sensor is illustrated in the following
figure:

Fig. 16: Control diagram block

-

The local controller (IMC controller) is more robust
compared with other local controller fig.7 –fig.12.
In the fig.14 -fig. 17 we have developed RX90 Robot
CAO Solid works software and block control for
simulation with Matla-Simulink.
We can observed too the order of local controller
after approximation it’s high for realization.
For each local linear model around operating points
the Loop shaping control methods gives best results.

VI.

Conclusion

Many research work and books in literature have been
study on control engineering, describing new techniques
for controlling systems, or better ways of mathematically
formulating existing methods to solve the ever-increasing
complex problems faced by practicing engineers.
However, few of these research work and books fully
address the applications aspects of control engineering.
The necessity of improved and enhanced productivity in
industrial applications has necessitated deployment of
robot to automate tasks. Manipulator based articulated
robots for today’s industrial applications vary widely in
terms of number of Degree Of Freedom (DOF), payload
capacity, Range Of Motion (ROM), control
implementation and mountable configurations. The study
of manipulators for diversified industrial applications has
highlighted the need of sophisticated algorithms for their
control and trajectory planning. The control of industrial
manipulator is important for accomplishing tasks
requiring high precision, repeatability and reliability by
mitigating the effects of disturbances. The trajectory
planning is vital for time optimization, energy
optimization and collision avoidance to ensure most
appropriate trajectory for a given task in an environment.
It is the intention of this paper to answer this situation. In
this paper, the modeling of the nonlinear process (Wrist
of Rx-90 Stäubli Robot) has been presented. After that
the local linear model near each considered operating
points has been developed. We have applied other control
structures approach like IMC, LQG, PID tuining and
Loop shaping control methods. According to the
Simulation results, we conclude that the application of
the local controller model (IMC controller) is very
interesting but we need more optimization of parameters.
Effective simulation results have been obtained. They
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show that the local controllers give good results around
the operating points. Therefore, we have to look for a
collaborative approach for these local control laws to
obtain good results in all operating space. We have
developed too Simulator of robot with 3D modeling in
solidworks and Matlab software simulated in different
scenario similar to the real world. Future work is aimed
to test another interesting frank switching with thein
direct approach (collaboration between controller) and a
Digital Fractional-order PID controller or RST controller.
Optimization of our simulator and control parameters
with Particle Swarm Optimization (PSO), Artificial Bee
Colony (ABC) and Bacterial Foraging Optimization
(BFO) for their efficiency and to compare the results.
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Robust control of brushless doubly fed induction generator
A. Ganouche1, H. Bouzekri1, A. Beddar1
Abstract – This paper contain H-infinity control of a Brushless Doubly Fed induction Machine
(BDFM) for wind energy applications. Seen that the BDFM combine the advantages of the Doubly
Fed Induction Machine (DFIM) and those of the Squirrel Cage Induction Machine (SCIM), it
represents a good alternative for variable speed generation. For a better control of this machine,
we propose in this paper the use of an H-infinity controller. This controller is set out by the mixed
sensitivity control theory. The good choice of weighting functions allowed us to perform good
dynamic response with good robustness and stability. The performance of the proposed closed
loop control scheme for grid connected BDFM was verified by simulation in Matlab environment.
The obtained results show that the controller provides satisfying performances when the operating
point varies.

Keywords: Brushless Doubly Fed Machine, H  control, mixed sensitivity, robustness, sensitivity,

I.

Introduction

In the few past years, the Brushless Doubly Fed
Machine (BDFM) has obtained more and more
consideration in variable-speed and constant-frequency
generation system applications and Alternating-current
adjustable-speed drive [1,2]. The progres of wind energy
systems in terms of profitability and reliability has been
the main focus for the research community in recent years
[3,4]. The most used machine in wind energy applications
is the Doubly Fed Induction Machine (DFIG) [5]. This
machine is very convenient to wind energy production
because of its doubly fed structure which allows variable
rotor speed operation (variable wind speed), thus making
possible the capture of the maximum point of the
accessible kinetic power of the wind. However, the
presence of the brush collectors in the machine structure
stands in need of continuous servicing with extra
maintenance costs. This is particularly true in offshore
wind energy installations or those located in coastal areas
with sustained exposure to cruel marine environments. To
overcome this problem, this paper proposes the use of a
new-old machine. This machine is a dual stator machine
with nested loop cage rotor, which is commonly known
as the BDFM; acronym for “Brushless Doubly Fed
Machine”. The main structural advantage of the BDFM is
the absence of the electrical contacts (brush collectors).
This kind of machines is composed of a special single
rotor and two independent three phase windings located
on the stator. Generally, one winding is connected to the
grid directly, and is therefore known as the Power
Winding (PW). In contrast, the other winding, named the
Control Winding (CW), is supplied with a bidirectional

power converter. The pole pair numbers are chosen so as
to avoid direct coupling such that the difference between
the numbers of pole pairs of the two windings should be
an integer greater than one [6,7].
This mechanically robust structure is more reliable
when used in wind energy conversion systems [4].
Despite its mechanical advantageous, the use of the
BDFM is handicapped by difficulties in designing the
appropriate power controllers for the machine. In fact, its
control is based on a stationary model which depends on
many variables, such as parameters uncertainty and
temperature that might deflect the system from its optimal
functioning [8]. This is why the regulation should be
achieved with a good control’s robustness in stability and
robustness in response performances.
In this paper, we present the mixed sensitivity H 
control design method. But we will expose in details only
the current loop control in order to achieve robust
stability. The effects of the operating speed on the
performance of the designed controller are considered.
Numerical simulations are carried out with Matlab
environment to validate the proposed control strategy
and, to demonstrate its effectiveness. The paper is
organized as follows, in Section II the mathematical
model of the BDFM is presented, in Section III the
control scheme of the BDFM is detailed, in Section IV
the simulation results are discussed and in Section V we
finished with conclusions.

II.

BDFM Model

The principle of using a BDFM in generation mode is
illustrated in Fig. 1. In this configuration, the CW is
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connected to the grid through a back-to-back converter
and the PW is directly connected to the grid. With this
arrangement, variable speed generation can be achieved.
The BDFM nominal model in the d,q reference frame
where the d axis is aligned with the PW flux, is given by
the coming transfer function matrix [9]:
 I dp   G11  s  G12  s    Vdc 
(1)

 I   

 qp   G12  s  G11  s    Vqc 
G s 

where, the symbol  denote small variations,
current,
V voltage. Subscripts d and q are for directI
axis and quadrature-axis, and p and c means PW and
CW.
Grid

Power Winding

Wind
BDFM

Control
Winding

AC/DC/AC
Converter

Fig. 1. The BDFM in a wind energy conversion system
The transfer matrix G  s  depends on both the rotor’s
nominal operating mechanical angular speed r 0 and, the
electrical parameters of the machine.
The following Multiple-Input Multiple-Output
(MIMO) system bloc diagram illustrates the linearized
model of the BDFM:

Vdc

Idp

+
G11(s)
+
G12(s)
BDFM
+
G11(s)

+

3.50645s 2  0.258025s 3  3.36408*1018 s 4

a  s   9.36332 *106  827348.s
19093.3s 2  42.8764 s 3  0.516504 s 4
0.00038354 s5  3.258*106 s 6

III. BDFM Controller Design
To control this machine, we adopted the following
approach:
III.1.

decoupling Matrix Calculation

In order to facilitate the control scheme, and to avoid
handling multi variable quantities, we propose the next
decoupling operation.
To realize a perfect decoupling, the decoupling matrix
must have the following form:
 G  s  G12  s 
H  s    11
(6)

G12  s  G11  s  
This is particularly harvestable in the case of induction
machine. In this case, the set BDFM-Decoupling matrix
is given by:

 b12  s   b22  s 

0


2
a s


G( s) H  s   
 (7)
2
2
b1  s   b2  s  

0


a2  s 


As we can see, the order of the obtained open loop
system is twelve, and the transfer function between Vdc
and I dp is the same transfer function between Vqc
output notation rather than the old one MIMO notation.
III.2.

In the sequent, a 2.6 KW benchmark BDFM [10] is
taken in consideration to validate the used approach.
Electrical parameters of the benchmark machine are
given in the appendix. Thus, the nominal BDFM model
can be expressed as follows
b s
b s
(2)
G11  s   1
, G12  s   2
a s
a s

H  Mixed Sensitivity Control theory

The standard setup of the H  control problem, as it
was introduced by Zames [11] and Doyle [12-13], is
given in Fig. 3. Where P  s  represents the generalized
plant, K  s  the controller, w is the exogenous inputs,

z denotes the output signals to be minimized, y is the
measurement outputs and u is the control signals.
w

Where a  s  , b1  s  and b2  s  are polynomials in the

4.22889 s 3  0.00160965s 4  0.0000273465s5

(5)

Iqp

Fig. 2. BDFM bloc diagram

Laplace variable ‘s’
b1  s   3.42475*106  150585.s  179.255s 2

(4)

and I qp . Henceforth, we use the single-input-single-

-G12(s)

Vqc

b2  s   217334.  20970.s

u

P s

K s

z
y

(3)
Fig. 3. Standard setup of the

H  control problem
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The interaction between inputs and outputs leads to a
number of characteristic transfer matrices. We note
particularly:
S   I  GK 

-

1

: the sensitivity function, which

represents the perturbation’s influence on the
measurement outputs.
R  K  I  GK 

-

1

The weighting functions chosen for our system that
combines both the BDFM model and the decoupling
matrix are given by the method described in [14]:
0.5  99.98 s 
(10)
W1 
0.04999 s

W2  104

: which represents the impact of

function, which represents the influence of the
measurement noise on the measurement outputs.
The analysis results prove that to obtain nominal
performance and robust stability, the three matrices S, R
and T have to be minimized. This synthesis may seem
contradictory but it is not since these minimizations are
imposed in different frequency ranges.
Weighting matrices W1  s  , W2  s  and W3  s  are
introduced and the above results are written in terms of
three inequalities:
W1S   1 , W2 R   1 , W3T   1
(8)
Or

(12)

49990. s

Unfortunately, the H  mixed sensitivity regulator does
not nullify the static error. The curve of singular values of
K  s  can easily reveal this problem, see Fig. 5.
Bode Diagram
120
Kold
Knew

100
80

Magnitude (dB)

1

T  GK  I  GK  : the complementary sensitivity

-

1000.  24.995 s 

W3 

the perturbation on the control signals.

(11)

60
40
20

W1S
W2 R
W3T

1

(9)



0
-20

-2

10

This result is known as the mixed sensitivity problem.
The H  problem consists in minimizing the effect of

z
.
w2
However, this ratio is equal, in the worst case to
F1  P, K   . F1 is the lower Redheffer product.

perturbation on the system, i.e. minimizing the ratio

The problem can be formulated as follows:
Given P  s  and   0 , finding K  s  which:
- stabilizes the closed loop system
- ensures F1  P, K    
Calculations prove that satisfying F1  P, K 
comes to satisfy

1







 1 which is the condition


obtained in (9). The Mixed sensitivity structure is given
on Fig. 4.
z
W2
+

u

e
K

K s 

ki
 K1  s 
s  pki

(13)

The final controller is
ki
(14)
 K1  s 
s
The structure presented on Fig.6 will be considered.
Knew  s  

Iqp*

Knew(s)

+

Knew(s)

Idp

Vdc
H(s) V
qc

BDFM
G(s)

y
G

W3

-

Fig. 4. Mixed sensitivity structure for H  controller design

6

10

and put the pole to zero.

w

4

10

The static gain of the controller is very high, but not
infinite. So, the regulator obtained does not cancel steady
state error, but greatly decreases it. The regulator so has a
pole close to the origin, but not exactly at the origin. To
overcome this trouble, an integral action must be taken
into account.
To incorporate and isolate a pure integrator, we can
perform the partial fraction decomposition. We must
locate the nearest pole to zero pki , find his residue k i ,

Idp*+

W1

2

Fig. 5. Bode diagram of the regulator

W1S
W2 R
W3T

0

10
10
Frequency (rad/sec)

Fig. 6. Control diagram of the power winding currents

Iqp
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IV. Simulation Results
In order to validate the proposed current loop control
of the BDFM operating in generation mode for wind
energy applications, a simulation is carried out using
Matlab/Simulink. Results obtained for three different
operating speeds are presented in figures 7.a through 9.b.
The rated speed for this type of machine is given by
the following [1]
  c
(15)
s  p
p p  pc
Where  p , c are the frequency of the PW (CW)
respectively and p p , pc are the pole pair numbers of PW
(CW) respectively.
As can be seen on Fig. 7a. Fig. 8a. and Fig. 9a. which
represent the Bode Magnitude (Singular values) of the
sensitivity function for three different operating points,
750 rpm, 650 rpm and 850 rpm respectively, the
magnitude of the sensitivity functions is always less than
(less than or equal in the case when r 0  650  rpm  )

The robustness margin bar is to indicate if the stability
robustness of a system is good or not. The magnitude of
the robustness margin is equal to 6 dB  20L og10  2  ,
when

S



 6dB implies good margins of gain and

phase. In the low frequencies, the magnitude of the
sensitivity is converge to  , thus indicate static error
null. In the high frequencies, the sensitivity gain is held to
zero so we can conclude a good disturbance rejection.
The bandwidth gives an idea about the settling time. All
we talked about it appears clearly in Fig. 7b, Fig. 8b and
Fig. 9b which represents the step response of the
complementary sensitivities in the corresponding
operating points: 750 rpm, 650 rpm and 850 rpm
respectively. For operating speeds other than the rated
speed, the performance of the controller is slightly
degraded with slower responses.

the robustness margin bar.

(a)
Sensitivity for  r0 = 750 (rpm)

(a)
Sensitivity for  r0 = 650 (rpm)

10

10

0

0
S
Robustness margin
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Magnitude (dB)

-10
-20
-30

S
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step response for  r0 = 750 (rpm)
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Fig. 7. For 750 rpm (a) Bode Diagram. (b) step response
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0
0
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Fig. 8. For 650 rpm (a) Bode Diagram. (b) step response
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Lhc  54.41 103 mH , Rsp  1.732 ,

(a)
Sensitivity for  r0 = 850 (rpm)

Rsc  1.079 , Rr  0.473 ,  p  100  rad / s,

10

Pp  1, Pc  3

Magnitude (dB)

0
S
Robustness margin

-10
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Abstract— This paper presents an enhanced input / outputlinearizing and decoupling control (I/OLC), which is based on
model reference adaptive control (MRAC) applied Space vector
modulation (SVM) inverter, in variable speed doubly fed
induction generator (DFIG) for wind energy conversion system
(WECS). The proposed control technique is used to control the
active and reactive power of wind turbine by means of controlling
the rotor currents of the DFIG. The proposed nonlinear control
strategy is based on the decoupled vector model of the DFIG. By
using the feedback linearization, the control algorithm is
established. In order to improve the tracking of active and
reactive power reference, MRAC is used after the comparison
between measured and reference of active and reactive powers
respectively. Finally, simulation results demonstrate that the
proposed control using MRAC provides improved dynamic
responses and decoupled control of the wind turbine driven
DFIG with high performances (good reference tracking, short
response time and low power error).
Keywords—Input/output linearization control (I/OLC),
Doubly fed induction generator (DFIG), Space vector modulation
(SVM), Wind energy conversion system (WECS), Model
reference adaptive control (MRAC).

I.

INTRODUCTION

Over the past decade, the installed wind power capacity in
the world has been increasing more than 30% [1], [2]. DFIGbased wind turbines have many advantages over the fixed
speed induction generators or variable speed synchronous
generators with full-scale power converters, including variable
speed operation for maximum power tracking, decoupled active
and reactive power control, lower converter cost, and reduced
power loss [3-4].
The electronic interface dealing with wind generator control
is basically a back-to-back two-level converter; however this
kind of power converter is seldom used for high power
applications [5]. Control of DFIG through the Field Oriented
Control (FOC) which is performed by rotor currents control has
been developed in [6]. FOC method depends on parameters
variation and its power dynamics can be influenced by these
variations.
Although, DFIG control using Input-Output
Feedback Linearization method can operate below and above

synchronous speed, complication of control method and
dependence on parameters are its disadvantages [6-7]. With the
development of nonlinear control theory, the corresponding
methods can be applied for the control of DFIG. Among them
feedback linearization, integrator back-stepping and passivity
based control are extensively applied for inductance electric
machine [8]. Although, complication of control method and
dependence on parameters, DFIG control using Input-Output
Feedback Linearization method can operate below and above
synchronous speed.
A schematic diagram of variable speed wind turbine system
with a DFIG is shown in Fig. 1.
Actually, the active and reactive powers of the DFIG are
controlled by regulating the amplitudes and phase angles of the
stator and rotor fluxes. Furthermore, the feed forward
decoupling scheme that decides the decoupling performance of
the vector control relies on the accuracy of the DFIG
parameters. Errors of machine parameters in control strategy
will result with deteriorated decoupling performance. This
paper concentrates on the simplified input-output linearizing
and decoupling control to provide improved decoupled
performance and parameter.
This paper is organized as follows; firstly the mathematical
model of DFIG is presented in section II. In Section III inputoutput linearizing control of the DFIG, this section is divided
into four parts as follows: general concept of the input-output
Wind

The power Converter Grid Side

Gear box
AC/DC

Power
Grid

DC/AC

DFIG

Ωmec
P_sref 0
Q_sref 0

Pem

The power

SVM

PWM

Converter machine
Side

Ps_ref
Qs_ref

Input/Output Linearizing
Control

Fig.1 Schematic diagram of wind turbine system with a DFIG.
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linearizing control, space vector modulation using Two-level
inverter, control of rotor side converter and finally model
reference adaptive control. In section IV, computer simulation
results are shown and discussed. Finally, the reported work is
concluded.
II.

MATHEMATICAL MODEL OF DFIG

dt

 sd  s  sq

d

(2)

d
rd  R r * i rd  dt

 rd  ( s   ) * rq

(3)

V rq  R r * i rq  dt  rq  ( s   ) * rd

(4)

V sq  R s * i sq  dt  sq   s * sd
V

d

Stator and rotor fluxes:

 sd  L s *i sd  Lm *i rd

(5)

 sq  L s *i sq  L m *i rq

(6)

 rd  L r *i rd  L m *i sd

(7)

 rq  L r *i rq  L m *i sq

(8)

The electromagnetic torque is given by:
Ce  P * Lm *(ird * isq  irq * isd )

(9)

And its associated motion equation is:
Ce  Cr  J *

J

Jturbine
2

(14)

0  Ls * isq  Lm * irq

(15)

From (14) and (15), the equation linking the stator currents
to the rotor currents are deduced below:
 s Lm
(16)
isd 

The generator chosen for the conversion of wind energy is
a double-fed induction generator, DFIG modeling described in
the two-phase reference (Park). The general electrical state
model of the induction machine obtained using Park
transformation is given by the following equations, [9-10]:
Stator and rotor voltages:
d
(1)

*


*

V sd R s i sd

 s  Ls * isd  Lm * ird

d
  f *
dt


* ird
Ls
Ls
Lm
isq  
* irq
Ls

The active and reactive powers at the stator side are
defined as:
(18)
Ps  Vsd * isd  Vsq * isq
(19)
Qs  Vsq * isd  Vsd * isq
Taking into consideration the chosen reference frame, the
above power equation can be written as follows:
(20)
Ps  Vs * isq
(21)
Qs  Vs * isd
Replacing the stator currents by their expression (20) and
(21), the equations below are obtained:
Lm
(22)
Ps  Vs *
* irq
Ls

2

Vs

Qs 

 s*Ls

g*

(11)

G

d-q Frame 𝑶

+
-

-

1
Rr +p*(Lr-Lm^2/Ls)

irq

-

Ps

Lm*Vs

Ls

g*ωs*(Lr - (Lm^2/Ls))
Vs^2
g*ωs*(Lr - (Lm^2/Ls))

Ls*ωs

Qs
+

𝒅

(23)

Ls

Vrd

𝑶𝒓𝑩

Lm
* ird
Ls

Lm*Vs

Vrq

where:
is the load torque, is total inertia in DFIG’s rotor,
Ω is mechanical speed and G is the gain of gear box.
The DFIG model can be described by the following state
equations in the synchronous reference frame whose axis d is
aligned with the stator flux vector as shown in Fig. 2 [11].
𝑶𝒔𝑩

 Vs*

We lead to an uncoupled power control; where, the
transversal component irq of the rotor current controls the
active power. The reactive power is imposed by the direct
component ird as in shown in Fig. 3:

(10)

 Jg

(17)

+

1
Rr +p*(Lr-Lm^2/Ls)

ird

-

Lm*Vs
Ls

+

+

Rotor Axis

𝑶𝒒
∅𝑺
𝑽𝑺
0

θr
θs

Fig. 3 The doubly fed induction generator simplified model.

𝑶𝒓𝒂
θm

𝑶𝒔𝒂

Stator Axis: Is fixing

Fig. 2 Stator and rotor flux vectors in the synchronous d-q frame.

By assuming that the resistance of the stator winding Rs is
neglected. The voltage equations and the flux equations of the
stator winding can be simplified in steady state as follows:
(12)
V sd  0
V sq  V s   s *  s

(13)

Where:
are stator flux components,
are
rotor flux components,
are stator voltage components,
are rotor voltage components.
are stator and
rotor resistances,
are stator and rotor inductances,
is
mutual inductance, is leakage factor, is number of pole
pairs, is the stator pulsation,
is the rotor pulsation,
is the slip angular pulsation, is the friction coefficient, and
are stator and rotor time-constant, and is the slip.
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INPUT-OUTPUT LINEARIZATING CONTROL OF THE
DFIG

Wind power systems with DFIG employ back-to-back
converters in the rotor circuit. The rotor side converter ensures
decoupling control of stator side active and reactive power, as
well as tracking for the maximum wind energy. The active and
reactive power of the DFIG is regulated by the rotor current
that is controlled through the output voltage of the rotor side
converter. Therefore, the applied voltage of the rotor is the
direct control variable.
A. General Concept Of The Input-Output Linearizing
Control
Given the system [12], [13], [14] and [15]:

(24)
 x  fn( x )  g * u




y  h( x )

where x is state vector; u is the input; y is the output; fn and g
are smooth vector fields; h is smooth scalar function.
In order to obtain the input-output linearization of the
multi-input multi-output (MIMO) system, the output y of the
system is differentiated until the inputs appear.
(25)
y  Lf h( x)  Lg h( x) u

h

h
where: Lf h( x)  * f ( x) Lg h( x)  * g ( x) represent Lie
/

/

1

where v  
v1

/

/

(30)

 . Substituting (29) into (27) obtains a
T

... ...

vm

linear differential relation between the output y and the new
input v.
 (r ) 


1
 y1 


 ... 
... 


  
... 
 ... 


 ( rm ) 


m

ym 



(31)

v

v

B. Space vector modulation using Two-level inverter:
The voltage vectors, produced by a three-phase PWM
inverter, divide the space vector plane into six sectors (Fig.5),
as shown in Fig. 6.
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Fig. 5 Sectors of space vector modulation (SVM) approach.
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V1 (100)

T1/Ts*V1

Sector6

V7 (111)

Sector5

y

V5 (001)

α

V0 (000)

V6 (101)

Fig. 6 The diagram of voltage space vectors in α-β plan.
Fig. 4 Schematic diagram of input-output linearizing control.

Where r is the relative rank of y. if we perform the above
procedure for each input yi, we get a total of m equations in the
above form, which can be written completely as:


(27)
u 
 y 
(r )

1



 ... 
... 

  A( x )  E ( x ) * 


...
...




 ( rm ) 


u
m


 ym 


1

A( x) 

r

L f h1

...

... ...
... ...
... ...
... ...
...

T1
T2
V   TS *V 1  TS *V 2

(31)

C. Control of rotor side converter :

where the m*m matrix E(x) is defined as:
r 1

 L g 1L f h1

...
E ( x)  
...


r m 1
 L g1L f h m

In every sector, each voltage vector is synthesized by the
basic space voltage vector of the 2 sides of the sector and 1
zero vector. For example, in the first sector, Vaβ is a synthesized
voltage space vector and is expressed by:

r 1

L gm L f h1 

...

...

r m 1 
L gm L f h m 

L f h m

rm

T

(28)

According (16) and (17), the direct and quadrature
components of the stator and the rotor currents are linearly
dependent respectively, thus we chooses state vectors of the
DFIG as follows:

x
(29)

The matrix E(x) is the decoupling matrix for the system. If
E(x) is nonsingular, then the original input u is controlled by
the coordinate transformation

x

1

x2 

T



i

rd

irq 

T

(32)

By substituting (5), (6), (7), (8), (14), (15), (16) and (17) to
(3) and (4), the following equations hold:
vrd  Rr * ird   * Lr *

dird
dt

 ( s   r ) *  * irq

(33)
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vrq  Rr * irq   *

dirq
dt

 ( s   r ) *  * Lr * ird

(34)

2

where:   1  Lm

Ls * Lr

Arranging (33) and (34) in the form of (24)
dird
Rr
1
urd

* ird 
* ( s   r ) * irq 
dt
 *Lr
Lr
 *Lr
dirq
Rr
urq

* irq  ( s   r ) * Lr * ird 
dt



(35)
(36)

Defining the input of the DFIG system:



u  u1 u 2

  u
T

rd



T

urq

(37)

From (40) and (41), we have :
Rr
1
* ird 
* ( s   r ) * irq
 *Lr
Lr
Rr
fn2   * irq  Lr * ( s   r ) * ird

fn1  



 1
 *Lr
g
 0


(38)
(39)

D. Model Reference Adaptive Control (MRAC) :

0

1



(40)

Since the rotor side controller is set to decouple the active
and reactive powers, the active and reactive powers of stator
are selected as the output:
 y1  Ps  vsd * isd  vsq * isq 
(41)
y  

 y1 Qs  vsq * isd  vsd * isq 
From (16), (17) and (41) :

s
Lm
* vsd  *(vsd * ird  vsq * irq)
Ls
Ls
s
Lm
y 2  * vsq  *(vsq * ird  vsd * irq)
Ls
Ls

y1 

(42)
(43)

Differentiating (42) and (43) until an input appears:
usd
Lm
Lm
*( s  Lm * ird )  * usq* irq  *(vsd * fn1  vsq * fn 2) 
Ls
Ls
Ls
Lm*vsd
Lm*vsq
* vrd 
* vrq
 *Lr*Ls
 *Ls
y1 

(44)

usq
Lm
Lm
*( s  Lm * ird ) 
* usd * ird 
*(vsq * fn1  vsq * fn 2) 
Ls
Ls
Ls
Lm*vsq
Lm*vsd
* vrd 
* vrq
 *Lr*Ls
 *Ls

(45)

y2 

 
 y1   A( x)  E ( x) *  u1 
u 2 
 
 
 y2

(46)

where :


 vsd *( s  Lm * x1)  Lm vsq x 2  Lm (vsd * fn1  vsq * fn 2 
 Ls
Ls
Ls

A( x)  

Lm
Lm
 vsq

*(

s  Lm * x1) 
v
sd x 2 
(
v
sq * fn1  vsq * fn 2
 Ls

Ls
Ls
Lm * vsq 
 Ls 

Lm * vsd 
 Ls 



The system studied in this paper is based on a first-order linear
plant approximation given by [16-17]:

x(t )  a * x(t )  b * u (t )
(50)
where x(t) is the plant state, u(t) is the control signal and a and
b are the plant parameters. The control signal is generated
from both the state variable and the reference signal r(t),
multiplied by the adaptive control gains K and Kr such that
(51)
u(t )  K (t )* x(t )  Kr (t )* r (t )
where K(t) is the feedback adaptive gain and Kr(t) the feed
forward adaptive gain. The plant is controlled to follow the
output from a reference model
xm(t )  am * xm(t )  bm * r (t )
(52)
where
is the state of the reference model and
and
are the reference model parameters which are specified by the
controller designer. The object of the MRAC algorithm is for
→0 as →∞, where
=
− is the error signal. The
dynamics of the system may be rewritten in terms of the error
such that
xe(t )  am * xe(t )  (a  am  b * K (t )) x(t ) 

Rewriting (41) and (45) in the form of (27)

 Lm * vsd
   LrLs
E ( x)  
  Lm * vsq
  LrLs


Since E(x) is nonsingular, the control scheme is given from
(34) as:

vrd 
 V 1 
1
(49)
 vrq   E ( x)*   A( x)   V 2  
 
 

In A(x) and E(x) most components relate to the factors
Lm/Ls and that both are equal to one approximately, and the
functions fn1 and fn2 have no relation with parameters of the
stator windings. Hence, the control law is robust to machine
parameter variations.
For a DFIG the demanded active power Ps* is decided by
the maximum power tracking scheme of the wind turbine
according to the instant wind speed, and the demanded
reactive power Qs* is set by the grid operator to support grid
voltage. The model reference adaptive controller (MRAC)
achieves the tracking of the powers. Hence, MRAC technique
is described in details below.

(47)

(48)

(53)

(bm  b * Kr (t )) * r (t )
Using Equations (51), (52) and (53), it can be seen that for
exact matching between the plant and the reference model, the
following relations hold
a  am
E
(54)
K K 
b
bm
E
(55)
Kr  K r 
b
Where ()E denotes the (constant) Erzberger gains [18].
Equations (54) and (55) can be used to express Equation (53)
as:

xe(t )  am * xe  b *( K  K )*( xm  xe)  b *( K  K )* r
E

E

(56)
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* dt  B * ye * P S

S

(58)

T

* dt  B * ye * Q S

0

t

Kr (e P, t ) 

 a * ye * P

T

* dt  B * ye * P S _ ref
T

S _ ref

(59)

0

t

Kr (e Q, t ) 

 a * ye * Q

T

T

S _ ref

* dt  B * ye * Q S _ ref

(60)

0

Kerror

Error

α

1/S

Ps_Qs

β

+

G1

The proposed control is described in details in Fig.8.
Fn1=Eq(42)
-(σ*Ls*Lr)/(Lm*Vs)
(Vs*Lm)/Ls

Ps_ref

MRAC

+-

-1500
0

Vrd

+
+

MRAC

Vrq

+
+

(Vs*Lm)/Ls

-(σ*Ls)/(Lm*Vs)

Fn2=Eq(43)

Fig. 8 Schematic diagram of input/output linearizing control.
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Fig. 10 (a): Stator active and reactive powers error, (b): rotor direct and
transversal fluxes.
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Fig. 7 The Simulink scheme of MRAC for stator active and reactive powers.
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Where and are adaptive control weightings representing
the adaptive effort. is a scalar weighted function of the error
state and its derivatives,
=
, where
can be chosen
to ensure the stability of the feed forward block.
The equivalent scheme of MRAC for adjusting active and
reactive powers in this work is shown in Fig. 7.
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Fig. 11 (a): Rotor transversal and direct currents, (b): stator direct and
transversal currents.

SIMULATION RESULTS
Stator currents.

10

By using the proposed control scheme in this paper (Fig. 8).
The results, reported in Figs. 9 to 12 were performed to
investigate system behavior during powers tracking. The
DFIG used in this work is a 4 kW whose nominal
parameters are indicated in table 2. And the wind turbine is a
10 kW whose parameters are indicated in table 3.
Fig.(9-a) and Fig.(9-b) show stator active and reactive
power respectively. We can see clearly that the measured
powers (active and reactive) follow exactly theirs reference
with very short response time and neglected overshoot. We
remark also, between 0.4 sec and 0.8 sec there is a prefect
decoupled control between active and reactive power tracking.

1.2

Stator direct and
transversal currents

t

 a * ye * Q

K (e Q, t ) 

Isa (A).
Isb (A).
Isc (A).

(a)
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Time (Seconds).
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Rotor currents.

S

0

Stator active and reactive
powers error

 a * ye * P

K (e P, t ) 

Fig. 10.a shows the tracking error of stator active and
reactive power when various step changes happen in them. We
observe a low error of active and reactive power nearly:
−
+
. Fig. 10.b displays the rotor
direct and transversal fluxes respectively, which represent the
inverse diagrams of reactive and active power respectively.
Fig. 11.a shows the rotor transversal current and the rotor
direct current respectively. Which present the inverse
diagrams of active and reactive power. Fig. 11.b shows the
stator direct and transversal currents respectively, which
represent the images of reactive and active power respectively.
Stator active power
Ps (W).

For general model reference adaptive control, the adaptive
gains are commonly defined in a proportional plus integral
formulation
t
(57)
T
T

(b)

10
0

Ira (A).
Irb (A).
Irc (A).
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Fig. 12 (a): Stator currents, (b): rotor currents.

Fig. 12.a shows the stator current Is_abc; we observe the

1.4
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sinusoidal form of the three phase’s stator current. Fig. 12.b
represents the rotor current Ir_abc; we remark also the
sinusoidal form of the three phase’s rotor current.

[4]

[5]

The overshoot existence, the THD of stator current and
rotor current and the value of active and reactive power errors
are mentioned in Table. 1.
TABLE.1. RESULTS’S RECAPITULATION FOR PROPOSED CONTROL.
Proposed control based on MRAC:
Overshoot :
Stator Current’s THD :
Rotor Current’s THD :
Power’s Error (average value) :

Neglected
2.13 %
21.09 %
+/- 50(W_VAR)

[6]

[7]

[8]

TABLE.2. PARAMETERS OF THE DFIG.
Rated Power:
Stator Resistance:
Rotor Resistance:
Stator Inductance:
Rotor Inductance:
Mutual Inductance:
Rated Voltage:
Number of Pole pairs:
Rated Speed:
Friction Coefficient:
The moment of inertia
Slip:

4 kWatts
Rs = 1.2 Ω
Rr = 1.8 Ω
Ls = 0.1554 H.
Lr = 0.1558 H.
Lm = 0.15 H.
Vs = 220/380 V
P= 2
N=1440 rpm
fDFIG=0.00 N.m/sec
J=0.2 kg.m2
g=-0.04

TABLE.3. PARAMETERS OF THE TURBINE.
Rated Power:
Number of Pole pairs:
Blade diameter
Gain:
The moment of inertia
Friction coefficient
Air density:

V.

10 kWatts
P= 3
R= 3m
G=3.9
Jt=0.00065 kg.m2
ft=0.017 N.m/sec
ρ=1.22 Kg/m3

[1]

[2]
[3]

[10]

[11]

[12]

[13]

[14]

[15]

CONCLUSION

In this paper, the feedback linearization based on the model
of DFIG has been proposed. According the nonlinear control
theory, the control algorithm can be more easily realized in
comparison with the vector control, because the design of the
controller depends only on the nonlinear theory. The results
obtained by the validation platform using the
, demonstrate the feasibility of the proposed
algorithm.
VI.

[9]
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Abstract – In this paper, a process monitoring scheme is presented, based on multivariate
statistical analysis and adaptive threshold strategy. Instead of the conventional fixed control limits,
adaptive thresholds are developed for the common fault detection indices used with principle
component analysis (PCA), including the Hotelling T² statistic and the sum of squared prediction
error (SPE) known as the Q statistic. The goal of this work is to enhance the performance of PCA
methods for process monitoring and overcome its shortcomings, by increasing fault detection rate
to improve monitoring sensitivity, and reduce false alarms to ensure the robustness and reliability
of the monitoring scheme. The monitoring scheme is tested and compared with conventional fixed
threshold technique based on the revised model of Tennessee Eastman benchmark process, and its
performance is evaluated across the various types of faults occurring in this process. The obtained
results demonstrate the promising capabilities of our proposed scheme.

Keywords: Adaptive Threshold, Fault Detection, Principal Component Analysis, Tennessee
Eastman Process.

I.

Introduction

Modern manufacturing processes require numerous
machineries and complex unit operations with increasing
challenges in their analysis and integration, it involves
several sensors, actuators, controllers and other
measurements. All this components are subject to
different types of malfunctions, which have a considerable
impact on the performance of the process in terms of
product quality, energy consumption, and safety of
equipment and the operators. The field of fault detection
and diagnosis plays a crucial role in almost all types of
industrial systems to satisfy the increasing demand for
high performance, reliability, and maintain smooth
operation.
Fault detection is needed to check the process for
abnormalities and determine whether the system is in
normal operating mode or faulty mode. The early
detection of potential malfunctions gives invaluable
warning time for fault isolation to identify the source
location and the root cause of the fault occurred in the
system, and implement the appropriate counter actions to
avoid undesired failures, product of bad quality, damage
and long reparation periods. Fault detection methods in
modern processes have been extensively investigated over
the last decades, and many methods have been proposed,
which can be classified under two types: model-based and

data-based. Model-based methods are heavily based on
the process model using the analytical relations between
the measured variables, these methods include system
identification, state observation, and generating residual
signals.
For most modern industrial processes, which are
generally of large size, and include complex unit
operations, obtaining a complete mathematical process
model is a challenging task, it includes assumptions and
simplifications that reduce the accuracy of the model,
which in turn becomes inappropriate for fault detection
and diagnosis applications. Data-driven methods [1 - 3]
make an alternative solution for monitoring medium to
large scale processes, where the plant historical data
collected by process computers can be used. Process data
contains high number of measured process variables
which are highly correlated to each other, but generally
with low statistical rank, multivariate statistical methods
[4] are based on driving the only few possible independent
sources mostly causing the variation in the process, and
thus they are powerful for fault detection: Principal
component analysis (PCA), partial least squares (PLS),
fisher discriminant analysis (FDA), and independent
component analysis (ICA).
Principal component analysis (PCA) method was first
proposed in 1901 by Pearson [5] and later developed by
Hotelling [6], it becomes popular for industrial process
monitoring. PCA is a linear optimal dimensionality
reduction technique that considers the correlation among
the process variables and captures the most variations in
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the data. Several multivariate statistical methods are
developed based on PCA and its extensions: kernel PCA
(KPCA) has been proposed by [7], and widely used for
monitoring nonlinear processes [8]. [9] Proposed dynamic
PCA (DPCA) for monitoring processes with dynamic
behavior [10, 11]. Moving window PCA and recursive
PCA [11, 12] are also applied for improved online fault
detection and adaptive monitoring.
Multivariate statistical methods and particularly PCA
based methods have been extensively applied for fault
detection and diagnosis in theoretical and experimental
researches using fixed thresholds as control limits, these
methods are commonly applicable for monitoring steadystate operation of large scale processes. The fixed
threshold specifies the degree of trade-off between false
alarms rate and the missed detection rate. The application
of PCA methods with statistic tools such as Q and T² using
fixed thresholds can produce an excessive number of false
alarms or missed detection of process faults, and this
significantly compromises the reliability of the fault
detection scheme. This motivates us to develop a new
adaptive threshold in order to improve the performance of
PCA based fault detection scheme.
In this paper, theoretical background to PCA method as
a multivariate statistical tool for process monitoring is
presented in section 2. In section 3, the proposed adaptive
threshold for Q and T² statistics is illustrated, section 4
provides the description of the Tennessee Eastman process
with the experimental setup, the obtained results are
discussed in section 5, and concluding remarks are drawn
in section 6.

II.

Fault detection using PCA

Multivariate statistical methods in general, and PCA in
particular, are very efficient in monitoring modern
industrial processes which are complex and large-scale.
PCA is based on compressing large sequence data
obtained from process observation and extracting the
useful information.
II.1.

Model framework using PCA

PCA is a dimensionality reduction technique that
projects the huge measured data that contains high number
of highly correlated process variables into a lower
dimension space of uncorrelated principle components
describing most of the variation in the process.
Considering a data matrix X0, that consists of m physical
variables of the process, X0 ϵ Rn x m = [x1T, x2T, … , xnT]T
with n observations for each variable. This data matrix is
first normalized to a matrix X ϵ Rn x m with zero mean and
unit variance. PCA model is constructed through optimal
linear transformation as follows:
1
𝑆=
𝑋 T𝑋
(1)
𝑛−1
Singular value decomposition of the covariance matrix S
gives:

S = P Λ PT, where P PT = PT P = Im
(2)
P = [P1 P2 … Pm] ϵ Rm x m is the loading matrix, Pi are the
orthonormal eigenvectors associated to the eigenvalues λi
of the covariance matrix, and Λ = diag (λ1 λ2 … λm) is the
diagonal eigenvalues matrix with decreasing order, each
eigenvalue represents the amount of variance that has been
captured by one component.
X= T PT
(3)
where T = [T1 T2 … Tm] ϵ Rn x m is the principal component
score matrix.
The number of principle components “l “ is determined
using one of the proposed approaches in literature. In our
work, we used Kaiser-Guttman method [13], by retaining
only those components whose eigenvalues are greater than
one. Retaining l principle components, the different
matrices are decomposed into the form:
𝑃 = [𝑃̂ 𝑃̃ ] , where 𝑃̂ ∈ 𝑅𝑚 x 𝑙 and 𝑃̃ ∈ 𝑅𝑚 x (𝑚−𝑙)
(4)
𝑛x𝑙
𝑛 x (𝑚−𝑙)
̂
̃
̂
̃
𝑇 = [𝑇 𝑇] , where 𝑇 ∈ 𝑅
and 𝑇 ∈ 𝑅
(5)
̂ 0
Λ
𝑙
x
𝑙
(𝑚−𝑙)
x
(𝑚−𝑙)
̂∈𝑅
̃∈𝑅
Λ= [
] , where Λ
and Λ
(6)
̃
0 Λ
The data matrix X can be decomposed as follows:
𝑋 = 𝑋 𝑃̂ 𝑃̂T + 𝑋 𝑃̃ 𝑃̃T = 𝑋̂ + 𝑋̃
(7)
̂
̃
𝑋 and 𝑋 are the modeled variations and non-modeled
variations of X by projection on the principal component
space and residual space respectively.
The PCA model is built in form of the projection matrices
𝐶, and 𝐶̃ ∈ 𝑅𝑚 x 𝑚
𝐶 = 𝑃̂ 𝑃̂ T , 𝐶̃ = 𝑃̃ 𝑃̃ T = (𝐼 − 𝐶)
(8)
A new measurement vector 𝑥𝑘+1 ∈ 𝑅𝑚 can be
decomposed into two parts, using PCA model
𝑥𝑘+1 = 𝑥̂ 𝑘+1 + 𝑒̃ 𝑘+1
(9)
Where 𝑥̂ 𝑘+1 = 𝐶 𝑥𝑘+1 and 𝑒̃ 𝑘+1 = 𝐶̃ 𝑥𝑘+1 are the
projections of the sample vector on the principle
component subspace and residual subspace respectively.

II.2.

PCA fault detection

Two common statistics are used as fault detection
indices: Hotelling T² statistic [14], and squared prediction
error (SPE or Q) developed by Jackson [15].
The T² statistic detects variation within the principle
components (PC) subspace, and it is defined as:
𝑇 2 = 𝑥 𝑇 𝑃̂ 𝛬̂−1 𝑃̂ 𝑇 𝑥
(10)
The process is considered in normal operation if T² is
inside a region defined for a given confidence level
(100(1-α) %):
𝑇𝛼 =

(𝑛2 −1) 𝑙
𝑛(𝑛−𝑙)

𝐹𝛼 (𝑙, 𝑛 − 𝑙)

(11)

Where 𝐹𝛼 (𝑙, 𝑛 − 𝑙) is the critical value of the Fisher–
Snedecor distribution with 𝑛 and (𝑛 − 𝑙) degrees of
freedom and α is the level of significance.
The Q statistic or SPE is a statistic that measures the lack
of fit of the data to the PCA model, it is defined as:
𝑄 = 𝑒 𝑇 𝑒 = ‖𝑒‖2 , where 𝑒 = 𝐶̃ 𝑥 = (𝐼 − 𝐶)𝑥
(12)
When an abnormal event occurs, the new observation will
move away from the PC subspace, which can be detected
by the Q statistic, as it exceeds its control limit:
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1

Inputs

𝑐𝛼 ℎ0 √2 𝜃2
ℎ0 𝜃2 (ℎ0 − 1) ℎ0
𝑄𝛼 = 𝜃1 [
+1+
]
𝜃1
𝜃1 2
𝑚

𝜃𝑖 = ∑ 𝜆𝑗 𝑖 , 𝑖 = 1,2,3,

ℎ0 = 1 −

𝑗=𝑙+1

(13)

2𝜃1 𝜃3

(14)

3𝜃2 2

Controlled
process

Training set

Data

Outputs

Process faults

Where 𝑐𝛼 is the value of the normal distribution, and α is
the level of significance.

III. Adaptive threshold scheme
When using fixed threshold for obtained statistics, a
certain significance level specifies the degree of tradeoff
between the false alarm rate and the missed detection rate.
The process is considered in faulty operation at time
instance if either Q or T² statistic exceed the fixed control
limit Qα or Tα respectively. Suppose that we observe
sequence statistics obtained from PCA projections of
monitored process measurements: Q = [q1 q2 … qk], and
T² = [t1 t2 … tk], unlike the fixed threshold which is
constant, the adaptive threshold changes instantaneously
according to historical statistics, the adaptive threshold for
the Q statistic is calculated as:
𝑄𝑎𝑑 [𝑗] = max {

1
𝑐𝑞

𝑤𝑞

𝑤𝑞

𝑤𝑞 −1

𝑖

(𝑄𝑎 ∑ 𝑐𝑞 − ∑ 𝑐𝑞 𝑖 𝑞𝑗−𝑤𝑞+𝑖 ) ,
𝑖=1

𝑖=1

𝑄𝑎
},
2

Such that: qj-wq+i < Qad[j-wq+i] for i= 1, 2, … , wq -1 (15)
Where wq and cq are the adaptation window length and
weighting factor for the Q statistic respectively.
The adaptive threshold for the T² statistic is calculated as:
𝑇𝑎𝑑 [𝑗] = max {

1
𝑐𝑡

𝑤𝑡

𝑤𝑡

𝑤𝑡 −1

(𝑇𝑎 ∑ 𝑐𝑡 𝑖 − ∑ 𝑐𝑡 𝑖 𝑡𝑗−𝑤𝑡+𝑖 ) ,
𝑖=1

𝑖=1

𝑇𝑎
},
2

Such that: tj-wt+i < Tad[j-wt+i] for i= 1, 2, … , wt -1 (16)
Where wt and ct are the adaptation window length and
weighting factor for the T² statistic respectively. qj > Qad[j]
and tj > Tad[j] are taken as the fault indicators.
Fault detection using the adaptive threshold scheme
consists of the following steps (Fig. 1):
- Collection of training data that represents healthy process
operation, and scale it using its mean and standard
deviation.
- Development of statistical PCA model for the process
using singular value decomposition.
- Calculate the upper control limits for the Q and T²
statistics with certain confidence level α.
- Acquire new testing sample measurement, Scale it using
the same factors (mean and standard deviation) of the first
Step.
- Generation of statistics Q and T² based on the obtained
PCA model.
- Evaluation of the adaptive thresholds at time sample j,
based on the fixed limits and the last previous residuals.
- The new sample is considered faulty if one of the
residuals exceeds the adaptive threshold.

Healthy operation
data

New measurement: jth
sample

Mean and variance

Normalized data

Normalized data

Statistics: qj, tj
Q = [q1 q2 … qj]
T² = [t1 t2 … tj]

PCA process model
Parameters: Qα, Tα,
wt, ct, wq, cq.

Thresholds:
Qad[j], Tad[j]

Test the scheme
Off-line modelling
and validation
Testing set

Fault:
qj > Qad[j] or
tj > Tad[j]
On-line fault detection

Fig. 1. Schematic diagram of fault detection scheme

IV. Experimental Application
TE process was first proposed by Downs & Vogel [16]
to provide a realistic industrial process for testing and
evaluating plant-wide control strategies and process
monitoring methods, it has been widely used for testing
various fault detection and diagnosis methods. The TE
process has five main unit operations, Reactor, Condenser,
Compressor, Separator, Stripper and eight components,
A–H as shown in (Fig. 2). The four gaseous reactants A,
C, D, and E are fed to the reactor, where the liquid
products G and H are formed through exothermic
reactions.
The experimental application is based on MATLAB/
Simulink model of the control strategy of Tennessee
Eastman process, revised in 2015 by [17], available at:
http://depts.washington.edu/control/LARRY/TE/downloa
d.html, we used the model that is designed to run at Mode
3 conditions. The model was initialized using the provided
initial conditions, the simulated model has 12 manipulated
(input) variables XMV(1) to XMV(12) listed in (Table
I), and 73 measured (output) variables listed in (Table II),
the considered data consists of 83 variables:
X=[XMEAS(1), XMEAS(2), ... , XMEAS(73), XMV(1),
... , XMV(8), XMV(10), XMV(11)].
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Fig. 2. Tennessee Eastman process

The Valve position of stripper steam XMV(9) and rotation
speed of agitator XMV(12) are not considered because
they are constant (not manipulated).
Different data sets corresponding to normal and faulty
operations are generated for building, testing and
evaluating the proposed fault detection scheme, and
compare its performance to the conventional scheme
which is based on fixed thresholds. Training, testing, and
faulty data sets are obtained by several runs, for each
simulation run, the random seed generator was changed in
order to ensure randomness of the measurement noise.
TABLE I
INPUT (MANIPULATED) VARIABLES OF TE PROCESS

XMV
1
2
3
4
5
6
7
8
9
10
11
12

Description
Valve position feed component D (stream 2)
Valve position feed component E (stream 3)
Valve position feed component A (stream 1)
Valve position feed component A& C stream4
Valve position compressor re-cycle
Valve position purge (stream 9)
Valve position underflow separator stream10
Valve position underflow stripper (stream 11)
Valve position stripper steam
Valve position cooling water outlet of reactor
Valve position cooling water outlet of separator
Rotation of agitator of reactor

Training set consists of one simulation that runs for 72
hours (3 days) with normal (healthy) process operation,
data was collected with sampling interval of 3 minutes (20
samples per hour), resulting in 1441 observations, X0 ϵ
R1441x83. This model is used to train PCA model
framework, and select adaptation scheme parameters
including the adaptation window length wq, wt and the
adaptation weighting factors cq, ct.
Testing set corresponds to healthy process operation,
which runs for 100 hours (more than 4 days), 10001
samples are observed with a sampling interval of 100
samples per hour, X0 ϵ R10001x83. The testing set is used to
test the obtained PCA model and the constructed
monitoring scheme, and it is usually used to calculate the
false alarms contributed by the Q and T² statistics.
28 fault sets are generated by different runs, each run
corresponds to one of the process faults described in
(Table III). For each set, the fault is introduced after 20
hours from the beginning of operation, all the simulations
run for 100 hours X0 ϵ R10001x83, except for fault IDV(6),
where the simulation stops after 26 hours due to system
shut down because of low level of stripper liquid, X0 ϵ
R2626x83. The data was collected at a sampling rate of 100
samples each hour, where the first 2000 samples
correspond to healthy operation, and the remaining
samples represent faulty operation of the process.
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TABLE II

5

Step

6
7
8
9
10
11

Step
Step
Random
Random
Random
Random

OUTPUT (MEASURED) VARIABLES OF TE PROCESS
XMEAS

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23 to
28
29 to
36
37 to
41

Description
Feed flow component A (stream 1)
Feed flow component D (stream 2)
Feed flow component E (stream 3)
Feed flow components A & C (stream 4)
Recycle flow to reactor from separator (stream 8)
Reactor feed (stream 6)
Reactor pressure
Reactor level
Reactor temperature
Purge flow (stream 9)
Separator temperature
Separator level
Separator pressure
Separator underflow (liquid phase)
Stripper level
Stripper pressure
Stripper underflow (stream 11)
Stripper temperature
Stripper steam flow
Compressor work
Reactor cooling water outlet temperature
Condenser cooling water outlet temperature
Concentration in Reactor feed (stream 6),
Components A through F
Concentration in Purge (stream 9),
Components A through H
Concentration in stripper underflow (stream 11),
Components D through H

As illustrated in (Fig 1), the training set is used to train
a PCA model for the process, and construct the adaptive
threshold scheme for Q and T² statistics, the testing set is
used to check the accuracy and fitness of the PCA model
by monitoring another healthy data which determines the
rate of false alarms associated with the scheme, this
verifies the robustness of the model to measurement noise,
and the independency of the model on the training data.
The faulty sets are used to evaluate the performance of the
monitoring scheme, basically the sensitivity of the
detection strategy to different types of faults, having
different amplitudes. A more sensitive monitoring scheme
has the highest fault detection rate and it should be able to
detect a fault at its early stages and thus it has the lowest
detection time delay.

12 Random
13
Drift
14 Sticking
15 Sticking
16 Random
17 Random
18 Random
19 Sticking

20 Random
21 Constant
22
23
24
25
26
27
28

Random
Random
Random
Random
Random
Random
Random

V.

Cooling water inlet temperature of
separator
A feed loss (stream 1)
C header pressure loss (stream 4)
A/B/C composition of stream 4
D feed (stream 2) temperature
C feed (stream 4) temperature
Cooling water inlet temperature of
reactor
Cooling water inlet temperature of
separator
Reaction kinetics
Cooling water outlet valve of reactor
Cooling water outlet valve of separator
(unknown); deviations of heat transfer
within stripper (heat exchanger)
(unknown); deviations of heat transfer
within reactor
(unknown); deviations of heat transfer
within condenser
recycle valve of compressor, underflow
in separator, stripper and steam valve
stripper
(unknown)
The valve for Stream 4 was fixed at the
steady state position
A feed (stream 1) temperature
E feed (stream 3) temperature
A feed (stream 1) pressure
D feed (stream 2) pressure
E feed (stream 3) pressure
A & C feed (stream 4) pressure
Cooling water pressure of reactor

Results and discussion

TABLE III
PROCESS FAULTS IN THE REVISED MODEL OF TE PROCESS

IDV

Type

1

Step

2

Step

3
4

Step
Step

Fig3. Out of 83 variables, 33 PCs are retained using Kaiser’ rule

Description
A/C-ratio of stream 4, B composition
constant
B composition of stream 4, A/C-ratio
constant
D feed (stream 2) temperature
Cooling water inlet temperature of
reactor

The PCA model was constructed using Kaiser's rule as
illustrated by (Fig. 3), where 33 PCs are retained from 83
variables, which explains about 61.3% of total variance,
the adaptation window length was selected to be 100 for
both Q and T² statistics: wt= wq= 100, and level of
significance α=1%. The performance of the proposed
scheme is evaluated based on the common indices in
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process monitoring: (i) fault detection time delay; (ii) false
alarms rate (FAR); and (iii) miss detection rate (MDR)
(detection rate= 100 -MDR). The detection time delay is
the time difference between the occurrence of fault and the
time when the fault is detected by the monitoring scheme,
MDR and FAR are defined as:
N
MDR= 100 F,N
(17)
FAR= 100

NF
NN,F

(18)

NN

Where NF,N is the number of faulty samples identified as
normal, NN,F is the number of normal samples detected as
faults, NF is the number of faulty samples, and NN is the
number of normal samples. The objective of a reliable
monitoring scheme is to achieve the lowest MDR, FAR
and fault detection time delay.
Normal operation, training set
QAd
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False alarms: 0%

1
0.5
0

200

200

10

SPE
Qa

2
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400
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600
800
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1200
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1200

1400
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1
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0
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Fig. 4. Q and T² monitoring results of healthy operation (training set)
Normal operation, testing set
QAd
10

2

False alarms: 0%

1
0.5
0

SPE
Qa

1000 2000 3000 4000 5000 6000 7000 8000 9000
False alarms
1000 2000 3000 4000 5000 6000 7000 8000 9000
100 Sample / Hour

10

T2Ad

2

1
0.5
0

False alarms: 0%

T2
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1000 2000 3000 4000 5000 6000 7000 8000 9000
False alarms
1000 2000 3000 4000 5000 6000 7000 8000 9000

Fig. 5. Q and T² monitoring results of healthy operation in

TABLE IV
FALSE ALARMS CONTRIBUTED BY Q AND T² STATISTICS

FAR (%)
Fixed threshold
Adaptive threshold

Training set
Q
T²
0.62
1.32
0
0

Testing set
Q
T²
11.05 0.27
0
0

The monitoring scheme based on the proposed adaptive
threshold was effective in eliminating false alarms in
process operation under normal conditions, as
summarized in (Table IV) which lists FAR contributed by
Q and T².
While the conventional scheme based on fixed threshold
contributes an unacceptable high rate of false alarms in
training and testing sets (up to 11%), the proposed scheme
successfully eliminates all false alarms resulting in
FAR=0%, this ensures robustness and reliability of the
proposed monitoring method. Monitoring results of
normal operation obtained by Q and T² statistics, using
both fixed and adaptive thresholds are also illustrated in
(Fig. 4) for training set that was used to train PCA model
and construct the fault detection scheme and (Fig. 5) for
testing set.
TABLE V
Q AND T² DETECTION DELAY (SAMPLES), AND MDR (%)

Fault
1
2
3
4
5
6
7
8
9
10
11
12
13
14
17
18
19
20
21
22
24
26
27
28

Delay (samples)
Q
T²
12
12
71
87
0
0
0
0
0
0
0
0
0
0
185
194
62
63
80
79
11
12
29
30
258
240
7
9
69
87
333
348
21
29
211
232
20
20
17
17
0
36
60
99
31
41
93
128

MDR (%)
Q
T²
0.15
0.15
0.89
1.51
0
0
0
0
0
0
0
0.16
0
0.013
2.32
2.46
0.77
1.21
0.99
1.12
0.14
0.23
0.36
0.38
3.52
3.15
0.1
0.39
0.86
4.59
4.17
4.44
0.26
0.36
2.65
16.5
0.25
0.65
0.26
0.81
0.36
0.45
3.55
30.9
2.45
49.7
61.6
99.6

(Table V) lists the Q and T² monitoring results for the 28
faults of Tennessee Eastman Process using adaptive
threshold, including fault detection delay (lower is better)
which is recorded as the number of delay samples, and
MDR of faults (lower is better) calculated in the faulty
region. Faults 15, 16, 23, and 25 are not listed, because
they have very low amplitudes with no impact on the

International Conference on Technological Advances in Electrical Engineering (ICTAEE’16.), October 2016

process operation and they have low detection rate. The
results indicate the all the faults are successfully detected,
and the detection is perfect for faults 3 to 7, these faults
are detected without any delay, and with 100% detection
rate.

Fault 13: Drift
10

QAd

3

SPE
Q

Fault 1: Step
QAd
10
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Q

3

1
0.5
0
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Fig. 8. Q and T² monitoring results of a drift fault IDV(13)
Fault 19: Stiction
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Fig. 6. Q and T² monitoring results of a step fault IDV(1)
Fault 12: Random
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Fig. 9. Q and T² monitoring results of a sticking fault IDV(19)

Unlike the fixed threshold, the monitoring scheme based
on adaptive threshold reduced the rate of false alarms, and
increased the detection rate, as illustrated by random and
sticking faults of (Fig. 7) and (Fig. 8) respectively.

Fig. 7. Q and T² monitoring results of a random fault IDV(12)

Q and T² monitoring results of different types of faults are
shown in (Fig. 6), (Fig. 7), (Fig. 8), and (Fig. 9) which
represent step, random, drift, and sticking faults
respectively, the figures also show the difference between
fixed and adaptive thresholds in terms of FAR, detection
delay and MDR. While step, random and sticking faults
are detected at their early stages, the detection of the
drifting fault is delayed until the magnitude of that fault
reaches a certain level.

VI. Conclusion
This paper introduced fault detection and diagnosis
scheme using a developed adaptive threshold scheme
instead of the conventional fixed threshold. The adaptive
threshold makes use of historical statistics to improve
monitoring performance without the adaptation of the
model, which make it a fast algorithm that is appropriate
for online detection, the use of Q and T² statistics with the
adaptive control limits was efficient in eliminating false
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alarms to increase the robustness of the monitoring
scheme, and improving the detection rate which increases
the sensitivity of the scheme. Considering the application
of the proposed method on the revised model of Tennessee
Eastman process benchmark, the adaptive threshold
achieves better performance and make a more reliable
monitoring scheme in terms of false alarms, detection
delay, and detection rate.
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Abstract – In this paper using the matrix fraction description (MFD) theory to stabilize the

behaviour dynamic of MIMO power system (Gas turbine GE MS5001P), first transform the system
into bloc controller canonical form, and applying state-feedback gain matrix K by assigning a set of
desired solvents (Block poles) in canonical form. After the stabilization control, the checking test of
the robustness and the sensitivity under the variation of the dynamic and against the rejection of the
external perturbation give us a proof that this control is nearly robust.

Keywords: MFD, Block Controller Form, Block Pole Placement, Solvents, Matrix polynomials, Gas

turbine.

I. INTRODUCTION
In control engineering theory, the research in stability concept reserve a large important in the present and the previous contributions in this domain, the stability importance is
reflected in a lot of dynamic systems, especially the loss of
control in the stability in some of them, causing a dramatic
dangers and significant loss of cost, such as: the nuclear reactors, the jet engines, and the gas turbine which is the subject of
the application presented in this paper.
There are many theories in this area that have been done
and used in several industrial control applications, among them
the most famous are: the Lyapunov stability theory based on
energy conservation [1], Linear sliding mode control [2], the
bounded input bounded output (BIBO) stability theory [3],
the input output stability, the hyper-stability [Dor Landau], the
state feedback static gain stability based on pole placement,
the linear quadratic regulator[4-6]..etc, all of these theories and
others clarify that the stability study of systems is wide domain
of research
A lot of papers has been written in recent years about the
stability theories and their applications, particularly in linear
MIMO systems such as; Stabilizing linear multivariable gas
turbine model via sliding mode control[2], the optimal control
[7], the multivariable feedback design [4-6], 2-DOF Block
Pole Placement Control Application To : Have-Dash-Ii[8], and
others . The main contribution of the present paper focuses
mainly on the application of Block Solvents Assignment Stabilization which we have placing the eigen-structure (eigenvalues and eigenvectors in the same time) in the right controllable
form. This control strategy is applied on Gas Turbine Power
Plant.
A large-scale Linear system of gas turbine power planet
obtained via the Parametric Identification using experimental
data of gas turbine single shaft installed in the power unit of
electricity production of sonelgaz in M’sila algeria, the dynamic system described in state space representation, is often
decomposed into small subsystems, from which the analysis

and design of the MIMO system can be easily performed.
Similarity block transformations are developed to transform a
class of linear time-invariant MIMO state equations, for which
the systems described by these equations have the number
of inputs (m = 3) dividing exactly the order of the state
(n = 12), into block companion forms so that the classical
lines of thought for SISO systems can be extended to MIMO
systems [19].
The paper is organized as follow: begin with an introduction, the second third fourth and five sections devoted into the
theory of matrix fraction description (MFD), how to transform
the model to the bloc controllable, and calculate the matrices
Tc , Vr , and the design of matrix gain K shown in the section
six fourth and seven an application on the power planet (Gas
turbine GE MS5001P) system, the dynamic model represent in
state space, with the simulation results and discussion. Finally
the conclusion.
II. PRELIMINARIES
II.1 Definition of a polynomial matrix
Given a set of m × m complex matrices {A0 , A1 , . . . , Al } the
following matrix valued function of the complex variable λ is
called matrix polynomial of degree (index) l and order m :
(A (λ) : is called also λ matrix).
A (λ) = A0 λl + A1 λl−1 + . . . + Al−1 λ + Al

(1)

Consider the system described by the following dynamic equation:

ẋ(t) = Ax(t) + Bu(t)
(2)
y(t) = Cx(t) + Du(t)
Assuming that the system can be transformed to a block
controller form, this means:
n
= l is an integer.
• The number
m

• The matrix Wc = B, AB, . . . , Al−1 B is of full rank
n.
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IV. COMPLETE SET OF SOLVENTS

Then we use the following transformation matrix:

 T
cl
T
A

 cl


..

Tc = 
.


 T Al−2 

(3)

cl

Tcl Al−1

Where
Tcl = [Om Om . . .


Im ] B AB . . .

Al−1 B

The new system becomes:

ẋ(t) = Ac x(t) + Bc u(t)
y(t) = Cc x(t)
With

−1

(4)

(5)

Ac = Tc ATc −1 ,

Om Im
 Om Om
 .
..
Ac = 
.
 ..
O
O

Bc = Tc B,
Cc = CTc −1



Om
· · · Om
· · · Om 
 Om 
 . 

 . 
· · · ... 
,
B
=
c
 . 

O 
··· I 
m
m
m
m
Im
−Al −Al−1 · · · −A1


Cc = Cl Cl−1 · · · C1
II.2 Matrix Transfer Function

The matrix transfer function of this open-loop system is given
by:
T FR (s) = NR (s) DR
Where

−1

(s)



NR (s) = C1 sl−1 + . . . + Cl−1 s + Cl


DR (s) = Im sl + A1 sl−1 + . . . + Al

(6)
(7)
(8)

This transfer function is called the Right Matrix Fraction
Description (RMFD), we need to use it in the block controller
form. It should be noted that the behavior of the system
depends on the characteristic matrix polynomial .

Where
σ : Denotes the spectrum of the matrix.
Vr : Is the block Vandermonde matrix
{R1 , R2 , ... , Rl } given as:

Im
Im
 R
R2
1

VR (R1 , R2 , . . . , Rl ) = 
..
..

.
.
R1 l−1 R2 l−1

corresponding to
···

Im



· · · Rl 

 (13)
..
..

.
.
l−1
· · · Rl

The conditions for the existence and uniqueness of the complete set of solvents have been investigated by P. Lancaster
[9],[10].
A Block Vandermonde matrix constructed from a complete set
of solvents of a particular matrix polynomial is nonsingular,
see [18].
Remark : We can define a set of left solvents in the same way
as in the previous theorem
IV.1 Constructing from a complete set of right solvents
Consider a complete set of right solvents {R1 , R2 , ... , Rl } for
the matrix polynomial D(λ), If Ri is a right solvent of D(λ)
so:
Ri l + D1 Ri l−1 + . . . + Dl−1 Ri + Dl = Om
D1 Ri l−1 + . . . + Dl−1 Ri + Dl = −Ri l

(14)
(15)

Replacing i from 1 to l , we get the following:




Ddl , Dd(l−1) , . . . , Dd1 = − R1l , R2l , . . . , Rll VR −1 (16)
Where Vr is the right block Vandermonde matrix.

III. CONCEPT OF SOLVENTS (BLOCK ROOTS)
A root for a polynomial matrix is not well defined. If it is
defined as a complex number it may not exist at all. Then we
may consider a root as a matrix called block root.
III.1 Right solvent
Given the matrix polynomial of order and index defined by:
DR (s) = Im sl + A1 sl−1 + . . . + Al

Consider the set of solvents {R1 , R2 , ... , Rl } constructed
from the eigenvalues (λ1 , λ2 , ... , λn ) of a matrix Ac , where
{R1 , R2 , ... , Rl } is a complete set of solvents if and only if:

σ (Ri ) ∪ σ (Rj ) = σ (Ac )



σ (Ri ) ∩ (Rj ) = ∅
(12)



det (Vr (R1 , R2 , ... , Rl )) 6= 0

(9)

A right solvent, denoted by R, is a m × m matrix satisfying:
DR (R) = A0 Rl + A1 Rl−1 + . . . + Al−1 R + Al = 0m (10)
III.2 Left solvent
A left solvent of the matrix polynomial D(s) defined above,
denoted by L, is m × m matrix satisfying:

DR (L) = Ll A0 + Ll−1 A1 + . . . + LAl−1 + Al = 0m (11)

A right solvent, if exist, is considered as a right block root. A
left solvent, if exist, is considered as a left block root.

IV.2 Constructing from a complete set of left solvents
Consider a complete set of left solvents {L1 , L2 , ... , Ll } for
the matrix polynomial D(λ) If Li is a left solvent of D(λ) so:
Li l + Li l−1 D1 + . . . + Li Dl−1 + Dl = Om
Li l−1 D1 + . . . + Li Dl−1 + Dl = −Li l
Replacing i from 1 to l, we get the following:
 l


L1
Ddl
 L2 l 
 Dd(l−1) 


 = −VL −1 
 . 
..


 .. 
.
Dd1
Ll l

(17)
(18)

(19)

Where VL is the left block Vandermonde matrix defined by:


Im L1 · · · L1 l−1


 Im L2 · · · L2 l−1 

VL (L1 , L2 , . . . , Ll ) = 
(20)
 .. .. . .
.. 
 . .
.
. 
Im Ll · · · Ll l−1
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V. STATE FEEDBACK DESIGN

Exhaust Temperature, Speed rotor).

Consider the general linear time-invariant dynamic system
described by the previous state space equation (2). Now applying the state feedback u = −Kx(t) to this system, where K
is a m × n gain matrix, after using the block controller form
transformation for the system, we get u = −Kc xc (t).


K = Kc Tc = Kcl , Kc(l−1) , ... , Kc1
(21)
Tc and Kci ∈ Rm×m For i = 1, ..., l
Then the resulting closed loop system is shown below:

ẋc = (Ac − Bc Kc ) xc
yc = Cc xc

Where





(Ac − Bc Kc ) = 



Om
Om
..
.

···
···

Om
Om
..
.

···
Om
···
Im
− (Al + Kcl ) · · · − (A1 + Kc1 )

(22)




 (23)



The characteristic matrix polynomial of this closed loop system is:
D (λ) = Im λl + (A1 + Kc1 ) λl−1 + . . . + (Al + Kcl ) (24)
From a set of desired eigenvalues, we construct the solvents
then we construct the desired characteristic matrix polynomial
in the form:
By putting,
Dd (λ) = D(λ)
We get the coefficients Kci = Ddi − Ai as follows:
Kci = Ddi − Ai fori = 1, ..., l
After that we find the gain matrix by the following formula
K = Kc Tc
Algorithm steps
• Compute the ratio (n/m), must be integer.

• Check the block controllability Wc should be full rank.

• Transform the system into bloc controllable form, see the
equations (3-5).
• Choice the l A right solvents R, ∈ m × m matrix, as
stable and diagonalizable.
• Calculate the right block Vandermonde matrix Vr , see the
equations (14- 16).
• The gain matrix calculate via the the equations (21-24).
VI. SYSTEM MODEL
The GE MS5001P Gas turbine dynamic model is obtained
via the parametric identification of the real data, using MIMO
recursive least square based on the theory of matrix fraction
description (MFD), for the validation of this model, especially
their order (n); the identified model has to be changed every
time from the order n=6, until the order n=12, with 3 inputs
: (The gas control valve (GCV), Temperature and Pressure
of axial compressor discharge (TCD, PCD)), and 2 outputs :(

The model (2) is given by the next state space equations:

ẋ(t) = Ax(t) + Bu(t)
(25)
y(t) = Cx(t) + Du(t)


.
A = Λ1 .. Λ2
 -1.6315

 -10.888
 3.6688

 18.801
 -3.6161

 -34.175
Λ1 = 
3.2742

 58.870
 -5.4635

 -28.991

 3.7720
 -3.6283


0.0139
-2.4735
-0.0093
5.1184
-0.0226
-5.7540
0.0642
5.8309
-0.1596
-3.3398
0.1136
0.6176

-0.3685
10.8887
-1.6688
-18.8012
3.6161
34.175
-3.2742
-58.870
5.4635
28.991
-3.7720
3.6283

-0.0139
0.4735
0.0093
-3.1184
0.0226
5.7540
-0.0642
-5.8309
0.1596
3.3398
-0.1136
-0.6176

0.3685
-10.8887
-0.3312
18.801
-1.6161
-34.175
3.2742
58.870
-5.463
-28.991
3.7720
-3.62833

0.01
139 

-0.473
35 
-0.00
093 

1.11
184 
-0.0
0226 

-3..7540 
0.0642 

5.8309 
-0.1596 
-3.3398 

0.1136 
0.6176 

 -0.3685

 10.888
 0.3312

 -118.801
 -0..3839

 34..175
Λ2 = 
-1.27742

 -58.8770
 5.46355

 28.991

 -3.7720
 3.6283


-0.0139
0.4735
0.0093
-1.1184
0.0226
1.7540
-0.0642
-3.8309
0.1596
3.3398
-0.1136
-0.6176

0.3685
-10.888
-0.3312
18.801
0.3839
-34.175
-0.7258
58.870
-3.4635
-28.991
3.7720
-3.6283

0.0139
-0.4735
-0.0093
1.1184
-0.0226
-1.7540
0.0642
1.8309
-0.1596
-1.3398
0.1136
0.6176

-0.3685
10.888
0.3312
-18.801
-0.3839
34.175
0.7258
-58.870
1.4635
28.991
-1.7720
3.6283

-0.0139
9

0.4735 
0.0093 

-1.1184 
0.0226 

1.7540 
-0.0642 

-1.8309 
0.1596 
-0.6602 

-0.1136 
1.3824 

 0.3730

 -1.4623
 -0..4121

 2.5230
 0.15772

 -8.1079
B=
0.0336

 17.520
 -0.7840

 -13.081

 0.6980
 2.4305


0.0021
0.2607
-0.0033
-0.4091
0.0057
0.5163
-0.0091
-0.5595
0.0195
0.2206
-0.00079
-0.0522

0.0107 
 -1.8860 1.8142 



-1.7661 
88 
 -0.0568 -0.308
 1.8860 -1.8142 
-0.0015 



3.1929 
 0.0568 0.3088 
 -1.8860 1.8142 
-0.0748 



-4.7691 
 -0.05568 -0.3088 
T
, C =
0.0542 
1.8860 -1.8142 



5.7996 
 0.0568 0.3088 
 -1.8860 1.8142 
-0.2279 


 -0.0568 -0.3088 
-2.6957 



0.1887 
 1.8860 -1.8142 
 0.0568 0.3088
0.3969 
8 


 -0.3490 0.0039 -0.0944 
D=

 -1.2153 0.0261 -0.1984 
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VII. SIMULATION RESULTS
• The transformation matrix Tc calculated based on equation (3).
• The desired Right solvents (block poles) in controllable
form are constructed as follows:
 -1.3765 -0.6158 0.2257 
 -1.1545 0.6331 -0.3166 




R1 =  -0.4480 -0.0383 -0.4190  , R2 =  0.1318 -1.6513 -0.0659 
 -0



 0.0564 0.1288 -1.0572 
 0.3408 -0.7178 -1.4722 
 -2.9942 0.1546 -0.0326 
 -2.6997 1.4945 -1.3415 




R3 =  -0.5109 -0.5111 -1.5614  , R4 =  0.0121 -2.7414 -0.0607 
 -0

 0.1003 0.0743 -3.2644 
 0.4673 1.4377 -3.5392 



• Then the corresponding controllable feedback gain matrix K is:


..
K = k1 . k2
 1.8812 0.7393 1.8633 0.7298 1.8816 0.7215 


k1 = 10 ×  -0.3602 -0.1861 -0.5794 -0.1886 -0.4409 -0..1833 
 -0.1571 -0.0817 -0.1924 -0.0811 -0.1761 -0.00788 


4

 1.8415 0.7139 1.8426 0.7073 1.8424 0.6999 

4 
k2 = 10 ×  -0.4415 -0.1855 -0.5091 -0.1812 -0.4467 -0..1796 
 -0.1642 -0.0781 -0.1715 -0.0767 -0.1651 -0.00755 



VII.1 The robustness Study
The norm of the feedback gain matrix K is
kKk2 = 50530,kKk∞ = 15464
Robust performance of the eigenvalues of the matrix λi∆ =
(A − BK + ∆A) and The relative change of the each eigenvalues ri (λi ) are given below by the following:
 -3.5326



-0.3708
+
0.3269i


 -0.3708 - 0.3269i 


 -3.22383

 -1.9100 + 1.0542i 


 -1.9100 - 1.0542i 
λi∆ = 
,
-2.7662


 -2.3182

 -2.1196



 -1.7493



-1.2157


 -0.9987




 0.0087 


 0.0883 
 0.0873 


 0.5481 
 0.0483 


 0.0492 
ri ( λi ) = 
0.03833 


 0.0325 
 0.0414 


 0.0399 


 0.0216 
 0.0330 



Small gains are desirable because they minimize the control
energy and prevent saturation of the controller elements and
noise amplification. For time specifications, the smaller the
setting time and maximum peak the better the time response.
For the sensitivities of the eigenvalues, we choose the one that
has the lowest sensitivity taking into account the distance of the

eigenvalue from the jω axis. For the robust stability the greater
the value of its measure the more robustly stable the system,
where M3 is more accurate than M2 and M1 ( the three robust
stability measures) [11]. For robust performance, the smaller
the value of relative change the better the performance. For
clarify the efficient of this Block Solvents assignment in right
canonical controllable form, we must do a comparison between
the other forms, observable and diagonal forms.
VIII. CONCLUSION
The objective of the present work is to apply block pole
placement technique to a multi-input multi-output system with
an application to Gas turbine system (GE MS5001P), in order
to determine the best feedback gain matrix. It has been shown
that this technique is due to the fact that the characteristic
matrix polynomial of the system has block poles as roots.
These block poles can be chosen to be right or left as specified
before. Their forms are not unique, but we restricted our study
to the case of the controllable form.
Like a Further works, we can assign block poles (Right
solvents) in bloc observable and diagonal canonical form then
we do a comparison study, to select the best and the robust
feedback matrix gain K .
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Design of an optimal Supervisory Fuzzy PI controller for a binary
distillation column using hierarchical genetic algorithm
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Abstract
Distillation columns are widely used in chemical processes as separation systems in industries. In
order to gain better product quality and lower the energy consumption of the distillation column, an
effective control system is needed to allow the process to be operated over larger operating ranges.
In this paperDifferent control strategies were used to control the top and bottom compositions of a
binary distillation column. The tuning of control parameters were determined for fuzzy supervisory
PI using hierarchical genetic algorithm to find the best values of proportional gain (Kp), integral
gain (KI), and it gave better results than Ziegler-Nichols PI .

Keywords:Distillation column, Fuzzy supervisory PI, Ziegler-Nichols, Genetic algorithm,
Hierarchical genetic algorithm.

I.

Introduction

Control of a distillation column is a challenging and
interesting problem, and it’s one of the most studied areas
in the process control.
Control of the top and bottom compositions of a binary
distillation column has received considerable attention in
recent years. Product quality controllers are usually of the
PI type because of their simple structure and robust
performance.
Another alternative technique is the use of
unconventional control techniques such as fuzzy logic,
neural networks and genetic algorithm or a combination
of two or more of these techniques. The combination of
the genetic algorithm and the fuzzy logic control
technique will be considered in this paper.
Fuzzy control is useful where the control processes are
too complex to analyze by conventional quantitative
techniques. Fuzzy control design is very interesting for
industrial processes when modeling is not easy to make
or conception of nonlinear controllers for industrial
processes.
Genetic algorithms, which are adopted from the
principle of biological evolution, are efficient techniques
that manipulate the coding representing a parameter set to
reach a near optimal solution. Hence by strengthening
fuzzy logic controllers with genetic algorithms the
searching and attainment of optimal fuzzy logic rules and
high-performance membership functions will be easier
and faster. A customized GA technique has been
proposed in this paper to optimize the search for optimal

fuzzy logic membership functions which is Hierarchical
Genetic algorithm.

II.

Fuzzy logic

In recent years, the number and variety of fuzzy logic
applications have increased significantly. The
applications range from consumer products such as
cameras, camcorders, washing machines, and microwave
ovens to industrial process control, medical
instrumentation, decision-support systems, and portfolio
selection.
Fuzzy logic has two different meanings. In a narrow
sense, fuzzy logic is a logical system, which is an
extension of multivalued logic. However, in a wider
sense fuzzy logic (FL) is almost synonymous with the
theory of fuzzy sets, a theory which relates to classes of
objects with unsharp boundaries in which membership is
a matter of degree.
In this perspective, fuzzy logic in its narrow sense is a
branch of FL. Even in its more narrow definition, fuzzy
logic differs both in concept and substance from
traditional multivalued logical systems [1].
II.1.

The fuzzy reasoning

Because in most applications the input and output of
the fuzzy system are real valued numbers, we must
construct interfaces between the fuzzy inference and the
environment. The interfaces are the fuzzification and
defuzzification [2].
 Fuzzification:
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Fuzzification is the process of making a crisp quantity
fuzzy. We do this by simply recognizing that many of the
quantities that we consider to be crisp [3].

 The Inference Mechanism:
The inference mechanism has two basic tasks:
1- Determining the extent to which each rule is
relevant to the current situation as characterized
by the inputs Ui,i=1…….n ( We call this task
matching).
2- Drawing conclusions using the current inputs
Uiand the information in the rule-base (we call
this task an “inference step”) [4].
 Aggregation:
Because decisions are based on the testing of all of the
rules in a FIS, the rules must be combined in some
manner in order to make a decision. Aggregation is the
process by which the fuzzy sets that represent the outputs
of each rule are combined into a single fuzzy set.
Aggregation only occurs once for each output variable,
just prior to the final step, defuzzification. The input of
the aggregation process is the list of truncated output
functions returned by the implication process for each
rule. The output of the aggregation process is one fuzzy
set for each output variable. As long as the aggregation
method is commutative (which it always should be), then
the order in which the rules are executed is unimportant
[4].
 Defuzzification:
Defuzzification is the conversion of a fuzzy quantity to
a precise quantity, just as fuzzification is the conversion
of a precise quantity to a fuzzy quantity. The output of a
fuzzy process can be the logical union of two or more
fuzzy membership functions defined on the universe of
discourse of the output variable [5].
II.2.

Fuzzy control

Control applications are the kinds of problems for
which fuzzy logic has the greatest success and acclaim
[6].
A fuzzy controller is a regulating system whose modus
operandi is specified with fuzzy rules. In general it uses a
small set of rules. The measurements are processed in
their fuzzifier form, fuzzy inferences are computed, and
the result is defuzzified, that is, it is transformed back
into a specific number [7].
II.3.

achieve the desired specifications. In addition, the
supervisor can be used to integrate other information into
the control decision-making process [8].

Fig.1. Representation of a Fuzzy Supervisory Control

III. Genetic algorithm
Genetic Algorithms are gaining wide attention by the
research community. Genetic algorithm (GA) is rapidly
growing area of Artificial Intelligence. It is categorized as
subclass of evolutionary algorithms. It is applicable to
large number of optimization techniques in science and
industry [9].
A genetic algorithm (GA)is a search of optimization
algorithm based on the mechanics of natural selection and
natural genetics. Since GA is suitable to solve
combinatorial optimization problems, it can be
successfully applied to problems of loss minimum in
distribution systems [10].
III.1 Fitness “objective function”
The objective function, the function to be optimized,
provides the mechanism for evaluating each string.
However, its range of values varies from problem to
problem.
To maintain uniformity over various problem domains,
we use the fitness function to normalize the objective
function to a convenient range of 0 to 1. The normalized
value of the objective function is the fitness of the string,
which the selection mechanism uses to evaluate the
strings of the population [11].
III.2

Genetic operators

The decision to make in implementing a genetic
algorithm is what genetic operators to use. This decision
depends greatly on the encoding strategy [10].
These three operations are explained as follows

Fuzzy supervisory control

Fuzzy Supervisory controller is a multilayer
(hierarchical) controller with the supervisor at the highest
level, as shown in the next Figure. The fuzzy supervisor
can use any available data from the control system to
characterize the system’s current behavior so that it
knows how to change the controller and ultimately

1. Reproduction:
A commonly used genetic operator is reproduction
[12].it is a processin which individual strings are copied
according to their objective (fitness) function value (f).
Copying strings according to their fitness value means
that strings with a higher value have a higher probability
of contributing one or more offsprings to the next
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generation. This is an artificial version of natural
selection [13].
2. Crossover:
Crossover is a structured yet randomized information
exchange between chromosomes [14]. Firstly, the system
randomly selects two chromosomes from a population. A
parameter CR (Crossover Rate) decides the crossover
probability of two selected chromosomes. The system
randomly generates a value, compares it with the value of
CR, and decides whether the two selected chromosomes
perform the crossover operations. If the randomly
generated value is smaller than the value of CR, then the
system exchanges some genes of the two selected
chromosomes [15].
3. Mutation :
The system randomly selects a chromosome from a
population by using a parameter MR (Mutation Rate) to
decide the mutation probability of the selected
chromosome, where MR ∈ [0, 1]. The system randomly
generates a value and compares it with the value of MR
to decide whether the selected chromosome performs the
mutation operation.
If the value is smaller than or equal to the value of MR,
then the system mutates a gene of the selected
chromosome [16].
III.3

General Mechanism

Typically, a genetic algorithm consists of the following
steps:
 Step1(Initialization):an initial population of the
search nodes is randomly generated;
 Step 2: evaluation of the fitness function. The
function value of each node is calculated
according to the fitness function (objective
function);
 Step 3: genetic operations ,new search nodes are
generated randomly by examining the fitness
value of the search nodes and applying the
genetic operators to the search nodes;
 Step 4: repeat steps 2 and 3 until the algorithm
converges [17].

V.

Genetic fuzzy logic

FLCs are based on a set of fuzzy control rules that
make use of people’s common sense and experience.
However, there still exist many difficulties in designing
fuzzy systems to solve certain complex nonlinear
problems. In general, it is not easy to determine the most
suitable fuzzy rules and membership functions to control
the output of a plant, when the only available knowledge
concerning the process is the empirical information
transmitted by a human operator. Thus, a major challenge
in current fuzzy control research is translating human
empirical knowledge into FLCs. A possible candidate to
meet this challenge is the application of the genetic
algorithm (GA) approach to data extracted from a given
process while it is being manually controlled.
GA’s have been successfully applied to a wide variety
of applications over the years. In particular, these
algorithms have been applied in many automatic control
problems, such as the development and tuning of FLCs.
For that matter, they have been previously employed to
select adequate sets of membership functions and fuzzy
rules [19].

VI. HGA coding for fuzzy control
The basic procedures of designing a fuzzy logic
controller(FLC) have been well established. The
operating proceduresfor these variables are usually done
manually, but thisoften yields a suboptimal performance,
despite some otherautomatic tuning schemes.
Considering that the main attribute of the HGA is its
abilityto solve the topological structure of an unknown
system, thenthe problem of determining the fuzzy
membership functionsand rules could also fall into this
category [20].

IV. Hierarchical genetic algorithm
Hierarchical genetic strategy is a new evolutionary
method which gives good computation complexity in
solving global optimization problems by using different
length genotypes.
A Hierarchical Genetic Algorithm (HGA) is an
algorithmic technique of artificial intelligence that
converges on a solution at both the atomic and structural
levels [18].

Fig.2. Formula 1 of HGA Fuzzy logic control system
In this system, Mamdani’s approach is applied for
generating the fuzzy output value.
The crisp value is then calculated by the Centroid
defuzzication method.
The chromosome of a particular fuzzy set is shown in
Figure 4 [20].
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Fig.3.Formula 2 of HGA Fuzzy logic control system.
The chromosome consists of the usual two types of
genes, the control genes and parameter genes. The
control genes, in the form of bits, determine the
membership function activation, whereas the parameter
genes are in the form of real numbers to represent the
membership functions.
With the two input fuzzy sets of error signals (e)
and error rate (Δe)and the output fuzzy set of(Δu) we can,
thus, construct the overall membership chromosome
structure, as shown in Figure 3 [20].

Fig.5. Basic scheme of a distillation column
TABLE I

Parameter
Fig.4. Formula 3 of HGA Fuzzy logic control system
The parameter genes (ZP) of the membership
chromosome take the form [20].

Operating condition
Operating condition

xD

0.98

xB

0.02

z

0.3

VIII. Fuzzy control basics

Wherem,n and p are the maximum allowable numbers
of the fuzzy subset E,ΔE and ΔU, respectively.
( ) ( )
( )
,
,
define the input membership function of
( ) ( )
( )
th
the i fuzzy subset of E.
,
,
define the
th
input membership function of the j fuzzy subset of
ΔE.ɣ( ) ,ɣ( ) ,ɣ( ) define the output membership
function of the kth fuzzy subset of ΔU [20].

VII. A binary distillation column
In this paper the binary distillation column is examined
which the mathematical model is given by Skogestad and
Morari [21]. This model is used to design the fuzzy PI
controller, the operating points of distillation are shown
in TABLE I.

The input variables are “e” and “Δe” ,and the output
variables are Kp and Ki .The linguistic variables named
as E1, E2, E3 ,E4, E5, and D1, D2, D3, D4, D5 and
U1,U2 and V1,V2 for each variable .
The parameters of the fuzzy system are:
eϵ [-0.01,0.01] and Δeϵ [-0.1,0.1];
The only difference that in top loop the range of “Kp” is
[500,1500] and “Ki” [100,1000] for the top loop.
And [-2000,-1000] and [-900,-200] for the bottom loop
respectively;
Minimum inference engine ( Mamdani inference );
Center average defuzzifier.
We will illustrate these rules in the following tables
(TABLE II and TABLE III).
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TABLE II
TABLE IV

(A) Rules for Kp, (B) Rules for Ki, for the top loop [22]
(A)
(B)
Δe
D1
E1

The parameters of HGA
Membership Chromosome

Δe
D2

D1
E1

U2U2

D2

V2V2

eE2

U2

U1

eE2

V2

V1

E3

U2

U2

E3

V1

V2

Representation

Real

Population size
No. of Offspring
Crossover
Crossover rate
Mutation
Mutation rate
Selection

20
1
One point crossover
0.9
Random mutation
0.01
Roulette wheel selection

TABLE III

(A)Rules for Kp, (B) for Ki, for the bottom loop [22]
(A)
(B)
Δe

E1

X.

Discussions and results

Δe

D1

D2

U1

U2

D1
E1

V1

D2
V2

eE2

U1

U2

e E2

V2

V1

E3

U1

U2

E3

V1

V2

The best generation in each loop is shown in the figure
6, and the fitness function value of each generation is
illustrated in the figure 7.
4300

4300

Total fit ness
The best Fit ness

Ihe best generation

4200
4250

Total Fitness

4100
Total fitness

4200

4000

IX. Genetic algorithm basics

4150

3900

Due the fact that the membership chromosomes
consists of control genes and parametric genes ,each type
of gene have to use different genetic operations .For the
crossover operation ,a one-point crossover is applied
separately for both the control and parametric genes of
membership chromosomes within certain operation rates.
The parameters of HGA:
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Fig.6. The best generation in each loop
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250
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 The maximum number of the input fuzzy subsets
of e and Δe = 5 and the number of the output
fuzzy subsets of Kp and Ki = 2 (m=n=5 and
p=q=2);
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The optimum number and shape of the fuzzy inputs
and outputs for the top loop and the bottom loop are
shown in the figure 8 and 9, 10 and 11 respectively.
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 The fitness functions (F), the fitness functions are
selected as inverse proportion to the objective
function (J). We select the objective function as
sum of squared error .This objective function is
standard for disturbance rejection and set point
following problems. The objective and fitness
function is shown as formula (1) and (2)
,respectively:
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 The number of generations = 15;
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Fig.8.The triangular membership functions for the top loop
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E2
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The optimal number and shape of membership
functions are designed using HGA offline.

D3

0.6

Finally, the HGA fuzzy supervisory PI controllers can
satisfactorily maintain the top and bottom composition at
the desired references. It can also be observed that the
fuzzy controllers have behaved much better than the PI
controllers with fixed parameters, tuned by ZieglerNichols method.
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Fig.9.The trapezoid membership functions for the top loop
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Fig.12.Systems responses ((a) for the top loop and (b) for the bottom

Fig.10.The triangular membership functions for the bottom loop
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The simulation results of the optimum fuzzy
supervisory PI controllers are shown in the figure 12 and
13. The most desirable performance requires the
controllers to have the smallest possible value for the rise
time, overshoot and the settling time. It is also required
for the final value should be as close as possible to the
desired values which are 0.98 in the top product loop and
0.02 in the bottom product loop.
It has also been shown that for the HGA fuzzy
supervisory PI controller, the fuzzy supervisor tunes
onlinethe parameters KP and KI of the PI controller.
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Fig.11.The trapezoid membership functions for the bottom loop
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loop)
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XI. Conclusion
The simulation results demonstrate the efficiency and
effectiveness of the HGA to optimal refine the
membership functions of the fuzzy supervisory PI
controller. It also indicates that the proposed strategy is
more efficient that the conventional strategy based on
Ziegler and Nichols meth
Without using any mathematical model, a fuzzy
supervisory PI controller for a binary distillation
columnwas designed. The performance of conventional
controllers like the PI ones is not satisfactory for
nonlinear processes (systems) and MIMO systems since
their design is based on the use of Multi-loop control
scheme, knowing that almost all industrial process are of
multivariable nature in other cases are non-linear , so the
use of an unconventional one like fuzzy supervisory PI
controller is a necessity and an advantage, to overcome
these problems.

Appendix
Column A : a particular high purity binary distillation
column with 40 theoretical stages (39
trays and a
reboiler) plus a total condenser. The feed is an equimolar
liquid mixture of two components with a relative
volatility of 1.5. the pressure is assumed constant . the
operating variable e.g. (reflux and boilup rates) are such
that we nominally have 99% purity of each product
( y D and x B ). The nominal holdups on each stage,
including reboiler and condenser
.This results in a model with 82 states. This distillation
process is difficult to control because of strong
interactions between the two product compositions, An
approximate 5 states model is given by (Skogestad and

Morari [21]) ( in state space realization)

x  A5 x  B5u
y  C5 x
such that

0
0
0 
 0.005131 0


0
 0.07366 0
0
0 

A5  
0
0
 0.1820
0
0 


0
0
0
 0.4620 0.9895


0
0
0
 0.9895  0.4620


  0.629

 0.055
B5   0.030

  0.186
  1.23


0.624 

 0.172 
 0.108 

 0.139 
 0.056 

 0.7223  0.5170 0.3386  0.1633 0.1121

C5  
 0.8913 0.4728 0.9876 0.8425 0.2186
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Design Of an integration Frame HAZOP-SIL for safety
Optimization of a Fired Heater
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Abstract
The paper highlight the guidelines to propose an integration frame to optimize the saety of a fired
heater F100-200 located in CDU unit (crude distillation unit) in ADRAR refinery south of Algeria.
The proposed frame integrate the HAZOP – hazards and operability studies and safety integrity
level studies. The idea behind the proposed method is to overcome the limitations raised from the
application of each technique alone. The application of this proposed technique in the fired heater
indicate that the heater needs more safeguards to work in a safe manner, as a conclusion more
safety instrumented functions should be added, and the safety level of the existing ones should be
checked .
keywords: Safety, Risks, HAZOP Hazard and Operability, SIL safety integrity level, Fired
Heater, failure, PFD

I.

Introduction

With the rapidly increasing scale and complexity of the
modern chemical process industry, it is becoming harder
to control chemical accidents in chemical plants. Offsite
consequences often lead to ecological disasters. For
example, about 40% of large-scale environmental
emergency events reported to the Ministry of
Environmental Protection of China were caused by
accidents occurred inside chemical plants [8],[11],[12] .
The gravity of an accident can be analyzed in terms of
economical, human or environmental losses. In economic
terms, operating a process plant in a safe way —lack of
accidents— reduces the losses associated to shutdowns,
reparations, compensations and fines. However, at the
same time, the incomes increase because productivity
does. To prevent major accidents from occurring and
ensuring the safe design and operation of a system in
process plants the identification of hazards is
fundamental [8]. Based on the information gathered of
the accidents new safety procedures, process
modifications, working methods, and standards are
proposed to identify the hazardous situations, all of which
require their rigorous, thorough and systematic
application by a multidisciplinary team of experts. Many
techniques have been developped for hazard
identification and safety analysis in over the years in, in
chemical processing industries the most common tools
are safety reviews, process hazard check list, relative
ranking analysis (hazard indices), preliminary hazard
analysis , hazard and operability study (HAZOP), failure
modes and effect Analysis (FMEA), fault tree analysis
(FTA) , Event tree Analysis, Layer of protection analysis

(LOPA) .... [1],[3],[12],[15] however it should be
mentionned that no single method can support all the
aspects of saety/risk [ 10].In the aim of improving the
safety of a fired heater in this paper we propose an
integration frame [6], between two most known methods
which are the hazard and operability study (HAZOP) and
safety integrity level (SIL), such that all safety functions
are deduced first from the HAZOP study, and using Risk
matrix and FTA the required safety level ins deduced and
based on probaility of failure under demand the design of
the corresponding safety instrumented system is
proposed.

2. Hazard and Operability study (HAZOP)
A HAZOP study [7], is a highly disciplined procedure
meant to identify how a process may deviate from its
design intent. It is defined as the application of a formal,
systematic critical examination of the process and the
engineering intentions of new or existing facilities to
assess the potential for malfunctioning of individual
pieces of equipment, and the consequential effects on the
facility as a whole. Its success lies in the strength of that
methodology in following a system’s Process Flow
Diagrams (PFDs) and Piping and Instrumentation
Diagrams (P&IDs), breaking the design into manageable
sections with definite boundaries called nodes, so
ensuring the analysis of each piece of equipment in the
process. According to Keltz [10] “ it is the recommended
method for identifying hazards and problems which
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prevent efficient operation”. Executing the method relies
on using guidewords (such as, no, more, less) combined
with process parameters (e.g., temperature, flow,
pressure) that aim to reveal deviations (such as less flow,
more temperature) of the process intention or normal
operation. This procedure is applied in a particular node,
viz., as a part of the system characterized for a nominal
intention of the operative parameters. Having determined
the deviations, the expert team explores their feasible
causes and their possible consequences. For every pair of
cause-consequence, safeguards must be identified that
could prevent, detect, control, or mitigate the hazardous
situation. Finally, if the safeguards are insufficient to
solve the problem, offering recommendations must be
considered.

3. Safety integrity level (SIL) studies
An SIL analysis is a [4],[9]quantitative target for
measuring the level of performance needed for a safety
function to achieve a tolerable risk for a process hazard.
It is a measure of safety system performance in terms of
the probability of Failure on Demand (PFD).
There are four discrete integrity levels: 1, 2, 3, and 4. The
higher the SIL level, the higher the associated safety level
and the lower the probability that a system will fail to
perform properly. Defining a target SIL level for a
process should be based on the assessment of the
likelihood that an incident will occur and the
consequences of the incident. The following terms are
commonly used in the field of SIL studies.
• SIS: The Safety Instrumented System (SIS) plays a
vital role in providing a
protective layer around industrial process systems.
Whether called an SIS,
emergency or safety shutdown system, or a safety
interlock, its purpose is
to take process to a “safe state” when pre-determined
set points have been exceeded or when safe operating
conditions have been transgressed. In the IEC standards
the SIS are defined by the terms E/E/EP which means
Electrical/ Electronic/electronic programmed tools so it is
a collection of sensors, logic solvers and actuators that
protect the process.
• SIF: a safety instrumented function (SIF) is an
action a safety instrumented system takes to bring the
process or the equipment under control to a safe state.
This function is a single set of actions that protects
against a single Specific hazard [3]

3.1 General Safety Standards for SIL study
 IEC 61508, Parts 1–7
The IEC 61508 standard, “Functional Safety : Safety
Related Systems” is an international standard designed to
address a complete SIS for the process, transit and

medical industries. The standard introduces the concept
of a safety life cycle model to illustrate that the integrity
of an SIS is not limited to device integrity, but is also a
function of design, operation, testing
and maintenance. The standard includes four SILs that
are indexed to a specific Probability-to Fail on Demand
(PFD). A SIL assignment is based on the required risk
reduction [ 4 ].
As a required SIL increases, SIS integrity increases as
measured by:
• System availability (expressed as a percentage),
• Average probability of failure to perform IEC design
function on demand (PFDavg),
• Risk reduction factor (RRF, reciprocal of PFDavg).
The relationship between AK class and SIL is
extremely important and should not be overlooked. These
designations were developed in response to serious
incidents that resulted in the loss of life, and are intended
to serve as a foundation for the effective selection and
appropriate design of safety-instrumented systems [5].
• IEC 61511, Parts 1–3
The IEC 61511 standard, “Functional Safety : Safety
Instrumented Systems for the Process
Industry Sector” is an international standard designed
to be used as a companion to IEC 61508. IEC 61511 is
intended for SIS designers, integrators and users in the
process-control industry [5] .

3.2 SIL Selection and risk
The main objective in the process safety integrity level
selection it to make the choice that best reduces the risk
i.e. the specified safety system will be cost effective while
still providing appropriate loss prevention. After a clear
definition of safety function, the SIS designer should
consider the following facts to get the best selection:
• Consequences: If a process goes out of control, the
potential energy contained in the process, in the form of
temperature, pressure, and chemical reactivity, may be
released and cause harm. This harm is the result of the
impact of the event on various receptors. The
consequence of a process incident could result in impacts
to one or more receptors, such as:
- People
- Environment
- Economics
Estimating the magnitude of the consequence is the
first step in the process of selecting
an SIL. Many
consequences are small enough to be acceptable
regardless of how often they occur. If this is the case, the
analysis can stop at this stage
• Likelihood: the likelihood of harm from a process
hazard is the combination of the frequency and
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probability of all contributing events. It is unlikely that a
single point failure will result in a hazardous
consequence, since most process plants are designed with
multiple layers of protection. For example, the analysis of
the series of events leading to harm could involve the
following:
- Frequency of process failure
- Probability of safeguards failing, resulting in
hazardous release
- Probability that the release will result in a harmful
impact.
In the last step, the designer should check whether the
existing components of SIS meet the necessary risk
reduction. This is can be done by calculating the PFD of
each SIF and comparing the result with the target SIL
resulted from above considerations , in case where the
calculated SIL is small than the target SIL
recommendations for design modification is generated (
by modifying the components of the SIF or adding new
SIF )

4. Fault Tree Analysis (FTA)
Quantitative risk assessment was performed by
modelling the safety-instrumented system using Fault
Tree Analysis (FTA)[8],[9]. Fault Tree Analysis was
developed in the 1960 by Bell Laboratories in the United
States. The military, the space program, and the nuclear
industry have used FTA extensively. It is a highly
adaptable logic diagram based technique that can be
readily applied to the processes of the refining,
petrochemical, chemical, oil and gas production, pipeline,
pulp and paper, utility, nuclear, manufacturing and
pharmaceutical industries. FTA was chosen, because it is
a very structured, systematic, and rigorous technique that
lends it self well to quantification.
is the best way to priorities the multitude of Potential
hazards of loss of production by determining numerically
how much each cause contributed to the loss (safety of
production).

5. Integration frame HAZOP-SIL
Because of the rapid evolution in automating the process
industry, the industrial community has drawn up
procedures to assess new requirements for assigning a
target SIL for all Safety Integrity Systems (SIS)
applications. Standards [2],[5].[14] describe them. The
SIS consists of the instrumentation or controls installed
for mitigating the hazard or bringing the process to a safe
state in the event of a process upset [ hazard and
operability literature review]. A SIS is used for any
process in which the Process hazards Analysis (PHA)
has determined the insufficiency of the mechanical
integrity of the process equipment, the process control,

and other protective equipment to mitigate the potential
hazard [ AE summers techniques for assigning a target
safety integrity level 98]. In practice, several methods
are proposed to help companies to build
up strategies to avoid the hazards. However, no single
technique can support all the aspects of safety/risk [ ],
since each strategy has its own limitations due many
factors that can be summarized in the following points:
• The application domain of some methods is limited,
and with the complexity of recent industrial plants, the
recommendations raised by these methods will not assure
the required safety for all plants.
• The generalization of some methods will lead to
complex studies, hence the application of the method
become more difficult and time consuming.
From the above drawbacks the intention of many
researcher is devoted to propose the idea of integration of
different methods in one frame in such away the safety
and the simplicity are respected. In our work we present
an integration frame work between the SIL study and the
HAZOP study. The features of a HAZOP study and the
need to assign SIL for SIS revealed that the information
obtained from HAZOP made it a serious candidate to use
for linking its results with the input data required to start
analyses for the SIL assignment; this situation now is
being studied comprehensively. Particularly, the HAZOP
final stage, during which the team identifies safeguards
used to mitigate the hazardous events, affords valuable
information
for
considering
SIL assignments.
Additionally, HAZOP has been combined with, and made
consistent with Logic Trees (Fault and Event Trees),
which are written and solved numerically in any complete
risk analysis. When combined with Logic Trees, HAZOP
becomes a powerful tool for plant design, allowing the
designer to define the SIL in accordance with the
appropriate event tree. The integration frame works
between the SIL study and HAZOP is defined in the
flowchart of Fig 1. The frame is developed based on the
idea that from the HAZOP study and in the phase of
considering the existing safeguards, the team starts the
design of the required safety instrumented functions. As a
first step the designer should check whether, it exists a
safety instrumented system for the considered safeguards
in case it exist the designer should calculate the
calculated SIL and compare it with the target SIL.
Moreover, depending on the comparison between the
target and calculated SIL the recommendation for design
modification is proposed. At the end of this stage, it is
important to check among the recommendations given by
the HAZOP, is it necessary? to add new SIS to protect
our system in case this recommendation is adopted by the
HAZOP team the SIL verification procedure should be
repeated until we get a SIS with a calculated SIL greater
or equal to target SIL.
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Start
New SIS
needed ?

HAZOP study
Extract the SIL target using
Risk Matrix.
Examination of HAZOP
recommendations

SIS design and PFD
calculation

NO

Safeguards
contain SIS ?

Yes

SIL target<=
SiL calculated

NO
Calculating the PFDs
and using FTA specify
the calculated SIL

Extracting the target
SIL by applying risk
matrix

Yes
Update safety report

SIL target>
SIL calculated

Modifying the
component of
The SIS to meet
target SIL

Update safety report

Fig 1. Integration frame between HAZOP and SIL

End
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6. Application for a fired heater
One of major accepted definitions of Fire (hence
explosion) is a rapid oxidation at high temperatures of
products. The fire triangle identifies the three needed
components to get a fire: 1. the fuel (the hydrocarbons) 2.
The heat (it should be enough to burn the fuel) 3. The
oxygen. These three components always met in fired
heaters, the fact that let operating the fire heaters in safe
way is an important thing in any safety plan an industrial
plant should prepare. Therefore, in this chapter,
methodology based on HAZOP-SIL integration frame for
fired heater [F200] of crude distillation unit of ADRAR
refinery Algeria [16].
As a work procedure in our study we keep the existing
tag of the used instruments as it is without any
modification , however for the new ones we follow the
FIFO procedure that is the first appeard parameter in our
report will take the number 1 and so on...
Following the engimneering common practice in
designing safety systems the following abreiviations are
used HH means high high/ LL=low low at these points
the safety instrumented system will shut down the heater,
for H, L we means alarms that the control system
generate before shut down.

6.1 Fired heater operation philosophy
In general, the following parameters should be controlled
in any fired heater. Fig 2.
 The product flow in each pass of the heater (in our
case the heater has two passes), the control is done by
simple control loops FIC. In some heaters the flow in
each pass combined with the skin temperature of the
corresponding tubes are both used to control the flow in
the tube in this case it is used ratio control principle.
 The temperature for both product and tubes inside.
Concerning the product this temperature should be
controlled such that the set point is 365 c and this can be
done by the use of a cascade type controller which
control the outlet temperature by pressure of fuel gas in
the burners. For the tubes’ temperature a special sensors
are used called skin point temperature, moreover this
temperature is in direct relation the flow inside the tube
in case there is no flow or less flow for the product the
skin temperature increases automatically.

 The pressure: fuel gas pressure in both burner and
pilot gas lines and also the pressure inside the combustion
room of the heater.

Fig2. Common instruments for a fired heater
6.2 HAZOP-SIL Integration frame for F100-200
Adrar refinery
Applying Hazop study by considering the diviations in
flow, level, temperature and pressure in fired heater.
And by considering the causses for aech deviation and
the existing safegurds, we deduce that for safe opeartion
the following safety instrumented functions should be
handled by our safety instrumented system. By
considering the actual situation of the existing fired
heater, two types of interlocks are generated
 Existing interlocks : we mean by these interlocks
the safety functions that the existing safety instrumented
system is handling now. For this type the only thing that
we should check is wether its safety integrity level is
respected or a design modification is needed, in case
where the existing system does not respect the required
SIL a design modification is recommended..
 New interlocks : these interlocks are generated
according to HAZOP study and a safe opeartion require
the addition of these interlocks, their SIL is quantified
and recommendation concerning design of their
instrumented systems based on the fault tree analysis
method are raised . Table 1 includes all these safety
instrumented functions.
Table 2. Show a SIL
classification of interlock PAHH2 The verification using
FTA are indicated in FIG 3
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TABLE 2 the fired heater interlocks

SIF

Definition

Type

Scenario

PS11203 Low / low
pressure in
Existing
the fuel gas
and pilot gas
lines.

Burner can extinguish at low fuel gas pressure and
possible flammable material accumulation inside the
heater. There is a possibility of explosion during
heater restart-up. The existing protection to avoid this
scenario is explosion windows of the heater.

TAHH 1 Temperature
High/High
New
in tube

High/high temperature in the tube may lead to tube
failure and explosion in case where the tube is
damaged (presence of hydrocarbons with fire). The
existing protection is the low pressure vapor to
extinguish the fire inside the heater.

FS11204 Low/ low
FS11205 flow of the
crude in
each pass

Low/low flow of the product in each pass will lead to
increase the skin temperature of the corresponding
heater tube which will lead to tube damage. Fire and
explosion is expected .

Existing

PAHH-2 High/High
New
alarm in the
pressure of
both fuel
gas and pilot
lines

Burner can extinguish at high/ high fuel gas pressure
as a result of gas blowing, and possible flammable
material accumulation inside the heater. There is a
possibility of explosion during heater restart-up.

TS11207 High/High
temperature
in the heater
box

Existing

Prolonged exposure to high temperature may cause
tube failure, which will lead to explosion and unit
shutdown.
High temperature of the crude may lead to
perturbation of distillation column operation, and it
may cause harm for the column internal in future.

High/High
PAHH-3 pressure in
the heater
box

New

Increasing the pressure inside the heater box may
lead to explosion. The existing physical protection is
the explosion windows.

International Conference on Technological Advances in Electrical Engineering (ICTAEE’16.), October 2016

TABLE 2 SIL classification for PAHH-2 based on risk matrix

PAHH-2
The consequences related to personnel health and safety
Category

exposure

S1. Slightly
injury to the
personnel in
case an
explosion of
windows
happened

F1.
Operator
shall be
rarely
present at
the
elevation of
explosion
window

Demand rate
D2
Considering the existing of
protection layers

Possibility to avert
danger
P3. Escape of personnel
may not be possible

Reduction value

-1

Mod-S

S0

SIL-Risk= (-) no safety requirement ( refer Risk Matrix)

Economic Risk
Category
L4 major
loss due to
unit shut
down and
equipment
damage.

Demand rate
D2 due to
existing
protection
layers

Economic SIL
2 ( refer Risk Matrix)

Environment Risk
Category

Demande rate

E0
No expected
environment
risk

D2 due to
existing
protection
layers

Environment SIL
(-) no safety requirement ( refer Risk Matrix

The overall SIL classification (the maximum SIL for the three consequences) = 2
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The average PFD for this SIF is 3.4096 E-03 which
correspond to a SIL value =2, however and as it is
described in the above section the target SIL equal to 2,
then no design modification on the SIF component is
required.
The corresponding values for the probability of failure
under demand are deduced from the existing data of
the F100-200 fired heater.Table 4. Summarize the
results for all mentioned interlocks.
TABLE 4. the remaining SIFs
Interlock

SIL
caluc
2

Recommendation

PS11203

SIL
target
2

TAHH1

3

3

No modification

FS11204

3

2

FS11205

3

2

TS11207

2

2

Use of voting
2oo3-in sensors
Use of voting
2oo3 in sensors
No modification

No modification

7. Conclusion
In this paper an integration frame between the most
known techniques in risk assessment HAZOP and SIL
is proposed, this is to overcome the limitations raises
from the application of only one method alone this
integrated frame is used to optimize the safety of an
existing fired heater in crude distillation unit of
ADRAR refinery south of Algeria. The results show
that to operate the fired heater in safety more measures
should be considered by adding new safety

instrumented systems and also by checking the design
of the existing system .
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The design of a New Fractional Integrators Using SKG-Euler
Interpolation
Ch. Mekhnache
Abstract – This paper presents a method for designing IIR digital integrator. This integrator is
obtained by interpolating the rules of (Schneider-Kaneshige-Groutage) SKG and Euler with a
parameter “β” defined between 0 and 1. This parametrized obtained filter is used in the design of
IIR fractional order integrator, especially for selecting the initial value of the impulse response,
then applying signal modeling technique to find the parameters of rational approximation models.
Numerical examples are presented to illustrate the performance of the proposed integrator. It was
found that the SKG-Euler integrator and Euler-Simpson integrator give more accuracy than the
existing integrators.

Keywords: Digital integrators, Fractional order integrators, Impulse invariant method, SKGEuler integrator, Steiglitz-Mc-bride method

I.

Introduction

Digital integrator is a very useful system to
determine and estimate the times integral of a given
signal. It finds a wide range of application in different
area of engineering, such as navigation and control
systems [1], [2], [3], biomedical engineering, seismic
[4], radar and electronic circuits [5] … etc. Digital
integrator can be either FIR [6], [7], [8] or an IIR [9],
[10], [11], [12]. In this paper we focus on the design of
IIR integrator. They can be obtained directly from the
well-known rectangular trapezoidal [9], [10], [13], and
Adams-Moulton [14] methods of numerical integration.
First and second order integrators were constructed by
Al-Alaoui using the combination between the rules:
rectangular, and trapezoidal [9], [10], rectangular, and
Simpson [10].
In this paper, our contribution is to interpolate the
Schneider-Kaneshige-Groutage SKG [14] and Euler [9]
rules with a parameter “β”. The obtained integrator is
used for the design of IIR digital fractional order 0 < α <
1 integrator via impulse invariance method and steiglitzMc-bride signal modelling technique [15], [16], [17]
especially, in the first step when the initial value
theorem is used for the selection of the first sample of
the impulse response. The obtained results are exploited
in computing fractional integral of some deterministic
signals, namely, the unit-step signal, and the unit-ramp
signal. The rest of paper is organized as follows: Section
II explains the mixed method between the SKG and
Euler rules. The design of recursive fractional order
integrator is reviewed in section III. Numerical
examples are included in this section to illustrate the
effectiveness of the proposed integrator. Conclusions are
made in section IV.

II.

The proposed method

The ideal first-order digital integrator has frequency
response:
D()  1 /( j )

 

(1)

and repeats with period 2π.
The ideal integrator has a constant phase response of
-90°. It is discontinuous at half the sampling frequency
and approximation of such phase is difficult. Thus, the
ideal integrator used here as a reference is supposed to
be: Hd(ω)=ejωT/2/(jω) [18] to overcome this problem of
phase discontinuity [19]. Noting that the magnitude
response is not affected by using this integrator.
In this paper a new digital integrator is proposed such
that its frequency response fits Hd(ω) as well as possible.
The filter coefficients are obtained by combining SKG,
and Euler integrators as a weighted sum. The
interpolation of the chosen rules is given in the
following subsections.
II.1.

SKG-Euler integrator

The transfer functions of SKG and Euler integrators
are given respectively by:

H Eu  z   T

z
( z  1)

(2)
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H SKG z  

Ts (9 z 3  19 z 2  5z  1)
24
(z3  z 2 )

0

(3)

-20

H SKGEu z   H SKG z   1  H Eu z 

(4)

where β is a real valued parameter defined on the closed
interval [0 1].
Substituting (2) and (3) in equation (4), we obtain:

Phase response (deg.)

-40

with T representing the sampling period.
the interpolation takes the form:

-60
-80
-100
-120

-160
-180





H SKGEu  z   

Ts 9 z  19 z  5 z  1
Tz
 1    s
3
2
z  1
24
z z

H SKGEu  z  

Ts   5z  19z 2  15z 3  24 z 3
24 z 2  z  1

3

2









The magnitude responses of the ideal, SKG, Euler,
and the mixed SKG-Euler integrators obtained by
substituting z=ejω in the corresponding transfer functions
are shown in Fig. 1 for β=0.2.
3

Magnitude response

0

0.5

1

1.5
2
Frequency (rad/s)

2.5

3

3.5

Fig. 2. Phase response of ideal, Euler, SKG and SKG-Euler
integrators.

(5)

Ideal
Euler
SKG
SKG-Euler

2.5

Ideal
Euler
SKG
SKG-Euler

-140

According to this figure, the phase response of Euler
integrator is linear, and that of the mixed integrator is
almost linear.
The SKG-Euler integrator is exploited to compute the
fractional order α integral of deterministic signals in the
next section. There exist many direct methods that one
can use to compute the fractional order α derivative or
integral of discrete-time signals. Power series expansion
(PSE), continuous fractional expansion (CFE), series
expansion design using logarithm …etc. the method
used here is based on the impulse invariance method to
avoid the complexity when a larger number of the
impulse response samples are required or higher order s
to z transforms are used.

2

III. Design of recursive fractional order
integrator

1.5

1

0.5

0

0

0.5

1

1.5
2
Frequency (rad/s)

2.5

3

Fig. 1. Magnitude response of ideal, Euler, SKG and SKG-Euler
integrators.

This figure shows clearly that the magnitude response
of the SKG integrator and that of obtained integrator
match more closely to the ideal response. The
magnitude response of Euler integrator yields less
accuracy, especially at high frequency.
The phase response of Euler, SKG and hybrid SKGEuler integrators together with that of the ideal one is
shown in Fig. 2.

The method used here to design recursive fractional
order integrator is described in [16]. It is based on the
impulse invariance method. The two main steps of this
method are as followed:
1. Choose the integrator obtained in the previous
section to select the initial value of the impulse
response:

h (0)  lim H  ( z )

(6)

z 

where Hα(z) is the transfer function of discrete time
fractional order integrator. It is given by:

H  ( s) 

1
s

(7)

The numerical integration formulas such as Euler
[1/ s  Tz /( z  1) ],
Tustin
[1/ s  (T / 2)( z  1) /( z  1) ],
[1 / s  (7T / 8)( z  1 / 7) /( z  1) ],

Al-Alaoui
was

used

in
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references [13], [14]. In this paper, the derived
integrator given in eq. (5) is used instead in order to
improve the approximation accuracy of the existing
proposed integrators.
2. Apply the Steiglitz–Mc-bride signal modeling
technique [17] to find the coefficients ai and bi of
the rational transfer function.
q

(8)

i 0

p

1

a z

i

i

i 1

Such that this transfer function
approximates Hα(z) in some sense.

H(z)

best

III.1. Illustrative examples

0.286016588964681

SKG-Euler β= 0.3

0.277662576708581

SKG-Euler β= 0.4

0.268913439233142

SKG-Euler β= 0.5

0.259715029563521

SKG-Euler β= 0.6

0.25

SKG-Euler β= 0.7

0.239682878878546

are provided, the first one is concerned with the signal
w(t)=tν for ν=0. In the second example, we treat the unitramp signal.

t v for v  0 .

3
Exact
SKG-Euler 0.2
SKG-Euler 0.3
SKG-Euler 0.4
SKG-Euler 0.5
SKG-Euler 0.6
SKG-Euler 0.7
Unit-step signal

2.5

2

1.5

1

0.5

III.1.1 Example 1
The exact analytical expression of fractional integral
of order α of the signal (w(t)=tν) is given in [16]:
(  1)   
x(t ) 
t
,   -1
(    1)

0

0

0.5

1

1.5

2

2.5
3
Time(sec)

3.5

4

4.5

5

v

(9)

The parameters used in this first example are: α=0.4,
T=0.05, p=5, q=5, L=1000.
In order to investigate the effect of parameter “β” on
the design results, we calculate fractional integral of the
v

signal t pour v  0 and α=0.4 for β= 0.2 to 0.7 with
0.1 increments.
The first sample of discrete impulse response hα(n) is
calculated using eq. (6). It is given by:

 T 24  15 
h (0)   s

24



Once hα(0) is calculated, it is easy to calculate the
other values of the discrete impulse response hα(n)
(using h (n)  T n n  1 / () n  1,2,... ). Then the
coefficients of the rational transfer function H (z) ai and
bi are obtained using the technique of "SteiglitzMcBride". Finally, these coefficients are employed to
find the fractional integration of our test signal.
Figure 3 shows the result of the fractional integration
of the signal

In this subsection the above procedure was used to
compute the fractional integral of some deterministic
signals. The following parameters are considered:
fractional order α (0 < α < 1), sampling period T,
degrees of the approximating rational transfer function
p, q, and first L samples of discrete impulse response
h (n)  T n n  1 / ()
n  0,1,2,... [16]. Two examples

The results are set in table I.

SKG-Euler β= 0.2



i

i

H ( z) 



Amplitude

b z

TABLE I
VALUES OF THE FIRST SAMPLE OF THE DISCRETE IMPULSE RESPONSE
First Value of h n : h 0
Integrator



(10)

Fig. 3. Fractional integral of the signal t ( v  0 ): exact and using
SKG-Euler for β=0.2 to β=0.7

This figure shows clearly that the all amplitudes
match more closely to the exact one. However these
amplitudes are superposed, in order to differentiate
between these amplitudes, the curves of error of
amplitude

E  yexact  y are depicted in Fig. 4.
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TABLE III
VALUES OF THE FIRST SAMPLE OF THE DISCRETE IMPULSE RESPONSE
SKG-Euler 0.2
SKG-Euler 0.3
SKG-Euler 0.4
SKG-Euler 0.5
SKG-Euler 0.6
SKG-Euler 0.7

0.25

Error of apmlitude

0.2

h n  : h 0

Integrator

First Value of

Al-Alaoui

 7T 
 8   0.28601658896468
 

Euler

T   0.30170881682725

Simpson

T 
 3   0.19441935582935



0.15



0.1



0.05

T 
 2   0.22865252596366

Tustin
0
0

0.5

1

1.5

2

2.5
3
Time (sec)

3.5

4

4.5



5

Euler-Simpson

 2T 
 3   0.25653787802420

It can be seen from this figure that the new fractional
integrator SKG-Euler with order α =0.4 in the case of
β=0.5 gives better results than the other integrators.

SKG

 9T 
 24   0.20379827740148

The coefficients of the rational transfer function H (z)
ai and bi are summarized in Table II.

SKG-Euler

 33T 
 48   0.25971502956352

Gupta

 0.9269T 

  0.29268546435867
1

Manjeet

1.144341

  1.05541237801106
1

Fig. 4. Error of amplitude







TABLE II

a i AND bi
ai

SKG-Euler for β=0.5

1.0000
-4 .0919
6.5415
-5.0662
1.8754
-0.2588



bi
0.2689
-0.9644
1.2931
-0.7724
0.1789
-0.0040

- Comparison of SKG-Euler integrator (β=0.5) with
the existing integrators
We want to calculate the integral of fractional order
α of the signal (w (t) = tν), v = 0. The parameters used in
this example are as follows: α = 0.4, T = 0.05, p = 5,
q = 5, L = 1000. We remind that the integrator which is
used here is the SKG-Euler for β=0.5. The comparison
of results is made with the integrators: Al-Alaoui, Euler,
Tustin, Simpson, Euler-Simpson [20], SKG, Gupta and
al., Manjeet and al [21].
The values of the first sample of the discrete impulse
response are summarized in Table III.

Fractional integrals of the unit step signal are shown
in Fig. 5.
3

2.5

2
Amplitude

COEFFICIENTS

Exact
Al-Alaoui
Euler
Simpson
Tustin
Euler-Simpson
SKG
SKG-Euler
Gupta
Manjeet
Unit step signal

1.5

1

0.5

0

0

0.5

1

1.5

2

2.5
3
Time (Sec)

Fig. 5. Fractional integral of the signal

3.5

4

t v for v  0

4.5

5
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0.03
Al-Alaoui
Euler
Simpson
Tustin
Euler-Simpson
SKG
SKG-Euler
Gupta
Manjeet

Error of apmlitude

0.2

0.15

0.02
Error of apmlitude

0.25

SKG-Euler 0.2
SKG-Euler 0.3
SKG-Euler 0.4
SKG-Euler 0.5
SKG-Euler 0.6
SKG-Euler 0.7

0.025

0.1

0.015
0.01
0.005
0

0.05
-0.005
0
0

0.5

1

1.5

2

2.5
3
Time (sec)

3.5

4

4.5

-0.01

5

0

0.5

1

1.5
Time (sec)

2

2.5

3

Fig. 6. Error of amplitude

Fig. 8. Error of amplitude

From figure 6, the SKG-Euler and Euler-Simpson
integrators perform better than the Al-Alaoui, Euler,
Tustin, Simpson, SKG, Gupta and, Manjeet integrators.

The novel fractional integrator SKG-Euler with order
α =0.4 in the case of β=0.5 allows a higher accuracy
than the other integrators.

III.1.2 Example 2

-

In this example, we will compute the fractional
integral of the Unit-ramp signal. The parameters used
here are: α = 0.7, T=0.01, p=5, q=5, L=1000. We
follow all mentioned steps in the previous section.
Figure 7 depicts the fractional integral of the signal

We want to calculate the integral of fractional order α
of the signal (w (t) = tν), v = 1. The parameters used in
this example are as follows: α = 0.7, T = 0.01, p = 5, q
= 5, L = 1000.
The best SKG-Euler for β=0.6 is compared with the
integrators: Al-Alaoui, Euler, Tustin, Simpson, EulerSimpson, SKG, Gupta et al., Manjeet et al.
The values of the first sample of the discrete impulse
response are summarized in Table VI.

t v for v  1 and α=0.7.
3
Exact
SKG-Euler 0.2
SKG-Euler 0.3
SKG-Euler 0.4
SKG-Euler 0.5
SKG-Euler 0.6
SKG-Euler 0.7
Unit-ramp signal

2.5

Amplitude

2

Comparison of SKG-Euler integrator (β=0.6)
with the existing integrators

TABLE VI
VALUES OF THE FIRST SAMPLE OF THE DISCRETE IMPULSE RESPONSE

1.5

h n   h 0 

Integrator

First Value of

Al-Alaoui 1

0.99510993213807

Euler

0.03981071705534

Simpson

0.01845079661875

Tustin

0.02450637094697

Euler-Simpson

0.02997340753653

SKG

0.02003650123059

SKG-Euler

0.03062604326809

Gupta

0.94825036274635

Manjeet

1.09897755030098

1

0.5

0

0

0.5

1

1.5
Time(Sec)

v

2

2.5

Fig. 7. Fractional integral of the signal t ( v  1 ): exact and using
SKG-Euler for β=0.2 to β=0.7

3

Fractional integrals of the unit-ramp signal and the
error of amplitude are depicted separately in following
figures.
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3

0.05
Exact
Al-Alaoui
Euler
Simpson
Tustin
Euler-Simpson
SKG
SKG-Euler
Gupta
Manjeet
Unit step signal

Amplitude

2

1.5

0.04

Error of apmlitude

2.5

0.03

0.02

1

0.01

0.5

0

0

0

0.5

1

Al-Alaoui
Euler
Simpson
Tustin
Euler-Simpson
SKG
SKG-Euler
Gupta
Manjeet

1.5
Time (Sec)

Fig. 9. Fractional integral of the signal
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Fig. 10. Error of amplitude

t v for v  1

By analyzing the above figure, it is evident that both
integrator SKG-Euler and Euler-Simpson are the best
ones comparing with the other integrators. The
maximum value of the error is about 0.00312 for SKGEuler integrator and 0.001581 for Euler-Simpson, which
is acceptable.
To check the stability of the obtained fractional integrators, we plot the poles and zeros of each integrator in Fig. 11.
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As it is known, the filter is stable when all of the
poles are inside the unit circle. From the above figure,
it’s easy to tell that the filter is stable.

IV. Conclusion
In this paper, we proposed a new procedure for
designing IIR digital integrator. It consists in
combining the Schneider-Kaneshige-Groutage (SKG)
integrator, Euler integrator, with a parameter defined
between 0 and 1. The aim of our work was to employ
the obtained integrator for selecting the first sample of
the impulse response, then applying signal modeling
technique to find the parameters of rational
approximation models. It was found from numeric
examples which concern the computation of fractional
integral (0 < α < 1), of some test signals that the SKGEuler integrator and Euler- Simpson integrator give
more accuracy than the existing integrators. Other
combinations and their applications in edge detection
and ECG pre-processing will be investigated in the
future.
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Generalized Predictive Control Of Distillation Column
M.Cheikh, M.Krikeb
Abstract – In this paper, a simulation study has been done for control of distillation column using generalized predictive
control GPC. The product composition of the top and bottom of the distillation column was selected as the controlled
variables; the reflux and boil up flows are the manipulated variable. GPC has been found to be satisfactory to control the
top and bottom product composition subject to the specified constraints on the manipulated and controlled variables. The
effects of the T-Filter and prediction horizon have also been investigated on the control behavior.
Keywords: Distillation Column; Model Predictive Control; Control Horizon; GPC; CARIMA; T-Flter;MFD.

I.

Introduction

Distillation is used as a method for separating binary
and multicomponent liquid mixtures into pure
components. The method is based on boiling the mixture
to create two phases, a vapour phase and a liquid phase,
as most boiling mixtures will result in a vapour phase
which is richer in the more volatile component than the
liquid phase. By separating the two phases, separation of
the components is achieved. The demand for purer
products, coupled with the need for greater flexibility,
has promoted continued research in distillation, despite
the fact that the method has been used for millennia. [1].
Most of the industrial distillation columns are currently
controlled by multiloop controllers based on linear
models. Among the multivariable controllers, Model
Predictive Control (MPC) is an important advanced
control technique which can be used for difficult
multivariable control problems [2].
An L-V configuration or the energy balance method is
selected as the control structure for the distillation
column. In this control structure the liquid flow rate L
and the vapor flow rate V are the control inputs. The
objective is to maintain the specification of the product
concentration outputs xB and xD despite disturbance in the
feed flow F and the feed concentration zF.
The goal of this paper is to simulate a GPC controller of a
distillation column model to see the advantages of the use
of CARIMA model.

II.

Distillation Column:

Distillation is a very old separation method in which the
liquid enters at the top, as reflux, and somewhere along
the column as feed, and descends driven by gravity,
experiencing more or less pronounced resistance caused
by ascending vapor. The main purpose of distillation
equipment is to establish an intimate contact between
ascending vapor and descending liquid, by creating a
large, intensively refreshed interfacial area. The flow

pattern and relative orientation of phases during contact
depend on the type of the vapor liquid contactor [3].
The first step in any distillation calculation is to establish
the material and energy balances over the unit. A total
material balance over the whole column unit at steady
state can be described as [4], [5]:
F  BD

(1)

Where F is the m olar flow rate of the feed, D is the
molar flow rate of the distillate and B is the molar flow
rate of the bottom.
The corresponding component balance for a binary
mixture as (the mole fractions are with reference to the
most volatile component):
Fz F  Bx B  Dx D .

(2)

Separate balances can also be set up over subsections of
the column, e.g. over the top of the column:
Vn1  Ln  D
Vn1 y D  Ln x D  D

(3)
(4)

Where Vn+1 is the molar flow rate of the vapor into the
top section and Ln is the molar flow rate of liquid leaving
the top section.
Equivalently, balances over the bottom of the column
are :
Vm  Lm1  B
Vm y m  Lm1 xm1  Bx B

(5)
(6)

where Lm-1is the molar flow rate of the liquid into the
bottom section and Vm is the molar flow rate of vapor
leaving the bottom section.
Balances can also be established over each stage. For
stage n, four streams are involved as shown in fig 1: the
vapor stream entering stage n from the stage below
(n+1), the liquid stream entering stage n from the stage
above (n-1), and the vapor and liquid streams leaving
stage n, respectively. The total and component material
balances over stage n at steady state are thus given by:
Vn1  Ln1  Ln  Vn
Vn1 y n1  Ln1 xn1  Ln xn  Vn y n

(7)
(8)
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dxi
1

dt
Mi

Condenser



L xi 1  V yi 1  L xi  V yi



(16)
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1
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2
1

III. Generalized Predictive Control:

DxD

Stripping
section
V
Partiel
roboilier
B xB
Bottoms

Predictive control is a field which has attracted much
research interest and attention over recent decades,
judging by the number of publications available,
addressing theoretical and application issues. One of the
more common classes of predictive control is probably
generalized predictive control [6].
There are three major components in the design of a
GPC:
• A model of the system to be controlled used to predict
the system output over the prediction horizon.
• Formulation of the criterion function.
• Minimization of the criterion function to yield the
optimal control output sequence over the prediction
horizon.
GPC is based on a CARIMA model (Auto-Regressive
Integrated Moving-Average) which can be written as [7]:

 

of the plant,

Note that we choose to number the stages starting from
the bottom of the column. We denote Ln and Vn as the
total liquid- and vapour molar flow rates leaving stage n
(and entering stages n-1 and n+1, respectively).
Based on the equilibrium stage concept, a distillation
column section is modeled as [4], [5]:
The global mass balance for the volatile component on
stage i:
dM i
(9)
 Li 1  Vi 1  Li  Vi
dt
d{M i xi }
 Li 1 xi 1  Vi 1 y i 1  Li xi  Vi yi (10)
dt

Correction for the mass balance in the feed input:
dM Nfeed

dM Nfeed

F
dt
dt
dM Nfeed x Nfeed dM Nfeed x Nfeed

 Fz F
dt
dt

(11)
(12)

Mass balance in reboiler:
dM 1
 L2  V1  B
dt

d{M 1 x1}
 L2 x2  V1 y1 Bx1
dt
Mass balance in condenser:
dM N
 VN  L  D
dt

(13)
(14)

(15)

Compute of the molar fraction:

 t  is

 

 

   1 a z
B z   b  b z
1

1

1

1

0

 

a zero mean white noise, d is the

 1 z

dead time and  z

Az

Fig1: Distillation Column

 

A z 1 y t   B z 1 z  d u t  1  C z 1  t  /  z 1 (17)
Where u(t) and y(t) are the control and output sequences

 ...  ana z

1

1

1

1

is the integrator term.

 na

(18)

 ...  abnb z  nb

C z 1  1  c1 z 1  ...  cnc z  nc
The Generalized Predictive Control (GPC) algorithm
consists of applying a control sequence that minimizes a
multistage cost function of the form:

J   (j)

N2

Nu

j  N1

j 1

  yˆ t  j / t   wt  j 2   ( j) ut  j  12(19)


where y t  j / t  is an optimum j step ahead prediction
of the system output on data up to time t, N1 and N2 are
the minimum and maximum costing horizons, Nu is the
control horizon, δ(j) and λ(j) are weighting sequences
and wt  j  is the future reference trajectory.
The objective of predictive control is to compute the
future control sequence u(t), u(t+1),….. in such a way
that the future plant output y(t+j) is driven close to
w(t+j). This is accomplished by minimizing the cost
function J .
In order to optimize the cost function the optimal
prediction of y(t + j) for j ≥ N1 and j ≤ N2 will be
obtained. Consider the following Diophantine equation:

  Az z   z

1  E j z 1

1

1

j

 

F j z 1

(20)

The polynomials Ej and Fj are uniquely defined with
degrees j− 1 and na, respectively. They can be obtained

 

 

~
by dividing 1 by A z 1  A z 1 until the remainder
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division is the polynomial E z  .

can be factorized as z  j F j z 1 . The quotient of the
1

j

 

If Equation (4.1) is multiplied by E j z 1 z  j
Then we will have:

   
   
 C z E z   t  j 

~
A z 1 E j z 1 y t  j   E j z 1 B z 1 u t  d  j  1
1 j

1

Which can be rewritten as [7], [8]:

 yt   E z Bz ut  d  j  1

y t  j   F j z

1

 

~
y t  d  1 / t   Gd 1 z 1 u t   f d 1 t 

1

 

~
y t  d  2  / t   Gd  2 z 1 u t  1  f d  2 t 

j

  t  j 

 Ej z

Now consider the following set of j ahead optimal
predictions [7], [8]:

(21)

j

1

added to the cost function will only depend on the past
control signals. On the other hand, if N1 > d+1 the first
points in the reference sequence, being the ones guessed
with most certainty, will not be taken into account.

1

(22)

 

As the degree of polynomial E j z 1 =j-1, the noise terms

in are all in the future. The best prediction of y t  j  is
therefore

 

 


y t  j   G j z 1 u t  d  j  1  F j z 1 y t  (23)

   

 

Where: E j z 1 B z 1  G j z 1

(24)

Consider that polynomials Ej and Fj have been obtained

 

~
by dividing 1 by A z 1 until the remainder of the

 

division can be factorized as z  j F j z 1 .

(28)

 

~
y t  d  p  / t   Gd  p z 1 u t  p  1  f d  p t 
which can be written as [7], [8]:

 

 

Y  Gu  F z 1 y (t )  G z 1 u (t  1)

(29)

Where

u (t )
 yˆ (t  d  1 / t ) 


ˆ



 y (t  d  2 / t ) 
 u (t  1) 
.
.




 u

Y 
.
.

;


.
.








.
.




u (t  N  1)
 yˆ (t  d  N / t )

These polynomials can be expressed as [7], [8]:

 
E z   e  e z  ...  e
z
F z   f
f
z  ...  f
E z   E z   e
z

F j z 1  f j ,0  f j ,1 z 1  ...  f j , na z  na
1

1

j

j ,0

1

j 1

j 1

j , j 1

j ,1

j 1,0

1

1

j

j 1,1

1

j 1, j

 ( j 1)
j 1, na z

 na

(25)

 ( j 1)

 g0
 g
G 1
 .

 g N 1

With e j 1, j = f j ,0
The polynomial can be obtained recursively as follows:
G j 1 z 1  E j 1 z 1 B z 1

G j 1

     
z   G z  f z B
1

1

j

(26)

j

j ,0

 

That is, the first j coefficient of G j 1 z 1 will be

  and the remaining

identical to those of G j z

1

coefficients will be given by:
g j 1, j i  g j  j i  f j ,0 z  j bi .

(27)

To solve the GPC problem the set of control signals u(t),
u(t+1)….........has to be obtained in order to optimize the
cost function. As the system considered has a dead time
of d sampling periods, the output of the system will be
influenced by signal u(t) after sampling period d + 1. The
values N1, N2 and Nu defining the horizon can be
defined by N1 = d + 1, N2 = d + N and Nu = N. Notice
that there is no point in making N1 < d + 1 as terms

 

G j z 1
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.

g0
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(30)
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Notice that the last two terms in Equation (29) only
depend on the past and can be grouped into f leading to:
y = Gu + f
Notice that if all initial conditions are zero, the free
response f is also zero. If a unit step is applied to the
input at time t; that is, ∆u(t) = 1, ∆u(t + 1) = 0, . ………..
. …, ∆u(t + N − 1) = 0. The expected output sequence



[ y (t + 1), y (t + 2), . . . , y (t + N)]T is equal to the
first column of matrix G. That is, the first column of
matrix G can be calculated as the step response of the
plant when a unit step is applied to the manipulated
variable [7], [8].
~
f j 1 z 1  Z (1  A z 1 ) f j  B z 1 u (t  d  j )
(31)

 

 

 

With f0= y(t) and ∆u(t+j)= 0 for j ≥ 0.
The expression can be written as:



J  {[G.u  f  w]T [G.u  f  w]  .uT .u}

(32)

Where:

w  [ wt  1, wt  2,..., wt  N ]T

The minimum of J , assuming there are no constraints
on the control signals, can be found by making the
gradient of J equal to zero, which leads to:





J
 0  2GT G u~  f  w  2 u~  0
u
1

 uopt  GT G  I GT w  f 





The discrete form of the system using 4 minutes[6] as
sampling time will be:
 1..973 z 1  0.5828 z 2  2.901z 1  2.456 z 2 
L
X D  
1  0.787 z 1
1  0.7165 z 1

X   
2
3
1
2  
 B   0.3235 z  0.8783 z  1.302 z  3.404 z  V 


1  0.7575
1  0.8179 z 1



Since it is a MIMO (2x2) model A, B and C are monic
polynomial matrices having the form:

A  I 2 x 2 , A1 ,..

B  B1 , B2 ,....

C  I 2 x 2 ,.......
0
0.5638
0 
1 0  1.5035
A
0
 1.5754
0
0.6195
0 1

0
0 2.901 0.1729 1.9328 0 0
1.973 0.8308 0.4175
B

0.3235 0.6333  0.6653 0  1.302  2.2595 2.7841 0 0
 0
In the first time we consider C as:

1 0
C

0 1 
GPC can be simulated with MATLAB, we consider the
following constraints:

(33)

IV. Results and Discussion:
The Wood and Berry model [9] which is a 2×2 transfer
function model of a pilot plant distillation column that
separates methanol and water will be used as a case
study. The system outputs are the distillate and bottoms
compositions, xD and xB, which are controlled by too
inputs the reflux and steam flow rates L and V (Fig1).
 12e  s  18.9e 2 s 
 y D  16.7 s  1 12 s  1   L 
 
y   
7s
 19.4e  3s  V 
 B   6.6e
19.9 s  1 14.4s  1 

∆umax = [0.2; 0.4];
Umax=[1;1];
Umin = [-1;-1];
The noise signal is:
Noise = [zeros (2, 60),randn(2,40)*.03]
In the second case we implement a T-Filter
( C z 1 ≠I2x2) as:

 

0 
1 0  0.8
C
 0.8
0 1 0

International Conference on Technological Advances in Electrical Engineering (ICTAEE’16.), October 2016

Fig2: Effect of T-Filter On Top Product

Fig4: Effect of Command Horizon

We notice that the use of T-Filter improves prediction
accuracy and reduce the noise impact, at the two outputs,
bottom and top product mole fraction as shown in Fig2
and Fig3.

We notice that if Nu is small (Fig5) increasing Ny= N
causes the loop dynamics to slow down otherwise it
improves performance.

Fig3: Effect of T-Filter On Bottom Product
We can see that if Ny is small, then increasing Nu can
lead to near deadbeat behaviour, otherwise it improves
performance (Fig4).

Fig5: Effect of Prediction Horizon

Conclusion:
A dynamic simulation was developed for distillation
column. The use of a T-Filter has a big impact on noise
reduction.
Performance of the GPC depends on the choice of
tuning parameters (minimum costing horizon, N1;
maximum costing horizon, N2; control costing horizon,
Nu; control weighting, λ).
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The larger control horizon Nu is compared to
Prediction horizon N, the bigger the chance is that the
controller will find an input sequence to minimize the
function. But that may lead to an aggressive use of input
and an unstable system.
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Robust Control of a Quadrotor Unmanned Aerial Vehicle
D.Matouk1, O. Gherouat2, F. Abdessemed 3 and A. Hassem4
Abstract – This article applies the combined backstepping and sliding mode controller for a
small unmanned helicopter called quadrotor. The control problem posed in this work is to perform
the asymptotic position and attitude tracking. The dynamical model is established taking into
account various physical phenomena that can influence its dynamic behavior. This model is
divided into two subsystems. The first one is about the Cartesian position, it is controlled via
backstepping. In the second, the control is through sliding mode technique, it is done to drive the
quadrotor to desired tilt angles. This way to combine the two controller will allows us to improve
the quality of the desired angles ϕ and θ extracted from the desired positions x and y in sense of
chattering caused by sliding mode controller. In the other hand, this work is the first part of a
coming work to benefit from the ability of the sliding mode to disturbance rejection. The obtained
simulation results show the effectiveness of the combined control strategy for keeping stability in
the quadrotor and tracking desired trajectory in space.

Keywords: Newton-Euler Formalism, Quadrotor Helicopter, Backstepping, Sliding Mode
Control, Matlab/Simulink.

I.

Introduction

Nowadays, the use and development of Unmanned
Aerial Vehicles (UAVs) represent a growing interest in
aerospace engineering. UAVs are becoming very popular
and commercial military and academic platform. As an
UAV, a quadrotors are very attractive because it has
excellent characteristics, such as vertical take-off and
landing, hovering, higher maneuverability, low cost,
small size, etc. They flight with low speed and less
distance, but they have the ability to hover near a specific
object, and are suitable for missions that do not require
high speed.
The selection of the suitable control technique for an
UAV quadrotor is challenging for both indoor and
outdoor environment; because of its under actuated
property, coupling between translational and rotational
dynamics, inherent nonlinearity, etc. To achieve control
stability and desired tracking of quadrotor, several
techniques including various automatic flight control
systems have been introduced in the literature. There
have been many attempts to control the UAVs using
linear control. However their performance was restricted
and valid for some conditions. The conditions of drift and
hovering were not well addressed by linear controllers
[1]. Many nonlinear control methods have been
developed for trajectory and position control of
quadrotor; however everyone has advantages and
disadvantages [2]. Algorithms like PID, feedback
linearization and backstepping have mainly been applied
and proved to work well with a quadrotor [3]. Sliding
mode control (SMC) has received considerable attention

in literature due to its disturbance rejection, robustness
and ensuring stability [4].
The present work is about the full control based on
backstepping and SMC. The rest of the paper is
organized as follows. In section II, the dynamic model of
the quadrotor UAV is developed according to NewtonEuler formalism. Based on this nonlinear model, we
design in section III, a combined backstepping-SMC.
Some simulation results are demonstrated in section IV,
allowing the analysis of the stability, robustness of the
proposed controller. Finally, section V is a conclusion.

II.

Dynamic Modeling of the Quadrotor

The quadrotor helicopter, like the one shown in Fig.1,
is an helicopter configuration with four rotors installed on
the ends of a symmetrical cross. Reason for which X4flyer is a simple strongly significant name. The cross is
normally out of carbon fiber. The system of electronics of
control is usually placed in the center. The propellers
used turn at angular velocities ω1, ω2, ω3 and ω4, with
fixed step. Rotors of the same branch of the cross turn in
a direction and the other pair turns in the opposite one.
This neutralizes indeed the reactive couples and makes
the flight possible without turning out of the command
[1]-[5].
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denoted by ξ.

  [x  y z ]T is the vector of

the angular speeds of the quadrotor wrt the axes of B
frame, whose expression in function of Euler’s angles
speed variation is :
1
   0
 0

0
c
 s

 s    
 
c s    
c c   

(2)

Supposing that the quadrotor operate with small angles,
the vector Ω can be assimilated to 

  

T

A propeller that rotates in the air produces a lift force Fi
and a moment M i around zB axis. Fi is perpendicular to
the plan of the appropriate propeller i, direction of M i is
in the opposed sense of rotation of the suitable propeller
i. FT is the total force generated by the propeller system.
The translational motion is oppossed by the gravity force
FG and the drag force FD . The torques acting on the
Fig. 1. Structure model of quadrotor
The dynamic model of X4-flyer is a system of
equations describing the attitude and the position of the
quadrotor in space, which are primarily those of a rigid
body in rotation with six degrees of freedom at four
inputs which represent the angular velocities of the four
rotors. The motion study of such a body (position,
orientation, speed and angular velocity) is reduced to
study the movement of its center of gravity and its
orientation with respect to an inertial reference frame.
From where the need of associating a mobile frame with
the solid to be studied, i.e. it follows instantaneously the
movements of this last [3].
The coordinate frames and free body diagram for the
quadrotor are shown in Fig.1. The inertial frame, E, is
defined by (OE, x, y, z). The body frame, B(OB, x, y, z) is
attached to the center of mass of the quadrotor with rotor
1 is on the positive x axis, 2 on the positive y axis, and
the z axis is oriented to complete a right-handed
coordinate system.
We use the Euler angles to model the rotation of the
quadrotor in the inertial frame. The community of
aeronautics generally uses convention ZYX. The matrix
I
B R allows passing from B to E, it is given by:

I
B

c c
R  c s
  s

s s c  c s
s s s  c c
s c

c s c  s s 
c s s  s c  (1)

c c

Where: c (-), s (-) and t (-) denote in this article cos (-),
sin (-) and tan (-), respectively. The position vector

x

y z  of the center of mass in the inertial frame is
T

quadrotor are: the torque developed by the quadrotor
τ  ,θ,ψ the aerodynamic torque friction  a and the
gyroscopic torque  g  gp   gq . (  gp and  gq are
respectively propellers gyroscopic torque and the
gyroscopic torque due to the quadrotor movement).
Using the Newton's laws about translation and rotational
motion, we establish the mathematical model for the
quadrotor UAV given by (1).
While it is convenient to have the equations of the
linear movement in the E frame, the equations of the
rotational movement are useful in B frame, so that we can
express rotations around the center of gravity of the
quadrotor.



















1
 c s c  s s U z kdx x 
m
1
y   c s s  s c U z kdy y 
m
1
z   c c U z  kdz z  mg 
m
1
  I y  I z   U  kd  2  I r  
Ix
x



1
 I z  I x    U  kd  2  I r  
Iy



1
 I x  I y    U kd  2 

Iz 

(3)
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With:  is the signed sum of the angular velocities of
the propellers,

  1   2  3   4

(4)

It is important to note that U z , U  , U  and U are the
control inputs of the system. They are written according
to the angular velocities of the four rotors as follows:

 U z  kF (12  22  32  42 )

U  l.k F (42  22 )


U  l.kF (32  12 )

U  kM (12  22  32  42 )


(5)

For simulation test, the physical parameters of the model
have been taken from [6].

III. Control Design
Quadrotor is an under actuated system with four inputs
and six outputs and strongly coupled. Thus, it is
worthwhile to introduce two virtual inputs based on the
tilt angles (ϕ, θ) like in (6), to achieve the full control

U x   c s c  s s 



U y   c s s  s c 

(6)

The control scheme recommended is then, based
on two cascade loops. According to the desired
values xd and yd, the outer control loop calculates
desired roll and pitch angles (  d and  d ) for the
inner one. The benefit of this inner control loop is
to calculate corresponding thrusts for desired
altitude and attitude, then given as control inputs





for the system U z ,U ,U ,U . The following
scheme in Fig. 2 shows this control strategy.

TABLE 1
PHYSICAL PARAMETERS OF QUADROTOR AERIAL ROBOT
Symbol
Ix

1.22

Iy

1.22

Iz

2.2

Ir

0.2

kF

5

Physical Significance
Quadrotor moment of inertia
around X axis (Kg.m2)
Quadrotor moment of inertia
around Y axis (Kg.m2)
Quadrotor moment of inertia
around Z axis (Kg.m2)
Total rotational moment of inertia
around the rotor axis (Kg.m2)
Lift factor (N/rad/s)

2

Drag factor (N.m/rad/s)

kM

Value

Fig. 2. Synoptic scheme of the adopted control system .

l

0.21

Arm length (m)

III.1. Backstepping Control

m

1.1

Total mass of the quadrotor (Kg)

g

9.806

Acceleration due to gravity (m/s2)

kdx

0.12

Translational drage coefficient
according to X axies (N/m/s)

In this section backstepping control for position
control is presented. Control laws are developed as

kdy

0.12

Translational drage coefficient
according to Y axies (N/m/s)

kdz

0.12

Translational drage coefficient
according to Z axies (N/m/s)

kdϕ

0.1

Rotational drage coefficient, Roll
movement (N/rad/s)

kdθ

0.1

Rotational drage coefficient, Pitch
movement (N/rad/s)

kdψ

0.1

Rotational drage coefficient, Yaw
movement (N/rad/s)

it is well detailed in [7]-[8], to have those below.
Where:  and  0 are the backstepping coefficients,

zi is the tracking error, ˅ i ϵ 16 .

In this section we have established the dynamic model
of the quadrotor. It describe the nonlinear behavior, it is
an under-actuated system with six outputs{x, y, z, ϕ, θ,
ψ} but only four independent inputs

U ,U ,U ,U  .
z







It is also useful to note that the translation movements
depend on the angles.


k

m
2
U x   x1d ( x 1) z1(  x ) z2  dx x2 
x
Uz 
m



kdy 
m d
2
x 
U y   x3 ( y 1) z3 ( y  y ) z4 
U z 
m 4 


kdz
 d

m
2
U z 
x g
 x ( 1) z5 ( z  z ) z6 
cos  cos   5  z
m 6 


(7)

III.2. Sliding Mode Control
In order to guarantee that the second subsystem states
converge to desired attitude, the robust SMC was
developed based on the main idea explained in [9]-[10]-
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[11]. (8) is the system equations of the 3 control laws
generated for roll, pitch and yaw angels.
Where: s is the SMC,  and  0 coefficients of the
SMC.








I y -I z
kd  2 I

 d
x10 x12 
x8  r x10 
U  I x  x7  e  s1   sign ( s1 ) 

Ix
Ix
Ix






I
I
k
Ir



z
x
d
2
d

x8 x12 
x  x 
U  I y  x9   e  s2   sign ( s2 )
Iy
I y 10 I y 8 






I x -I y
kd 2 

d


x8 x10 
x
U  I z  x11  e  s3   sign ( s3 ) 
Iz
I z 12 







Fig. 4. Tracking error in attitude with SMC



(8)

IV. Simulation Results
Two nonlinear control techniques “Backstteping” and
“Sliding Mode Control (SMC)” have been combined and
then applied on a nonlinear model of a quadrotor
helicopter. The reference trajectories used in the
simulation are given as follows:

Fig. 5. Virtual control inputs with SMC

TABLE 2
REFERENCE TRAJECTORY
Variable

[xd, yd, zd]

ψ

Value

Time (s)

[0, 0, 15]

[0 10]

[10, 0, 15]

[10 20]

[10, 10, 15]

[20 30]

[0, 10, 15]

[30 40]

[0, 0, 15]
[2Sin(0.5t), 2Cos(0.5t), -0.3t]

[40 50]
[50 100]

Pi/6

[0 100]

In the present section, we will firstly presente Fig. 3,
Fig. 4, Fig. 5 and Fig. 6 which are results of the
application of the SMC on the quadrotor model. In spite
of the good tracking of the desired trajectory, It is clearly
shown that the result with SMC is affected by the
chattering. It degrades the system performance and may
lead to inherent instability because of the high-frequency
vibrations of the controlled system.

Fig. 6. Control inputs with SMC
To overcome to the chattering phenomena, the
proposed system was controlled by combined
backstepping-SMC technique. Fig. 7, Fig. 8, Fig. 9, Fig.
10 and Fig. 11 show that it was efficient while preserving
the good performance of path tracking.

Fig. 7. Tracking error in position with Backstepping-SMC

Fig. 3. Tracking error in position with SMC
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The simulation results show that the combination of
backstepping with sliding mode control provides stable,
robust and good tracking. All the state variables converge
to their reference values, even if these last are suddenly
changed.
The presented results are very promising. As
prospects, we hope to introduce the model uncertinties
and make the dynamic model close to a real system in
wind field. Then the experimental tests will be addressed.
Fig. 8. Tracking error in attitude with Backstepping-SMC
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V.

Conclusion

In this work, a combined controller backsteppingSMC was proposed for position and attitude control of a
6-DoF UAV quadrotor. In order to further test the
performance of the designed controller, the dynamic
equations of the quadrotor, tacking into account the
different physics phenomena which can influence the
evolution of the system in the space, along with the
controller
lows
was
used
to
simulate
in
MATLAB/Simulink.
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Minimum time control of a two DOF robotic arm with noised
measurements
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Abstract – This paper presents a new approach for minimum time control dynamics of a two links
manipulator robot in the case of noised outputs. Briefly, this technique consists of linearizing a
nonlinear dynamic model of the robot by using a feedback linearization control. Once, the linear
model has been obtained, a minimum time control with constraints, using the Pontryagin Minimum
Principle will be developed. Here, the objective is to control the arm robot from an initial
configuration to the final configuration in minimum time. The state variables are estimated by a
Kalman-Luenberger observer. In order to show the efficiency of the proposed method, some
simulation results are given.

Keywords: Robotic arm, Minimum time control, Nonlinear control, Kalman-Luenberger observer.

I.

Introduction

The development of production and to facilitate the
difficult and repetitive tasks for human motivated the
increasing interest in arm robotics [1-2]. The mechanical
structure of this class of robots is complex (articulated
rigid-body) which makes the task of control more difficult.
In this work, we are interested in the control of two links
robot arm. Increasing the production and minimizing the
cost associated to the duration, require us to determine a
minimum time control for this class of robot arm. Many
approaches are available in the literature to study this area.
In [3], a convex optimization approach is developed for
time-optimal path-constrained trajectory planning of robot
systems. In [4] a minimum time control of the Acrobot is
proposed. The principle of this approach is to use a direct
search algorithm for finding an optimal trajectory for the
Acrobot. In [5], a time-optimal control of robotic
manipulators along specified paths is presented. Here the
dynamics of the robot is ignored and when the optimal
trajectory is found, a feedback control is used to follow it.
In [6], a minimum-time control of robotic manipulators
with geometric path constraints is developed. Here the
robot control algorithms are divided into two stages,
namely, path or trajectory planning and path tracking (or
path control). This division has been adopted mainly as a
means of alleviating difficulties in dealing with complex,
coupled manipulator dynamics. In [7], a time optimal
control of a robotic manipulator modelled with actuator
dynamics is presented. Here, the system dynamic
equations with the inclusion of actuator dynamics are

derived using Pontryagin Maximum Principle (PMP)
which results in a nonlinear two-point boundary value
problem.
Different to the above cited work, our paper proposes
a novel approach for controlling a two links arm robot.
This approach involves determining a minimum time
control dynamics of manipulator robot with two degrees
of freedom (DOF). The dynamic model of this robot is
nonlinear, so a feedback linearization control is applied to
the robot dynamic model to make it linear. Next, based on
the obtained linear model, a minimum time control with
constraints, using the Pontryagin Minimum Principle is
developed.
This paper is organized as follows: in Section II, the
description of the manipulator robot with two DOF here
considered and its dynamic model are given. In Section
III, the control approach for controlling the robot from an
initial configuration to the final configuration in minimum
time is presented. In Section IV, a Kalman-Luenberger
observer is introduced. Simulation results are presented in
Section V.

II.

Dynamic model

A plane robot with two degrees of freedom that is
treated in this work is presented in Fig. 1 where θi, Li and
Mi i  1,2 are respectively the joint, length and the mass
of the first link (i=1) and the second link (i=2). The
gravitational acceleration is denoted by g.
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III. Control design
Y

In this section, a minimum time control of a robotic arm
with two DOF is developed. For that, we consider the
nonlinear dynamic model given by (2). First, we determine
a feedback linearization control to make the model (2)
linear. Once the linear model has been obtained, an
optimal control will be designed in the second step.

g
M1

θ2

θ1
M2

L2

y

III.1. Feedback linearization control

L1
x

X

Fig.1. Two link robot arm

The calculation of the dynamic model of this robot is
based on the kinetic and potential energies. These last are
computed using the direct geometric model (DGM) given
by the following formula:

 x  L1 sin 1   L2 sin 1   2 

 y  L1 cos 1   L2 cos 1   2 

(1)

Using the Euler-Lagrange method, the dynamic model
of a robotic arm with two degrees of freedom (DOF) is
given by the following formula [8]:





 M    C  ,  G    

Y  

(2)

where:


  1  2  is a vector of joints variables,



   1  2  is a vector of torques (control inputs),

Y    M  
where v   v1

1

 C  ,   G       v

(3)

v2  is a synthetic control vector. And
T

finally, from (3) we get the feedback linearization control

  M   v  C  ,   G  

(4)

Applying the control law given by (4) to the nonlinear
system (2), the dynamic model of the manipulator robot
with two DOF becomes a linear system like a double
integrator as follows:

T

Y (s) 1

v( s) s 2

T

 Y is the output vector,
  M 1  M 2  gL1 sin 1   M 2 gL2 sin 1   2  
 G    

 M 2 gL2 sin 1   2 


is a vector of gravity torques,


The main idea of this technique is to transform the
nonlinear dynamics of the system to a completely or
partially linear such that linear control approaches can be
applied to stabilize it [9-10].
Here, the control approach with feedback linearization
is developed for a dynamic model (2) of the two-link robot
arm. So, we differentiate the output Y until the control
input τ appears. In our case, the control input τ appears in
the second derivative of the output Y. This implies that the
relative degree r is equal to two. The second derivative of
Y is given by the following formula





  M 2 L1 L2 21 2  12 sin  2  
C  ,  
 represents
 M 2 L1 L21 2 sin  2 


the vector of Coriolis and centrifugal forces,





 D D2 
M     1
 is the inertia matrix with:
 D3 D4 
D1   M 1  M 2  L12  M 2 L22  2M 2 L1L2 cos  2 
D2  M 2 L22  M 2 L1L2 cos  2 
D3  D2
D4  M 2 L22

(5)

The relative degree r is equal to two. This means that
by using the control law (4), we obtain a complete
linearization of the nonlinear system (2) and we get a
linear system for each joint variable:

1 ( s )
v1 ( s )



 ( s) 1
1
and 2

2
v2 ( s ) s 2
s

(6)

Now, the linearization of the nonlinear system was
done. So, we can develop a minimum time control for the
two-link robot arm which will be the object of the next
subsection.
III.2. Minimum time control
In the case of a robot arm with two DOF and after
application of the feedback linearization (4) to the
nonlinear system (2), we obtain the following two
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decoupled linear systems

tf

J   dt  t f  t0

1  v1

 2  v2

(7)

Let us define the error ei between the actual angle θi
and the desired angle id as

ei  i  id
The

desired

angle

i  1, 2

id i  1, 2

(8)
is

where t0 is fixed and tf is free.
Step 2:
We form the Hamiltonian H for the problem described
by the system (12) and the performance index (14). The
Hamiltonian is given by the following formula:
H  X  t  , v1  t  ,   t    1   T  X  t  

constant.

Differentiating the equation (8) twice, we obtain.

ei  i  vi

i  1, 2

where   t  

e1  v1

The state space representation of the system (10) is
given by the following formula:




Y  is the output vector
v1 is a synthetic control

x2    e1
T

e1  
T

(16)

Step 3:
Now, we minimize the Hamiltonian (16), using the
Pontryagin’s minimum principle, we obtain:





H X *  t  , v1*  t  ,  *  t   H  X *  t  , v1  t  ,  *  t  
 min H  X *  t  , v1  t  ,  *  t  

(11)

(17)

v1 1

where:
X   x1

is a vector of costate variables

H  X  t  , v1  t  ,   t    1  1  t  x2  t   2  t  v1  t 

(10)

 X  AX  Bv1

Y  CX

n

(15)

Introducing (11) into (15), the Hamiltonian becomes:

(9)

Considering a single decoupled linear system



(14)

t0

Substituting (16) in the inequality (17), we obtain:
2

is a state vector

1  1*  t  x*2  t    2*  t  v1*  t   1  1*  t  x*2  t    2*  t  v1  t 

0 1 
0
A
 , B  1  and C  1 0
0
0


 
Therefore the system (11) can be rewritten as a first
order differential system



 x1  t   x2  t 

 x2  t   v1  t 

Y  t   x1  t 

(12)

*

*

2

1

2

*

v1  t  1

2

The optimal control v1*  t  is obtained from (18) as
follows:
 if 2  t   0 the optimal control v1*  t  must be the





to: min  2*  t  v1  t    2*  t     2*  t 
v1  t  1

 if 2  t   0 the optimal control v1*  t  must be the
greatest value of the admissible control (+1) in order
(13)

with t0 the initial time and tf the final time.
In all the paper, the asterisk symbol '*' means the
optimal value. Here, the problem is to find an optimal
control v1*  t   which satisfies the constraint (13) and
transfer the system (12) from the initial state X(t0) to the
final state X(tf)=0 in minimum time. To solve this
problem, we will follow the following steps:
Step 1:
The performance criterion is defined as

  t  v  t     t  v1  t   min    t  v1  t  
*

smallest value of the admissible control (1) in order

We assume that boundedness of synthetic control
v1  t   1; t  t0 , t f 

(18)

hence





to: min  2*  t  v1  t    2*  t     2*  t 
v1  t  1

So, from the two points mentioned above, the optimal
control is:
1 if

*
v1  t   1 if

 0 if

* t   0
2

* t   0
2

(19)

* t   0
2

then the optimal control (19) can be rewritten as:
v1*  t    sgn  1*  t  

where ‘sgn’ is the sign function.

(20)
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second links of the robot arm are 1  0    / 3 ,
Step 4:
The equations of the costates variables are given by the
following formula:

(21)

follows [11-12]:

1


v  t    sgn  x1  x2 x2 
2



2
1.5

Solving the systems (12) and (21), the minimum time
control (20) can be rewritten in terms of  x1 , x2  as

*
1

The states are estimated by a Kalman-Luenberger
observer. A uniform noise signal in the range of ±0.03 rad
for the orientations has been applied.

(22)

position with respect to Y-axis (m)

 d 1*  t 
H
 *
0

x1  t 
 dt
 *
H
 d 2  t 
*
 dt   x*  t   1  t 
2


 2  0    2 , 1d   2 and  2 d   2 respectively.

robot base
0
-0.5
-1
-1.5

-1.5

-1

-0.5
0
0.5
position with respect to X-axis (m)

1

1.5

2

(rad/s),  d (rad),  (rad)
1
1
1

(23)

2

e1
v1

1.5

d1

1d

1

1
0.5

0

1



(rad), v (rad/s 2), d



final position of
the end effector

0.5

Fig.2. Final situation: the robot end effector reaches its
objective point.

Generally, if the measurement of the full state vector is
not available an observer is added to the control structure
to derive an output feedback law. Here, we consider that
the measurements of the end-effector robot arm position
are very noisy. So, a Kalman-Luenberger observer is
introduced:

 Xˆ  AXˆ  Bv  K Y  Yˆ

1

ˆ
ˆ
Y  CX

noised trajectory of
the end effector

initial position of
the end effector

1

-2
-2

IV. Filtering by Kalman-Luenberger
observer

estimated trajectory
of the end effector

The dynamics of the estimation error e  t   X  t   Xˆ  t 
are given by:

e  t    A  KC  e  t 

(24)

The estimation error (24) converges to zero if a matrix
 A  KC  has an eigenvalues with a real part strictly

Simulation results

initial and the desired orientations of the first and the

e

In order to show the efficiency of the proposed
approach, some simulation results are given. For
simulation purpose, we assume that the mass and the
length of the first and the second links of the robot arm are
M i 1,2  1 kg  and Li  (1,2)  1 m  respectively. The

0

0.5

1

1.5

2
time (s)

2.5

3

3.5

4

2

e2

1.5

v2

1

d2

2d

0.5

2

0
-0.5
-1
-1.5

2

2

V.

(rad), v (rad/s 2), d

2

negative.

-1

Fig.3. Estimated orientation, synthetic control, angular
velocity, the desired orientation and the real orientation of
the first link of the robot
(rad/s),  d (rad),  (rad)
1
2

where K is a vector of the observer gains, X̂ is the
estimated state vector and Ŷ is the estimated output
vector.

e

1

-0.5

-2

0

0.5

1

1.5

2
time (s)

2.5

3

3.5

4

Fig.4. Estimated orientation, synthetic control, angular
velocity, the desired orientation and the real orientation of
the second link of the robot
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t f  3.55  s  . The angular velocity d 2 (dashed line) and
the synthetic control v2 (dashed-dot line) are depicted. As
in Fig.3, the synthetic control v2 performed one jumps

3

e
e

2

1

2

0

1

2

e and e (rad)

1

-1

between +1 and -1 in the time interval t   0,3.55  s  . The
dark dotted line curve presents the estimated angle ( e 2 )
The Fig.5 represents the convergence of the angles
errors of the two links robot arm towards zero using the
proposed approach of control. The robot torques present
the feedback linearization control given by the equation
(4) and they are depicted in the Fig.6.

-2

VI. Conclusion

-3

-4
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4

Fig.5. Angles errors
5

1
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The present article proposes a minimum time control
approach for a robotic arm with two degrees of freedom in
the case of the presence of the noise on the output. This
technique consists of linearizing a nonlinear dynamic
model of the robot by using a feedback linearization
control. Next, based on the obtained linear model a
minimum time control with constraints, using the
Pontryagin Minimum Principle, has been developed. The
state variables are estimated by a Kalman-Luenberger
observer. Using Matlab, the obtained simulation results
show the efficiency of the proposed approach. Future
work is aimed to develop this approach for a manipulator
robot of six DOF.
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Impact of Critical Defects on Extracted Power of Photovoltaic System
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Abstract – This paper presents a detailed study on the impact of various faults that can affect a
photovoltaic installation. our work is based primarily, on modeling of single diode photovoltaic
cell, then the modeling of PV module in the normal and faulty state, choice of various failures
according to their level of criticality and their occurrence location, after this, the modeling of the
selected defects which are four in number (defects of shading and mismatch, defects of bypass
diode, defects of module and connectivity defects. of course taking into consideration several
scenarios for each type of these defects identified, Towards the end we have developed an
algorithm in the software matlab . obtained results of simulation are satisfactory because allowed
us to understand the influence of identified defects on the static characteristic current-voltage and
power-voltage. therefore on the productivity of the PV.

Keywords: module PV, defects, modeling, current-voltage, effects, power

I. Introduction
The unpredictable behavior and intermittent of
renewable energy sources is a major problem for all
energy sources, especially the photovoltaic systems[1],
depth understanding of the behavior of a PV system
really requires a modeling which interprets the
functioning reality of PV cell under the standard
conditions of irradiance and the temperature [2]. The cell
operation is often interpreted by a non-linear
mathematical formulation whose, its resolution is digital
[3].in our case we have chosen the Newton Raphson
method due to, its fast convergence towards the optimal
solution [4], the models of presented defects explains
approximately the defect [5], because the cell parameters
affected by these defects can only be identified in a
qualitative way [6] in a quantitative manner the impact of
defect is difficult or impossible to quantify [7]. The
analysis of simulation results is always based on the
comparison of the static characteristic I-V without defect
and the static characteristic after introducing the scenario
of defect selected at each simulation [8].

It is an equation with two unknown (I and V) and eight
parameters:
Iph :current Photo
I0 : reverse saturation current of the diode
Vt=a Kb Tc/q : thermal voltage of diode
a: ideality factor of diode
Kb: Boltzmann's constant (1.38 10-23 j/ok)
Tc : cell temperature
q: the electron charge (1.602 10-19 C)
RS : series resistance of cell
Rsh: parallel resistance of the cell
K : Bishop adjustment coefficient (3.4 à 4)
n: Bishop adjustment coefficient (0.1)
Vb : breakdown voltage of the cell (10- 30 V)
Iph

Id

Ish

Rs

I

V
Rsh

-

II. Modeling of PV Cell
There are several models that have been proposed for
representing a PV cell. Among them the model to a single
diode of Bishop has been widely used, due to its
simplicity and accuracy suitable for most applications
such as analysis of the impact of defects on the
performance of a PV system [9].
  V  Rs I   V  Rs I
(1)
  1 
I  I ph  I 0 exp
K


R sh
  V t  
Or:


V  Rs I
K  1  k  1 


Vb








n 





+

Fig.1 Synoptic Schema of Bishop Model
III. Modeling of PV Module
The modeling approach proposed for a PV module is
mainly based on the static characteristic I-V of cell, in
other words on the mathematical addition of I-V
characteristics to get the behavior of a PV module. we
distinguish two cases:
III.1 the Normal Functioning Modeling
In this part we describe the procedure based on the
characteristic I-V Module. In normal operation we
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assume that all cells of a module are identical and
exposed to the same operation condition irradi ance and
temperature.
III.2 the Faulty Functioning Modeling
Similarly to the normal state, the modeling approach
of the array is based on the addition of I-V characteristics
in order to get the behavior of a plant, but this time, for
any defect [10].

V.2.1.Case of Short-circuit
The equation "(2)" and "(3)" well describes the
voltage-current relation; the voltage of the cell group is
canceled, the current group of cells is equal to the sum of
the current flowing in the cells and the current flowing in
the shorting path.
(2)
V groupe  0
I groupe  I bypass  I cellule

(3)

IV. Choice of Faults
Table. I present the defects according to the stage at
which they occur in (cell, cell group or module) [11].
TABLE. I DEFECTS SELECTED FOR THE STUDY
Component
of Array

Nature of Defects

- Shading
- Mismatch
Cell

Group of
Cells

temperature Type
-Mismatch Rs type
-Mismatch Rsh type
- Absence of Diode
- Diode Connected
Incorrectly
- Reverse Polarity
- Diode Short
Circuited

- Module Short
Module

circuited
- Reverse Module
- Module Shunted

Denomination
of Defects
Shading and
Mismatch
Defect

Bypass Diode
defect

Defects of
Module

V. Modeling of Selected Defects
According to Table. I there are four large families of
defects, defects that can occur at the (PV cell, cell group
or at the module)
V.1 Defect of Mismatch
The fault of mismatch is the fault caused by the cell
array having a not-identical characteristic I-V, This type
of fault can be modeled by the variation in different cell
parameters. When the series connection of the
components, the voltage produced by each component is
not equal at the same current and in the parallel
connection of the components, the current supplied by
each component is not equal at the same voltage [12].
V.2 Bypass Diode Defects
In the good conditions, the bypass diode conducts
when the sum of voltage of the cell witch it protects is
negative and it is blocked in the opposite case. In its
failed state this protective role is not assured. Four cases
of defects can be envisaged [13].

V.2.2.Case of Impedance Z
As shown in the two equations "(4)" and "(5)". The
voltage of group is equal to the sum of the voltage of all
the cells in the group, the current of group is equal to the
sum of the current flowing in the string of cells and the
current flowing in the impedance.
Ncellue
(4)
V groupe  i
1 V cellule
I groupe  I cellule  V groupe Z

(5)

V.2.3. Case of Open Circuit
According to the equation "(6)" and "(7)" .The voltage
of group is equal to the sum of voltage of the cells group
the current group is equal to the current flowing in the
cells of string.
Ncellue
(6)
V groupe  i
1 V cellule
I groupe  I cellule

(7)

V.2.4.Case of Reverse Polarity
According to the equations "(8)", "(9)", "(10). Unlike
to normal operation conditions, the diode conducts when
the sum of the cell voltage that it protects is positive and
is blocked in the opposite case.
Ncellue
Ncellue
(8)
V groupe V cellulesi V cellule0
i1
i1

V groupe  0 si

Ncellue

V

0

(9)

I groupe  I bypass  I cellule

(10)

i 1

cellule

V.3.Defect of Module
The module failures refer at all electrical defects
associated with connecting of PV module in a string.
According to the Tab I, These electrical defects are;
shorted module, module connected in parallel with
impedance and reverse the polarity of the module [14].
V.4.Defects of Connectivity
The connection failures are related to the problem of
increasing of the connection resistance between two PV
modules. In normal operation, the connection resistance is
almost zero, an infinite resistance can be used to represent
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a module that is disconnected from the PV string.
Equations "(11)" and "(12)" better explain this influence
[15].
(11)
I string  I mod ule
V string 

Ncellue
 R  I string

k 1 V mod ule

(12)

VI. Impact of Defects on the Parameters

VII.1.1.Mismatch Rs Type
Figure.2 is the case of a defect of mismatch due to, for
the dispersion of the series resistance. In this figure, we
see that, the voltage loss for a given current is more
important in proportion as, the series resistance increases
for a given limit. the voltage loss may be large enough to
make the voltage of group negative and switch the bypass
diode in passing mode.

According to Tab. II In a qualitative manner, the cell
parameters affected by these defects can be identified but
quantitatively, the impact of these defects is difficult or
impossible to quantify [16].

mismatch type Rs
4.5
4
3.5

TABLE.II
VARIATION OF PARAMETERS
Affected Parameters
Variation of Iph

courant[A]

Nature of Defects
-Ripped off or broken
Module
-Shading : Tree leaves, Sand
- Pollution, snow
Temperature Rise of Cells
- Degradation of the
Interconnections
- Cracked
- Corrosion of Connections

3
Rs=0.015ohm
Rs=0.05ohm
Rs=0.075ohm
Rs=0.25ohm

2.5
2
1.5
1

Variation of T

0.5

Variation of Rs
0

0

5

10

15

20

25
30
tension[V]

35

40

45

50

VII. Simulation Results and Discussion

Fig.2. Effect of Mismatch Rs Type on I-V

In this section, we present the results of simulations for
different defects previously selected. Reference
parameters used in this simulation are shown in the
Table.III

VII.1.2.Mismatch Rsh Type
The Figure.3 shows the defect of mismatch due to, for
the dispersion of the parallel resistance, for a given
voltage, the current loss is more important in proportion
as, the parallel resistance is small in value, If the parallel
resistance is more small, it can hardly absorb the current
produced by the cell.

TABLE.III
VALUES OF PARAMETERS

Nb
cells

Parameter

Nb
Diode

Iph
(A)

Tc
(oK)

mismatch type Rp
4.5

72

Value

4

4

298

4
3.5

Rp (ohm)

a

Io(A)

0.015

15

1.22

2.3e-8

The analysis of simulation results is based mainly on a
comparison between the electrical characteristic I-V and
P-V in a normal state and the failed state of the
photovoltaic component, for each scenario of selected
defects.

3
courant [A]

Rs(ohm)

2
1.5
1
0.5
0

VII.1 Defect of Mismatch
According to the Tab. I there are three types of
mismatch defects, caused by the variation of parameters
of the PV cells.

Rsh=5ohm
Rsh=0.1ohm
Rsh=0.05ohm
Rsh=0.02ohm

2.5

0

5

10

15

20
tension [V]

25
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Fig.3. Effect of Mismatch Rsh Type on I-V
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VII.1.3.Mismatch Temperature Type
The Figure.4 shows the case of default of mismatch
due to from the dispersion of the cell temperature. In this
case, the voltage downfall in depending on the growing
of the cells temperature.

for the variation of the parallel resistance, so more the
impedance decreases, it absorbs the current produced by
the group of cells that would normally be supplied to the
load.
défaut de diode bypass claquée
4.5
4

mismatch type T
4.5

3.5
4

3

courant[A]

3.5

courant[I]

3
tc=25°c
tc=45°c
tc=65°c
tc=85°c

2.5
2

2
1.5

1.5

1

1

0.5

0.5

0

0

0

5

10

fonctionnement normal
z=10ohm
z=5ohm
z=2ohm
z=0.8ohm

2.5

15

20
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35

0
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20
tension[V]

25
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Fig.6. Effect of slam of Diode on I-V

40

VII.3.Defect of Module

Fig.4. Effect of Mismatch T type On I-V
VII.2 Defect of Bypass Diode
As was already shown in Tab. I four possible cases of
defects that can affect the bypass diode of groups, in our
study we have chosen two critical cases;
VII.2.1.Case of Short circuit Diode
Figure.5 shows the case of a bypass diode in Short
circuit. In this case one quarter of the voltage produced in
the module is lost, because there are four bypass diode in
the module.

According to Figure.7, the current loss of the string
increases with the decrease in impedance. When the
module is shorted, the string loses the voltage of a
module, if a module is reversed; the string loses twice the
voltage produced by a module, because the voltage
produced by the inverted module will be subtracted from
the voltage produced by the other modules.
défauts de module
4.5
4

défaut de diode bypass court-circuitée
4.5

3.5

4

3
courant[A]

3.5

courant[A]

3
2.5

2.5
2

2

1.5

1.5

1
fonctionnement normal
1 diode bypass courcircuitée
2 diode bypass courcircuitée
3diode bypass courcircuitée

1
0.5
0

0

5

10

15

20
tension[V]

fonctionnement normal
1 module shunté par z=20ohm
1 module shunté par z=10ohm
1 module court-circuité
1module inversé

0.5
0
25

30

35

40

Fig.5. Effect of the Shorted diode on I-V
VII.2.2.Case of Slammed Bypass Diode.
The Figure.6 shows the case, where the bypass diode is
faulty and behaves as an impedance. This type of fault
occurs in the same way that failure of mismatch due to

0

50

100

150

200
tension[V]

250

300

350

400

Fig.7.Effect of Faulty Module on I-V
VII.4.Connectivity Defects
The behavior of a PV string according to different
values of the connection resistance is shown in Figure.8
so more, the connection resistance values are important,
more, voltage of string downfall for a given current.
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défaut de connectique entre les modules
4.5
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Fig.8. Effect of Connectivity Faults on I-V
VII.5.Influence of Defects on Power
In fact, all the defects studied previously have an
undesirable influence on the productivity of a PV system,
We have chosen among of these defects, the most critical
case that is the fault of short circuit of bypass diode, the
Figure.9 shows the influence of the this defect on the
extracted power. So, more, the number of shorted diode
in a module increase, the supplied power and voltage
across the modules decrease gradually to reach critical
values.
défaut de diode bypass court-circuitée
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Fig.9. Effect of Shorted Diode on P-V

VIII. Conclusion
The found results explain the efficiency of the Newton
raphson method, the mathematical models of faults and
the Bishop model chosen for the modeling is well
adapted with the method of resolution. The comparison
of the I-V characteristic in normal and failing state shows
clearly the influence of studied defects on the parameters
of the photovoltaic plant, the variation of these latter have
undesirable effects on the functioning of a PV cell, in
other words, on the power extracted, therefore on the
productivity of the photovoltaic module.
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Neural network modeling of melt index of high density polyethylene
produced in POLYMED plant
SamerKEDDOUSa*, Faroudja MOHELLBIa, Mohamed KERIKEBb.Mroiane
CHEIKHb
a:Laboratoire de valorisation des énergies fossiles, Département de Génie
Chimique, Ecole Nationale Polythechnique Elharrach –Alger.
b :laboratoire d’automatique, Département de technologie, université 20 aout 1955
SKIKDA, Algérie.
Abstract – A feed-forward multi-layer neural network model was developed to predict the melt index of high
density polyethylene produced in POLYMED plant located in Skikda- Algeria and on the process technology
Phillips Petroleum Co. Six input were devoted to the network: slurry density of the reactor, isobutene feed,
ethylene feed, reactor’s temperature, solid percent in the reactor and off-ethylene percent. The neural network
predictions had an excellent agreement (R2= 0.98) with experimental data proving that the ANN could be a
helpful tool for the MI prediction.
Keywords:ANN, modling,Milt index,PEHD.
exploitation and small emission of harmful matters into

I.

Introduction

the atmosphere. In this way polyethylene is got by

The high-density polyethylene (HDPE) has become a

polymerization of ethylene in the stream of liquid

usual ingredient and necessary for everyday life, it

isobutane with the presence of catalyst chromium-dioxide

occupies much of the total production of polymers

in continuous pipe reactor on the temperature up to 110

because it is a base material for the polymer processing

°C and pressure of 44 bar.

industry and plastics. it was able to replace many

Process of HDPE production, represents continual

materials for various uses during the last century and

operation in which monomer polymerizes ethylene in the

continues to do so today.In terms of volume, the PEHD is

presence of catalyst. Isobutane is used as medium in

the third plastic material of the basic products in the

reactor with the purpose of maintaining polymers and

world after the polyvinyl chloride and the polypropylene.

catalysts in the form of suspension. For production of

In Algeria the unique unit for HDPE production is

copolymers in reactor are added small quantities of

CP2k/POLYMED, a branch of SONATRACH company.

comonomer hexene-1. Reaction of polymerization is

Located in the industrial park of Skikda (500 km east of

exothermic. For control of operation of the whole system

Algiers), the plant started in 2005 and it is designed for

there are used distributive control system (DCS) and

130000 tons/year.

programmable logic controllers (PLC). The formed
polymer is separated from hydrocarbons by reduction of

II.

Format of Manuscript

POLYMED unit is based on the process technology
Phillips Petroleum Co (Today-Chevron Phillips Chemical
Company-USA). This technology for HDPE production
(’’Particle form’’ PF) stands out among the others
according to the quality of the got polymer, energy

pressure (flashing) of suspension and by heating, on
which occasion hydrocarbons (isobutane, non-reacted
ethylene and hexene) evaporate and are separated from
polymer powder. After separation, hydrocarbons are
returned to reactor through recycle section. Powder is
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transported to further processing i.e. granulation, storage

III. HDPE Properties

and packing [2].

The goal of PF reactor is to produce a specific product at

HDPE Plant consists of three technologically connected

a desired rate with a minimum amount of operating

sections: PF section in which there is performed

difficulty. The specific product has certain melt

activation of catalyst and reaction of polymerization,

index(MI) and density. These desired characteristics are

section of processing in which the got polymer powder is

obtained by conditions in the reactor, which in turn are

extruded in pellets and section of packing and storage

function of certain variables. Many of variables in the pf

[2].

process are interdependent. A complete understanding of
these variables and their relationship is required for the
precise control of the pf reactor. In this paper we consider
only the MI.
III.1Melt index
Melt index is an indication of the molecular weight (and
hence the polymer chain length) of the polymer. High MI
resins have a lower weight while low Mi resins have a
higher molecular weight. The melt index value of a
polymer is a measure of its processability. The higher the
melt index the more easily the polymer can be extruded,

Figure1: A pie chart showing that polyethylene is the most widely used

injection molded, or fabricated [3].

polymer worldwide (the 2012 total for world polymer demand is 211
million metric tons)[1].

The melt index value is obtained by extruding melted
polymer through a carefully calibrated orifice in a
standard ASTM melt index machine. MI is defined as the
grams of polymer extruded with a contant shear rate in 10
minutes through a 0.0825-inch diameter orifice at 190 °C
when subjected to load a load of 2160 grams[3].
The melt index of polyethylene is controlled by many
variables

such

as:

reactor

temperature,

ethylene

concentration …etc.
III.2HDPE grade
Depending on catalyst type and operating temperature a
large grades of HDPE could be obtained. Each grade has
a specific density and melt index for a well specified use.
The next table show some grades produced in
POLYMED with their use and melt index values.
Table 1: Some grades produced in POLYMED with their use and melt
Figure 2: Slurry loop process for HDPE production [2].

index values.

HDPE

grade

MI

Use

0.11-0.19

Blow modling

name
TR 402
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TR144

0.25- 0.38

Film

Using MATLAB Neural Network Toolbox and

5502

0.55 – 0.7

Pipe

MATLAB environment, a feed-forward neural network
was designed and different training algorithm in which

IV. ARTIFICIAL NEURAL networks

the network weights and biases are adjusted through the

The concept of artificial neural networks was inspired

ANN until the error, the difference between the expected

by the way the human brain processes information.

output and the actual output, is minimized for a set of

Learning in the brain occurs in a network of neurons that

training data was used to train the network. The number

are interconnected

of neurons of input and output layers that are the first and

by axons and dendrites. A point of contact, which is

the last layers in the network configuration depends on

actually a narrow gap, between an axon from one neuron

output and input data, so since the dependent variable,

to dendrite of another is called synapse. An ANN is a

melt index, depends on six variables, one and six neurons

network of neurons, which are processing elements and

were devoted to output and input layers, respectively.

weighted connections. The connections and weights

For the modeling of MI of HDPE, we selected six

correspond

variables: slurry density, reactor’s temperature, ethylene

to

axons

and

synapses

inthe

brain,

respectively [4].

feed, isobutane feed, solid percent and off-ethylene

The ANNs, simulating human brain analytical function,

percent. The data is collected from history log from DCS

have an inherent ability to learn and recognize highly

for the six inputs and from laboratory log for the MI. For

non-linear and complex relationships by experience. The

the training data we selected 130 values and 8 values for

ANNs can acquire, store and use experimental knowledge

test and simulation.The selected values concern only

in the form of stable states or mapping embedded in

5502 and TR 144 production.

networks that can be recalled in response to the input

Since the main goal was to find the network having the

variables. The ability to solve complex problems has

best performance on new data, several networks

made ANNs ideally suited to some wide range

involving 4–10 hidden neurons were trained and. The

applications. Recently, ANN has been successfully

approach to the comparison of the networks was to

applied in many areas of assessing biological systems [4].

evaluate an error function using data which were

In an ANN a neuron performs two functions. It sums the

independent of those used for training.

weighted inputs from several connections and then
applies a transfer function to the sum. The resulting value

V.

RESULTS AND DISCUSSION

is propagated through outgoing connections to other

The obtained neural network contains 6 neurons in the

neurons. The neurons are arranged in layers wherein the

hidden layer (figure 3). The predicted values are shown

input layer receives inputs from the real world and each

in table 2. The regression coefficient (R2) of 0.98. The

succeeding layer receives weighted outputs from the

predicted values are very good proving that the ANN is

preceding layer as its input therefore a feedforward ANN,

helpful tool for the MI prediction.

in which each input is fed forward to its succeeding layer,
is created. ANNs are trained using a training algorithm
and a training data set in order to adjust the connection
weights [4].
IV.1Development of a neuromorphic model

Figure 3: neural network structure.
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error backpropagation algorithm with six input neurons,
one hidden layerwith six neurons and one output layer
including single neuron. The results are promising and
Real values

Predicted values

error

0.32

0.2849

0.0351

0.29

0.3080

-0.018

0.29

0.3238

-0.0338

stages of production of HDPE reactor startup at bus stop

0.22

0.2254

-0.0054

on the reaction conditions including emergencies.

0.57

0.6019

-0.0319

0.56

0.5828

-0.0228

0.56

0.5678

-0.0078

0.42

0.4464

-0.0264

proving that the ANN modeling is helpful for MI
prediction. So for a possible development of the model
should be based on a large database encompassing all
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VI. CONCLUSION
The optimal architecture of ANN model involved a
multilayer feed-forward neural network trained with an
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Adaptive Sliding Mode Control for Quadrotor Helicopter
Madjid Kidouche1, Samah Riache1*, Amar Rezoug2*
Abstract – In this paper, we aim to apply a robust control approach to perform the attitude and position
control of a four-rotor helicopter known as Quadrotor. The control strategy includes two cascade
controllers: an attitude controller in inner loop and a position controller in upper loop. A novel Adaptive
Super-Twisting (ASTW) based on sliding mode control was designed for the altitude control, which can
ensure the robustness with respect to modelling errors, and reducing the chattering phenomenon. The
attitude controller was designed using classical sliding mode control (CSMC). First, the Quadrotor dynamic
model was developed. Second, the ASTW and CSMC were designed. Third, simulation results were presented
to show the performances and the effectiveness of the proposed controllers in terms of stabilization, tracking
and robustness.

Keywords: Quadrotor, sliding mode control, adaptive control, Super-Twisting.

I.

Introduction

In the last years, the Unmanned Aerial Vehicles
(UAV) are attracted the interests of many researchers all
over the world. This popularity may be caused by their
potential uses in many applications both in civilian and
military fields [1,2]. The Quadrotor helicopter is a
particular configuration of UAVs that is classified as
rotorcraft. Technologically, the Quadrotor is actuated by
four rotors realized in cross configuration where each two
pairs of propellers turn in opposite directions. By varying
speeds in one or several rotors, we can create a motion.
This configuration offers several advantages over the
traditional helicopters in term of maneuverability, motion
and cost, etc. [3,4]. However, from automatic point of
view, the dynamic model of the Quadrotor is highly
coupled, nonlinear and under actuated, etc. For these
raisons, many advanced control strategies have been
proposed to overcome one or several of these drawbacks
among them: feedback linearization [5], Backstepping
[6], Classical and high order sliding mode control
[1,2,7,8], Adaptive sliding backstepping control [9] and
so on.
Sliding mode control is well known as discontinuous
feedback control, which has been widely explored
[10,11]. In general, SMCs are powerful tools to control
of uncertain systems. However, the price for this
advantage is the chattering phenomenon. The using of
high order sliding mode control is one of methods for
overcoming this problem, so the discontinuity, which is
the origin of chattering, is acted on the high order
derivate of the sliding surface and not on the first order as
in SMC.


In this work, we use the sliding mode control for the
attitude control, and we propose the application of an
adaptive Super-Twisting control algorithm based on the
second order sliding mode technique for the position
control [12, 13]. This algorithm ensures the robustness
with reducing chattering phenomenon. The stability proof
in closed loop of the used algorithm is verified using a
Lyapunov function.
The paper is organized as follows: in Section2, a
dynamic model for the Quadrotor is developed. The
proposed control scheme is designed in section 3. Section
4 presents simulation results are performed to highlight
the overall effectiveness of the proposed controllers.
Finally, Section 5 concludes this work.

II.

Dynamic modele of the Quadrotor

There exist many phenomena which characterized the
Quadrotor dynamics, in this fact it is very interest to
indicate that it is very difficult to definite the Quadrotor
motion. In order to develop a sufficient Quadrotor
dynamic model several the following assumptions are
needs to be considered:
- The Quadrotor structure is supposed rigid and
symmetric.
- The center of gravity and the body frame are assumed to
be superposed.
- The propellers are supposed rigid.
- Thrust and drag are proportional to the square of
propeller’s speed.
In order to describe the dynamic model of the
Quadrotor, we consider the body-frame R m and the
earth-frame R b references as presented in Fig. 1.
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Fig. 1. Quadrotor references

x1  x 2
2
x 2  a1x 4x 6  a2x 2  a3r x 4 b1u 2
x3  x4
2
x 4  a4x 2x 6 a5x 4 a6r x 2 b2u 3
x5  x6
2
x 6  a7 x 2x 4 a8x 6 b3u 4

(5a)

x7  x8
1
x 8  a9x 8  u x u1
m
x 9  x 10
1
x 10  a10x 10  u y u1
m
x 11  x 12
cos() cos( )
x 12  a11x 12 
u1  g
m

(5b)

With :
and bi with (i=1…12) are defined like in [14, 15].
In order to simplify the control design the system
given by Eq.(5) can be rewritten it in a vector-matrix
format with separation of attitude and altitude state space
models. In this fact, the attitude and altitude state space
are given by Eq. (6) and Eq. (7), respectively:
ai

The complete model obtained using the Newton-Euler
approach is given by [14]:
K ftx
x  1 u x u1
m
m
K fty
y 
y  1 u y u1
m
m
cos cos  
K
z   ftz z  g 
u1
m
m
x 

 I y I z 
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J
2
 
  I r r  Ifax  
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x
K fay 2
 I x I z 
J
 
  I r r  I  
Iy
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y
I z I y
K faz 2
l
 
  I   I u 4
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z



With:

x




(1)

X1  X 2
X 2  f1  X 2   g1 U att

l u
Ix 2

With:
(2)

l u
Iy 3

u x   cos( ) cos( ) sin( )  sin( ) sin( )
u y   cos( ) sin( ) sin( )  sin( ) cos( )

(3)

y z  are the variables of the position vector.

   Euler angles respected the roll, the pitch

and the yaw, respectively.
m the Quadrotor mass, l the Quadrotor arm length.
g denotes the gravity acceleration.
J r denotes the rotor inertia,



I r  diag I x I y I z



The inertia matrix of the Quadrotor

that is symmetric positive definite.
, i ‘s rotor angular speed.

r 1  2 3 4

K fa the coefficiens of aerodynamics frictions,
K ft the translational drag coefficiens.
The relation between the control inputs (u1,u 2,u 3,u 4)
and their produced square motors speed is given by:
u   b
u   0
u    b
u   d
1

2

3

4

b
b
0
d

b
0
b
d

b   
b   
0   
d   
2

1

(4)

2

2

2

3

2

4

 b: thrust coefficient
 d: drag coefficient
In this work we are interested to altitude and attitude
motion, for that, the dynamic state-space model should be
defined. In this fact, let us consider the state vector as:
x        x x y y z z 
T
  x 1x 2 x 3 x 4 x 5 x 6 x 7 x 8 x 9 x 10 x 11 x 12 
T

The state-space model can be written as:

(6)

 a1x 4x 6 a2x 22 a3 Ωr x 4 
 x1 
x 2 
2
f1  X 2    a4x 2x 6 a5x 4 a6 Ωr x 2  ;X 1   x 3  ; X 2   x 4  ;


2
 x 6 
 x 5 
a7 x 2x 4  a8x 6


u
b
0
0
 2
1

U att  u 4  ; g1   0 b2 0 
u 6 
 0 0 b3 
X3  X4
X 4  f1  X 4   g 2 U al

(7)

With:
 a9x 8 
x7 
 x8 
f 2  X 4    a10x 10  ;X 3   x 9  ; X 4   x 10  ;
a11x 12 g 
 x 11
 x 12 
U att


0

 u1 

 u x  ; g 2 
0

u y 
cos(

)
cos( )


m

u1
m

0
0



u1 
m

b3

0

III. Control Design
The poposed controller is composed by to parts which
are: (1) the attitude control consists of the stabilisation of
the quadrotor oriantation using a classical SMC and (2)
the altitude control which consists of the stabilisation of
the UAV engin in the three dimention space where this
stabilisation is based on an adaptive Super-Twisting [16].
The design will be detailled in the following subsections:
III.1. Attitude Control
In order to design a SMC to stabilise the attitude of the
quadrotor, we assume the following:
(A1): The internal dynamics are stable.
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(A2): The system Eq (6) input-output (u S ) dynamics
are of relative degree equal to one to respect with the
sliding variable.
The disign the SMC needs the chooce of the sliding
surface, in our cas we have chosen linear sliding surfaces
for all the attitude variables as :
T

S att  e 2  λatt e1  S  S S 
d

d

1

X 1  d d  d
d

T : The desired state.

λatt  diag  123 

:

 3  3

Diagonal positive definite

matrix with real values.
Calculating the time derivative of Eq. (8) and its
combination with Eq. (6) yields:
d
S att  e 2  λatt e1 = X 2  X 2 + λatt e 2
(9)

: The desired state.

λalt  diag  456 

:  3  3 Diagonal positive definite

matrix with real values.
The proposed controller is given by the following:
U alt  g 2

1

(X 3d  λalt e 2 f 2(X 4)

 α S alt

1
2 sign(S

alt )  β

  diag  456  ,   diag  456  Diagonal positive real
definite matrix.
The adaptive gains law is given by [16]:

i

(15)
i  i 2 if S i  0

if S i  0
0
i  2i i  i  4i

In the altitude case, the objective is to design a control
law for forcing the states X 3 to follow the desired
trajectories X 3d Hence, We accept the fowolling
assumeptions:
(A1): The internal dynamics are stable.
(A2): The system Eq.(7) input-output (u S ) dynamics
are of relative degree equal to one to respect with the
sliding variable.
(A3): The time derivative of the sliding surfaces can be
written as:
S    x , t   g  x , t  u  S    x , t   ,
1
 g  x , t  u  u  g  x , t  

not equal to zero x and t   0,  

(16)

i , i ,  i , i : are positives constants, i 4, 5, 6

IV. Simulation Results
To show the performance of the proposed controller,
two kinds of simulations were being made on
Matlab/Simulink. Firstly, the attitude control using
sliding mode control is shown in figures (2.a, 2.b).
Secondly, tracking control with simple rectangular square
path is adopted.
Fig 2.a shows the resulted attitude control using the
classical sliding mode control. The initial values of the
roll, pitch and yaw angles are -0.5, 0.5 and 0 Rad,
respectively. The desired values are 0 for the roll and
pitch angles and 0.4 for the yaw angle. Fig 3.a. shows
tracking control using the adaptive sliding mode. We take
the initial positions equal to zero, and the desired
positions as (x d , y d , z d , d )  (2, 2, 5, 0.4) .
0.5
Reference signal
Pitch angle

Reference signal
Roll angle

0.1

0.4
0
Roll[Rad]

(12)

(A4): The function is known g  x , t   R , reversal and

2

0.3

Pitch[Rad]

III.2. Altitude control

0.2

-0.1
-0.2
-0.3

0.1

(A5): The function   x , t   R is bounded, with:

-0.4

  x ,t     .

0
0

1 / 2

5

10

15

20

-0.5
0

5

Time[s]

S alt  e 4  λalt e3  S x S y S z
d

e4  X 4  X 4  X 3  X 3

 S 4 S 5 S 6 

T

(13)

: The error vector between the
desired and the output altitude positions.
d
e3  X 3  X 3 : The error vector between the desired and
the output altitude positions.

10

15

Time[s]

0.7

Reference signal
Yaw angle

0.6
0.5
Yaw[Rad]

The adaptive super twisting controller’s goal is to
drive S , S to 0 in finite time and in the presence of the
unknown perturbations. As in the attitude case, the
sliding surface is selected linear as:
T

(14)

sign(S alt ))

With:

d

(10)
Substituting Eq. (10) in Eq.(9), the classical SMC that
stabilise the attitude of the Quadrotor is given as:
1
d
(11)
U att  g1  X 1  λatt e 2  f 1  X 2   K sign  S att  

tf

t0

S att  F  X 2, r   X 1  λatt e 2  gU att

d

T

d

: The error vector between the
desired and the output attitude rate angles.
e  X  X : The error vector between the desired and the
output attitude angles.
1

d

(8)

e2  X 2  X 2  X 1 X 1

1

X 3  x d y d z d
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Figure 2.a. Classical sliding mode stabilization of the roll, pitch
and yaw angles.
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0.04
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0.02

0.02
U3[N]

U2[N]

a chattering effect is observed in the control inputs
u 2,u 3,u 4 .
As shown in Fig 3.a, Fig3.b, the Quadrotor follows the
desired path successfully with a minimal chattering effect
observed in the control inputs u x ,u y ,u1 .
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V.

This work studies the position and attitude tracking
control of a small Quadrotor UAV using the proposed
control method based on classical and an adaptive second
order sliding mode control. The simulation results shown
that the proposed adaptive controllers can stabilize the
Quadrotor helicopter and move it to the desired position.
As a future work, the proposed control method will be
applied to a real the Quadrotor platform.
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Figure 2.b. Controller output stabilization
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Figure 3.b. Altitude controller outputs
It can be seen from figure 2.a that the controller
ensures a convergence of the three angles with an
acceptable reaching time (4s); however, in Fig 2.b,
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An extended Kalman filter based sensorless direct vector control of
induction squirrel-cage induction machine applied in wind power
conversion system
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Abstract – This article discusses the control of the asynchronous machine by Sensorless Rotor
Field Oriented Control direct. To as sensorless must be understood without speed measurement by
a sensor or the position of the rotor. In sensorless control, the problem is to simultaneously
estimate the flow and rotor speed. To ensure the convergence of estimated values to actual values;
it is preferred to implement a monitoring algorithm based on extended Kalman filter. The
performances obtained are considered satisfactory for a wide range of parametric and speed
variation of the machine. A MATLAB / SIMULINK simulator is proposed to confirm the settings
obtained by calculations.

Keywords: VFD, DVOC, IVOC, WPCS, SCIM, EKF.

I.

Introduction

For several decades, the use of an asynchronous
machine with variable speed is made possible through
different devices. The domain is vast and is covered by
an abundant library.
Nowadays Variable-frequency drives, for such
machines incorporate various known control strategies:
scalar control, vector control, direct torque control and
Feedback Linearized Control.
However, a first device, the Doubly-fed electric
machine allowed to vary the speed of an electric machine.
This technique is older than those used in drives and
gradually gives way to other devices. However, its
context of use and its limitations to justify the interests of
the latest techniques. The Doubly-fed electric machine is
possible only for a wound-rotor wound rotor induction
machine and is generally used for applications of high
power.
A second device is formed by a law known scalar
control command (Voltage / frequency=constant). The
idea of this control strategy is to impose the flux in the
machine and varying the speed by changing the frequency
of the supply voltage. It avoids the cumbersome
installation of Doubly-fed electric machine and is not
limited only to wound rotor induction machines.
However, it does not handle the speed transients. Indeed
for properly controlling a speed transient regime, it is
necessary to control the torque. Other features such as

FLC, DTC or FOC include torque control in order to
control the transient phases. Vector control, also called
control by oriented, is certainly the strategy currently
control most elaborates for asynchronous machines.
Until the 90s, the speed was measured either through a
generator Tachymeter either through the use of a Rotary
encoder. The cost of such sensors becomes prohibitive
for small engines, and reliability is not guaranteed. It
therefore becomes necessary to use observation and
control technology without the operation based on the
observability of the sensor properties of the systems.
Several sensorless control methods appeared, among
which we can mention the Luenberger observers,
adaptive observer and extended kalman filter. The last, he
most used for estimating the rotor flux and the speed of
the asynchronous machine. The Kalman filter is a
nonlinear observer closed loop including the gain matrix
is variable .at each calculation, the Kalman filter predicts
the new values of state variables of the asynchronous
machine (stator current and rotor flux speed).
The use of the observer EKF generates a law of robust
and powerful control, with an estimate of the precise
speed and insensitive to variations of induction machine
parameter [3].

II.

Induction machine modeling:
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Modeling of induction motor is the first and essential
step for its identification and control [3].

II.1. Electrical model

 lS
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m S

mS

 lR
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m R
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(6)
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For the stator voltage:

VS ABC  RS I S ABC  d  S ABC

(1)

dt

For the rotor voltage:

VR ABC  RR I R ABC  d  R ABC

(2)

dt

With:
• Vsa ,Vsb ,Vsc ; Vra ,Vrb ,Vrc , three stator voltages.
• Isa , Isb , Isc ; Ira , Irb , Irc , the three stator currents
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and rotor.
•

II.3. Electromechanical equation

 sa,  sb ,  sc ;  ra ,  rb ,  rc flows through

the three phases of the stator and rotor.
The electromechanical equation is given by
II.2. magnetic Equations

j

The relationship between flow and currents

d
 em  l  f
dt
The electromagnetic torque is given by

are written as follows:

 S ABC  LSS . I S ABC  LSR ABC .I R ABC

(3)

em  pI S ABC .

 R ABC  LRR . I R ABC  LRS ABC .I S ABC

(4)

II.4.Machine model in rotating reference frame:

T

VS ABC  VSA VSB VSC 

I S ABC  I SA I SB I SC 

(10)

d-q rotating with a speed can be obtained from (1, 2, 3,

T

: Stator voltage vector

and 4) as

: Stator current vector
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dt
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0  RR .I sd   rs  ( we  w)rq
dt
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 0  RR .I rq  dt  rq  ( we  w) rd

T

VR ABC  VRA VRB VRC  :Rotor voltage vector
T
I R ABC  I RA I RB I RC  : Rotor current vector
T
 S ABC   SA  SB  SC  : Stator field
T

vector

 R ABC   RA  RB  RC 

T

: Rotor field

(11)

vector
And:

Where:

d
LSR . I R ABC
dt

The induction machine in an arbitrary reference frame

Such as:

LSR   LRS 

(9)

Eliminating the stator flux and rotor current and
introducing the electromechanical equation of drive, the

T

(5)

model of induction machine drive in d-q reference frame
may be written as given by equation (12):
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Figure 1: SCIG (direct) vector control
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the leakage coefficient.

IV. Extended Kalman Filter Algorithm:
The extended Kalman filter algorithm is a recursive

III. Vector Control of Induction Generators:

state estimator and is based on two main stages, a

Consider now that the rotor field is oriented on the daxis; this implies the cancellation of the фrq component
(фrq=0) and ensures a new expression for the torque, as
in the first expression at Equation (11)[5]. The Equations
4 and 5, giving the rotor currents dynamics, can also be
rewritten to yield the last two expressions from Equation
12:

prediction stage and a filtering stage [1].
The state estimates are obtained in the following
steps[2]:
• Initialization of the state vector and covariance
matrices.
• Prediction of the State Vector:



x k 1 / k  f  x k / k , u k 




3P 2 Lm
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 em
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JL
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 d rd
  rd  Lmisd
 r
dt
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• Prediction covariance computation:

P k 1 / k  Fk Pk / k Fk  Q
T

(12)

(14)

Where:
FK 



f x k k , u k



xk



xk  xk / k

Figure 4.29 contains a widely employed vector control
structure for torque controlling a squirrel cage induction
machine. It basically consists of two decoupled loops: the
first is a rotor flux loop ensuring the field orientation of
the induction machine in order to control фrd and the
second

is

a

torque

(13)

loop

which

imposes

the

(15)

FK 



f x k k , u k
xk




xk  xk / k

(16)

electromagnetic torque in order to control isq [4] .



Computation of Kalman Filter Gain:
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(17)
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Where:

HK 

Figure 2: Actual and estimated speed.

hx k 
xk x

(18)

V.2Operation at low speed



k  xk / k

To test the good working of the EKF, the simulation

1 0 0 0 0
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0 1 0 0 0 

(19)

was established in low speed. we applied a changing of
the speed reference from 5 rad/s and -5 rad/s.

• State vector estimation
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Finally, the electromagnetic torque estimated by the
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EKF algorithm is computed as:
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V.3 Variation of the load torque
To test the performance at high speed a load torque

V. Simulation results
The simulations are done for the speed estimation of

equal to 10 N.m is applied between 3s to 3.2.
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approach for wind power conversion system based a
Squirrel-cage Induction Generator controlled by indirect
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direct field oriented method. In this proposed scheme, the
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estimate of rotor speed is obtained from the directly
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VII. TABLE OF INDUCTION MACHINE DETAILS
AND ABBREVIATION

Rated Line-Line Voltage

220-380V

Number of Poles

2

Stator Resistance

0.25- 0.38Ω

Stator Inductance

471.8e-3 henry

Magnetizing Inductance

0.4475 henry

Rotor Resistance

4.3047Ω

Rotor Inductance

471.8e-3henry

Rotor Moment of Inertia

29.3e-3N/m

Damping Coefficient

13e-3

leakage coefficient

0.0489

Abbreviation:
DSP : Digital signal processor
DTC : Direct torque control
EKF : extended kalman filter
FOC : Field oriented control
FBLC:Feed back linearization control
DVC :direct vector control
IVC:Indirect vector control
SCIM :Squirrel-cage induction machine
WPCS :Wind power conversion system
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Abstract— In this paper, we make a comparative study between
a traditional hazard analysis (HAZOP) and a new hazard
analysis approach based on system theory (STAMP/STPA).
Traditional hazard analysis techniques rely on a direct causeeffect chain, The Systems Theoretic Process Analysis (STPA) is
based on systems theory and aim to end out as much as possible
about the factors involved in a hazard, and with providing clear
guidance as to the control structure leading to the hazard. And
finally we compare between STPA and HAZOP analysis.
.
Keywords—Risk assessment; HAZOP; STPA; STAMP; Process
industrie.

I.

INTRODUCTION

Process plants (refineries, chemical plants, petrochemical,
etc.) deal with a large amount of potentially dangerous
materials (toxic, inflammable, explosive) and many times in
extreme conditions (such as high temperatures and pressures).
This can lead to equipment failures, plant shutdowns or even
worse accidents with catastrophic consequences.
Traditional hazard analysis techniques, such as failure
modes and effect analysis (FMEA), Hazard and operability
(HAZOP), and fault tree analysis (FTA) have been used for a
long time, they are not well-suited to handle modern systems
with complex software, human- machine interactions, and
decision-making procedures.
In order to automate risk assessment we are using another
type of methodologies, as the functional system modeling (Dhigraph), systemic methods, which means that they treat the
system as a whole (either with a control structure or a bundle
of process together), to analyze failure and causality of
systems. One of them is called System-Theoretic Accident
Model and Processes (STAMP), Systems-theoretic Process
Analysis (STPA).
In this paper we present a comparative study between a
traditional hazard analysis (HAZOP) and a modern analysis
method (STAMP/STPA). In order to make a comparative
study between them we use the polymerization reactor as a
case study.
II.

HAZARD AND OPERABILITY STUDY (HAZOP)

A HAZOP study is a highly disciplined procedure that
identifies how a process may deviate from its design intent [1].

It is defined as the application of a formal, systematic critical
examination of the process and the engineering intentions of
new or existing facilities to assess the malfunctioning potential
of individual components of an equipment, and the
consequential effects on the facility as a whole. This method‗s
success lies in its strength in analyzing system‗s Piping &
Instrumentation Diagrams (P&IDs), breaking the design into
manageable sections with definite boundaries called nodes, so
as to ensure the analysis of each equipment piece in the
process [2].
A small multi-disciplinary team undertakes the analysis,
whose members should have sufficient experience and
knowledge to answer most questions on the spot. The
members are selected carefully, and are given the authority to
recommend any needed changes in the design [3].
Executing the method relies on using guidewords (such as
no, more, less) combined with process parameters (e.g.,
temperature, flow, pressure) that aim to reveal deviations.
These deviations result from the combination of a ‗guide
word‗ with a ‗property‗ of the line: guideword + Parameter =
Deviation (such as less flow, more temperature) [4]. Having
determined the deviations, the expert team explores their
possible causes and their possible consequences [5].
HAZOP is useful to apply to systems that involve human
performance and behavior or to systems that involve hazards
that are hard to quantify or detect. On the other hand, HAZOP
does not take into account human errors. Thus, HAZOP
analysis procedure is basically standardize, there is an IEC for
it, but as it relies on people analysis different teams can come
up with different results worldwide; hence, the analysis is
performed differently with variation in results for the same
system [6]. Moreover, HAZOP study does not take into
account the interaction between different component in a
system or a process [7], and it also can be lengthy and
expensive [8].
However, HAZOP is time consuming. According to one
evaluation [9], for a process with many P&ID ranging, a team
of five people led by an experienced team leader needs more
than 400 man hours for the finalization of the HAZOP
analysis, and the overall spent time is about 8 weeks. So an
automated analysis is helpful in reducing time, minimizing the
errors and can be used as an aid for human expert.
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III.

SYSTEM THEORETIC ACCIDENT MODEL PROCESS
(STAMP)

STAMP was developed by Nancy G. Leveson (Leveson,
2011). It builds on the ideas used in the upper levels of the
Rasmussen-Svedung model (Rasmussen and Svedung, 2000),
but it continues the control theoretic approach down through
and including the technical system and its development and
operations [10].
A. Basic concept of STAMP
STAMP uses three fundamental concepts from system theory:
Emergence and hierarchy, Communication and control, and
Process models.
 Emergency and hierarchy: The concept of emergence
means that at a given level of complexity, some
properties of that level (emergent at that level) are
irreducible. In STAMP, safety is treated as an
emergent property at each of these hierarchy levels
that arise when the system components interact
within an environment. It depends on the
enforcement of constraints on the behavior of the
components in the system, including constraints on
their potential interactions.
 Communication and control: Control processes
mostly operate at the interfaces between two
hierarchy levels and always are related with the
imposition of constraints. STAMP uses the concept
of imposing constraints in system behavior to avoid
unsafe events or conditions rather than focusing on
avoiding individual component failures. STAMP uses
the concept of imposing constraints in system
behavior to avoid unsafe events or conditions rather
than focusing on avoiding individual component
failures. Between the hierarchical levels of each
safety control structure, effective communication
channels are needed during the control processes.
There are two kinds of communication channels as
shown in figure.1. Communications also determines
whether the control processes could be established or
achieve the expected goals. Typical control processes
often use feedback loops to keep interrelated
components in a state of dynamic equilibrium. A
standard control loop is shown in figure 3 [11].

Fig. 1. Communication Channels between Control Levels (Leveson.2011)

B. System Theoretic Process Analysis (STPA)
STPA is a new hazard analysis technique, based on
STAMP. It uses a collection of interacting loops of control to

analyze systems. It can be used at any stage of the system
lifecycle, from before designing to after implementation.
The STPA processes
STPA supports and builds on top-down system
engineering. STPA has 4 steps, these can be intertwined and in
many cases an iterative process is necessary to complete the
process. The steps are:
 Define System Hazards and Related Safety Constraints.
 Develop Safety Control Structure: a typical sociotechnical hierarchical structure with safety control
processes, which is called hierarchical safety control
structure, should be described. Figure 1 shows a
generalized safety control structure diagram, which
does not represent any one particular system. It has two
basic parts: system development and system operation.
 Identify Potentially Inadequate Control Actions:
Hazardous states result from inadequate control or
enforcement of the safety constraints, which can occur
because:
 A control action required for safety is not provided or
not followed.
 b. An unsafe control action is provided.
 c. A potentially safe control action is provided too early
or too late, that is, at the wrong time or in the wrong
sequence.
 d. A control action required for safety is stopped too
soon or applied too long.
 Determine How potentially Inadequate Control
Actions Could Occur: This step can be performed to
identify the scenarios leading to the inadequate control
actions that violate the component safety constraints.
Figure 2 shows a classification of control flaws that
may lead to hazards.
STPA is a systemic method used for hazard analysis. It
provides a model-safety control structure, to implement the
hazard analysis of system. This model considers hazards and
causes in a systemic way rather than just based on component
failures or failure events. It also provides guidance to analysts
in conducting the hazard analysis. Safety engineers are not
required to fill in a blank page using personal experience alone
[12].
IV.

CASE STUDY

A. Description of system
The process is the polymerization reaction in a batch
reactor. This reactor has two different feeds, one corresponds
to the monomer (Fmon ) and the other one corresponds to the
initiator (Fin ) needed for the polymerization reaction to occur.
The reactor is cooled with an internal coiling in which cooling
water is circulated. There is a single control loop to keep the
reactor temperature manipulating the cooling water supply as
shown in Fig 4. Fig.5 shows the control structure of the
process [13].
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Fig. 2. General Form of a Model of Socio-Technical Control

B. Application of the STPA methodology on the
polymerization reactor
STAMP has been applied to different industries (nuclear,
aviation, etc.), and it has been proposed as a promising
methodology for the process industry [1].As originally, there
are four types of unsafe control actions (UCA) in STPA
methodology. On one hand, hazards can occur when a control
action is "Provided" or "Not provided" and, on the other, when
a control action has been carried out "Too late or too early" or
it is provided "Too long or stopped too soon". Thus, the first
two UCAs are related to control action status and the second
two with control action timing. In general, they work very well
for the great amount of real systems, but for chemical systems
there are two extra unsafe control actions that could lead to
hazards and have to be taken into account to enforce system

safety. These "new" unsafe control actions are related with
direction of control action deviation. In many (stationary)
chemical plants, many hazards are due to an increasing or
decreasing of state variables (temperature, pressure...) that are
frequently related with a deviation of control actions. I.e a
hazard in a gas containing vessel is an increasing in pressure.
This situation cannot be due to a lack of control action
(vent flow controller control action is "Not provided") because
valve works in "Failed open" mode so when control signal is
not present, valve position is open. However, hazard can
happen because of a deviation of the control action.
STPA table are individually generated for each UCA of
each controller, studying hazards for different scenarios
(comprised of context variable states). In the approach
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Fig. 3. A classification of control flaws leading hazards

proposed herein, all UCAs are studied in the same table
(resulting in a very big table). Scenarios (context variable) are
also discretized in "Desired", "None", "Less" and "More". As it
will be seen later, adding new UCAs and states ("Less" and
"More") to be studied, greatly increases the number of possible
scenarios. So, for real systems, the size of STPA tables will be
very big. The STPA Table Size (STS) can be calculated by:
𝑆𝑇𝑆 =

𝑁𝑐𝑣
𝑖=1
𝑁 𝑐𝑜 𝑣
𝑗 =1

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑈𝐶𝐴𝑠
𝑐𝑜𝑛𝑠𝑖𝑑𝑒𝑟𝑒𝑑 𝑓𝑜𝑟 𝑖
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑎𝑡𝑠
𝑐𝑜𝑛𝑠𝑖𝑑𝑒𝑟𝑒𝑑 𝑓𝑜𝑟 𝑗

We apply the STPA on the polymerization batch reactor, it
has one control loop and has two different feed (Fmon , Fini ).

Fig. 4. Polymerization Batch Reactor

TC

TCV

Fint

(1)

TT 21

Reactor

Fmon
Fig. 5. Control structure of the process
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The first step is to identify the accidents that can happen in
the plant. In this case one of them is explosion. After that
hazards leading to that accident are identified, in this example,
the hazards taken into account are high temperature and high
pressure in the vaporizer as shown in Table 1.
If four UCAs (Provided, Not Provided, LESS, MORE) are
applied to each control action, it would result (according to
equation (1) STS = 4 × 4 × 4 = 43 = 64 rows in the STPA
table.

words, STPA analysis results not only in the detection of
hazardous situations but also in the solution. In this case, it can
be easily seen that all of those scenarios (ID 11, 27,...,59)
corresponds to no flow in 𝐹𝑖𝑛𝑖 and 𝐹𝑚𝑜𝑛 lines. I mean, that the
solution (to force a safe scenario when cooling water valve is
not open) would be to close reactive flows.

From STPA analysis, as shown in table 2, not all the cases
have to be hazards. For example, there are different scenarios
(ID 11, 27, 35, 39, 41, 42, 43, 44, 45, 46, 47, 48 and 59) in
which NO FLOW is not necessary hazardous. So, in other

TABLE II.
ID
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

TABLE I.
Accident
Explosion

IDENTIFICATION OF HAZARDS

Hazard
Temperature too
high
Pressure too high

Safety constraint
Temperature must never
violate maximum value
Pressure must never
violate maximum value

STPA HAZARD ANALYSIS TABLE OF THE POLYMERIZATION BATCH REACTOR

𝐹𝑖𝑛𝑖
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
Not provided
Not provided
Not provided
Not provided
Not provided
Not provided
Not provided
Not provided
Not provided
Not provided
Not provided
Not provided
Not provided
Not provided
Not provided

𝐹𝑚𝑜𝑛
+
+
+
+
Not provided
Not provided
Not provided
Not provided
Provided
Provided
Provided
Provided
+
+
+
+
Not provided
Not provided
Not provided
Not provided
Provided
Provided
Provided
Provided
+
+
+
+
Not provided
Not provided
Not provided
Not provided
Provided
Provided
Provided

Open TCV1
+
Not provided
Provided
+
Not provided
Provided
+
Not provided
Provided
+
Not provided
provided
+
Not provided
Provided
+
Not provided
Provided
+
Not provided
Provided
+
Not provided
Provided
+
Not provided
Provided
+
Not provided
Provided
+
Not provided
Provided
+
Not provided

Hazards?
Yes
Yes
Yes
Yes
No
Yes
Yes
No
No
No
No
No
No
Yes
Yes
Yes
No
Yes
Yes
No
No
Yes
Yes
No
No
No
No
No
No
Yes
Yes
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
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48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

Not provided
Provided
Provided
Provided
Provided
Provided
Provided
Provided
Provided
Provided
Provided
Provided
Provided
Provided
Provided
Provided
Provided

Provided
+
+
+
+
Not provided
Not provided
Not provided
Not provided
Provided
Provided
Provided
Provided

C. Results
STPA analysis results not only in the detection of hazardous
situations but also in the solution. In this case, it can be easily
seen that all of those scenarios (colored on green) corresponds
to no flow in Fini and Fmon lines. I mean, that the solution (to
force a safe scenario when cooling water valve is not open)
would be to close reactive flows.
When comparing STPA features with HAZOP-SIL we can
find that STPA does (and HAZOP-SIL doesn‘t):

[1]
[2]

[3]

 Include systemic factors

 Fill the design operation gap: avoid higher risk states

[4]

[5]

V. CONCLUSION
In this paper, we have presented a system based theory that
can deal with systemic failures when analyzing a system.
STPA has been applied to the lowest level of a chemical
process. The methodology has been applied on a chemical
process showing that it can provide the same safety
recommendations as other techniques (as HAZOP) but also
considering other factors out of the scope of those techniques.
The case study shows how STPA could replace or at least
complement HAZOP as the hazard analysis technique for
chemical and oil & gas industries. Although the differences
between both techniques are not very important in the lowest
level, the great advantage of using STPA lies in its systemic
nature and its application to the whole socio-technical
hierarchy. Another advantage of STPA is that it can give a
potential recommendation to eliminate hazards using the same
analysis (the closest with less change in variables- safe scenario
shown in the table).

No
No
Yes
Yes
Yes
No
Yes
Yes
No
No
No
No
No
No
Yes
Yes
No
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Abstract

In this paper, we address the problem of actuator fault detection and estimation
for continuous linear time-invariant system in the presence of external disturbances. We design
a robust fault estimation technique for arbitrary time-varying faults based on an adaptive
observer with enhanced speed of adaptation. The robust adaptive observer is designed under
less restrictive conditions than those of the conventional unknown input observer (UIO). The
construction of the observer is carried out through a transformation of the plant model into
its special coordinate basis (SCB) form. This transformation allows a decoupling of the fault
estimates from the disturbances. Thanks to this decoupling, the standard adaptive observer is
slightly modified to achieve faster and exact fault estimation in presence of disturbances and
plant-model uncertainties. Simulation experiments are presented to illustrate the effectiveness of
the proposed adaptive scheme.

Keywords: Fault estimation, actuator fault, robust residuals, adaptive observer, uncertain
systems.

I. INTRODUCTION
With nowadays high-level automation integration in
industrial systems, plants with their instrumentation sensors, actuators- become more prone to failures. Such
failures might have drastic consequences on plant operation such as closed-loop performance degradation or
even instability with a serious impact on human safety
and the environment. It becomes therefore mandatory to
increase significantly the reliability of automated systems with devices capable of a continuous monitoring
of the plant states. For economic and hardware weight
reasons, an efficient realization of such devices tends to
be algorithmic-based systems which can be easily implemented on existing control process computers. The
impetus to this algorithmic-based approach for process
monitoring begun in the early seventies [2] and is now
known as the analytical approach to fault detection and
isolation (FDI). The core of this approach is based on a
mathematical model of the controlled plant which allows
faults characterization in plant-components from a comparison of the signals generated by this plant-model with
the available actual plant-measurements. A key problem
with analytical models is that the real plants are subject to
unknown disturbances and models are never perfect and
may be imprecisely know. These uncertainties should be

taken into account at the outset for the design of FDI algorithms. Fortunately, some unmeasurable perturbations
can often be incorporated in plant models by viewing
them as unknown inputs. Hence, when the unknown inputs are certain causes such as faults in actuators or other
plant-components, thanks to the above view, unknown input estimation may be carried out directly for the purpose
of fault detection and isolation. This problem of direct
fault estimation when the plant is subject to uncertainties
and disturbances is the main purpose of this paper.
Amongst many methods and techniques for fault detection and estimation which have been developed over
the past several years, the unknown input observer (UIO)
is one of the most attractive techniques [5, 7, 17, 19]; see
e.g. [5, chapter 3] for a comprehensive coverage of the
UIO within the FDI framework. Recall that an UIO is
a state estimator which is de-coupled from the unknown
inputs as e.g. disturbances, faults, unmodelled dynamics,
etc..., that might be acting on the plant. For uncertain
systems, FDI based on unknown input observers which
are sensitive to faults but insensitive to model uncertainties and/or unknown disturbances have been proposed
in [9, 10, 15, 4, 5]. In reference [6], the authors proposed an input estimator in a more general setting not
directly related to the FDI problem, however their tech-
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nique can be viewed as an approach for fault estimation,
albeit no distinction is made between disturbances and
fault signals. The main drawback of the technique is that
the existence of the proposed estimator depends on very
strict conditions and moreover it cannot achieve exact
asymptotic estimation of the unknown inputs but only
asymptotic estimation of the unknown inputs to some
degree of accuracy. Thanks to the advances in adaptive
observer theory [13], the authors in reference [18] proposed a Luenberger-type adaptive observer to simultaneously estimate the state and the unknown fault. The
fault was viewed as the adjustable (unknown) parameter of the observer and the adaptive law for updating
the fault estimation was chosen judiciously in order to
ensure stability and convergence of the fault estimation
algorithm. However, an adaptive observer based on the
nominal plant-model might have some troubles in estimating faults when the real plant is uncertain and subject
to disturbances. In order to cope with this issue related to
plant uncertainties/disturbances, references [22, 21, 20]
presented a nice solution with a fault diagnosis observer
able to produce residuals which are insensitive to the disturbances. However, the underlying technique can only
deal with constant or slowly time-varying unknown inputs which are quite restrictive as classes of unknown
inputs, particularly in the context of system fault diagnosis. In this paper, we strongly rely on the above mentioned results to construct a robust adaptive observer able
to estimate arbitrary time-varying actuator faults with
enhanced estimation speed despite the presence of disturbances and plant uncertainties. It is worth noting that
our work has some connections with the work from [23],
however in this latter reference the robustness problem is
not addressed and furthermore, as mentioned next in our
contribution, we derive stronger results with generalized
adaptation mechanisms for fault estimation under relaxed
existence conditions.
The main contribution of this paper is twofold: first,
the class of actuator faults, viewed as unknown inputs,
is enlarged to that of arbitrary time-varying unknown
inputs and the derived estimation technique can achieve
exact tracking of the unknown fault. Second, the adaptive
law synthesis for fault estimation is presented from a new
and different angle of view, i.e. as a filtering process in
which the fault estimate is the output of a filter driven
by the residuals. The reward of this new viewpoint is
consequential in that it allows for a straightforward proof
of the closed-loop stability and the convergence of the
adaptation mechanism through a passivity property and
as a byproduct it yields, without any additional effort,
a general adaptive law to simultaneously achieve stability, convergence and enhanced speed for fault estimation
mechanisms. In addition to the above points, the proposed robust estimator is designed under less restrictive
existence conditions, as compared to those of the standard UIO [5]. These conditions result directly from the
structural invariant properties of the plant.
The paper is organized as follows. In section II, we
recall some preliminary materials on the adaptive diagnostic observer. In section III, we state our problem and
delineate a path to its solution. Section IV collects some
of the main properties of the special coordinate basis

transformation which is used in section V to establish
the algorithm used in the design of the robust adaptive
observer. A real-world example is presented in section
VI to illustrate the effectiveness of the robust adaptive
observer algorithm, with conclusions following in section
VII.
II. PRELIMINARY MATERIALS
Let the centralized model for the overall system
be represented as a discrete, linear time-invariant (LTI)
model has the form
II.1 Plant description
We consider a nominal plant subject to actuator faults
and represented by the following linear time-invariant
model :

ẋ(t) = Ax(t) + Bu(t) + E fa (t)
S≡
(1)
y(t) = Cx(t)
where x(t) ∈ ℜn , u(t) ∈ ℜm and y(t) ∈ ℜ p are the state,
control input and output vector respectively and fa (t) ∈
ℜh represents the actuator faults. The matrices A, B and
C are known constant matrices of appropriate dimensions
and E denotes the distribution matrix for actuator faults.
Furthermore, we assume that E is of full column rank
and the pair (A,C) is observable. Note that full rank
assumption on E is necessary for estimation of fa (t). The
failures fa (t) are viewed as additive signals in the plant
model (1) when they occur. This can be written explicitly
using the indicator function χ as

0,t 6 t f
fa (t) = χ(t − t f ) f (t)
with χ(t − t f ) =
1,t > t f
where t f is the time of fault occurrence and f (t) the fault
signal.
II.2 The adaptive diagnostic observer
Using the plant model (1), the standard adaptive diagnostic observer proposed in [18] is written slightly
modified as
˙ = Ax̂(t) + Bu(t) + E fˆ(t) + K(y(t) − ŷ(t))
x̂(t)
(2)
ŷ(t) = Cx̂(t)
where fˆ(t) ∈ ℜh is an estimate (to be determined) of the
actuator fault f (t). From the observability assumption of
the pair (A,C), the observer gain matrix K can be selected
such that (A − KC) is stable. Set
x̃(t) = x(t) − x̂(t), ỹ(t) = y(t) − ŷ(t), f˜(t) = f (t) − fˆ(t)
(3)
then the error dynamics is given by
x̃˙(t) = (A − KC)x̃(t) + E f˜(t)
(4)
ỹ(t) = Cx̃(t)
We quote the following proposition from [18] for computing the fault estimate.
Proposition 1. If there exist symmetric positive definite
(SPD) matrices P,Q ∈ ℜn×n and two matrices K∈ ℜn×p
and F∈ ℜh×p such that the following conditions hold
P(A − KC) + (A − KC)T P = −Q,
E T P = FC

(5)

International Conference on Technological Advances in Electrical Engineering (ICTAEE’16.), October 2016
then the adaptive observer given by

˙ = Ax̂(t) + Bu(t) + E fˆ(t) + K y(t) − ŷ(t)
x̂(t)
ŷ(t) = Cx̂(t)
with adaptation law
f˙ˆ(t) = −β F(y(t) − ŷ(t))
viz
fˆ(t) = −β F

Z t

(y(τ) − ŷ(τ))dτ

(6)

(7)
(8)

tf

achieves limt→∞ x̃(t) = 0 and limt→∞ f˜(t) = 0, where the
SPD matrix β ∈ ℜh×h is used to prespecify a “learning
rate” for (7).
Note that the above standard adaptive diagnostic observer is derived on the basis of the nominal plant model
(1) subject to actuator faults. This adaptive observer will
get into trouble in case the plant experiences input disturbances and model uncertainties. Note also that the
actuator fault estimate may be seen as the output of an
integrator. Due to the low-pass filtering property of integrators, it is clear that such estimation scheme will be
able only to deal with constant or very slow time-varying
fault.
III. PROBLEM STATEMENT
Consider the plant subject to actuator faults and uncertainties. These uncertainties might be possibly external
disturbances acting on the plant and/or dynamics uncertainties due to modelling errors. All these uncertainties
can be summarized as unknown inputs acting on the
plant. Thus, the plant is described with the following
model

ẋ(t) = Ax(t) + Bu(t) + E fa (t) + Gd(t)
(9)
y(t) = Cx(t)
where x(t) ∈ ℜn is the state, u(t) ∈ ℜm is the control
input, y(t) ∈ ℜ p is the output. The matrices A, B,C are
the nominal plant matrices. As previously defined in the
last section, signal fa (t) ∈ ℜh with h ≤ p, represents the
vector of actuator faults and E denotes their distribution
matrix. Vector d(t) ∈ ℜq denotes all the unknown inputs
and G∈ ℜn×q is the distribution matrix for the unknown
input signal. It is worth noting that both model uncertainties and input disturbances have been grouped together
in the additive unknown input d(t) and act on the plant
dynamics through the Gd term in the above formulation.
The above representation obtained by transforming at
the outset model uncertainties into unknown inputs is a
standard practice for tackling the robustness issue with
UIO’s in the FDI framework [5, 8, 15]. Throughout, it
is assumed that the matrix G is perfectly known and full
rank. The issue we address is:
How to design an adaptive observer to estimate arbitrary time-varying actuator faults
despite model-uncertainties and unknown
input disturbances?
In order to solve this problem, our road map will be
the following. First, we need to design a disturbancedecoupling residual in order that the observer fault estimation error be independent from the uncertainties and
disturbances. Second, if this decoupling is feasible, the
estimation updating mechanism should be devised as a

function of the residual signal, and this function should
take the form of a dynamical filter.
To proceed with these requirements, we consider an
adaptive observer for simultaneous residual generation
and fault estimation having the following structure
˙ = Ax̂(t) + Bu(t) + E fˆ(t) + K(y(t) − ŷ(t))
x̂(t)
ŷ(t) = Cx̂(t)
r(t) = W (y − ŷ(t))
fˆ(t) = g(t) ∗ r(t)

(10)

where x̂ is the state estimation, fˆ is the fault estimation of
the real fault f and g ∗ r is the convolution of the residual
r with the impulse response g of some linear filter to
be designed. In order to increase the degree of design
freedom, the residual r is defined as a “post-filtering”
of the output estimation error by a constant matrix W .
Substracting the real dynamics (9) with that provided by
the observer (10) gives the following errors dynamics
x̃˙(t) = (A − KC)x̃(t) + E f˜(t) + Gd(t)
(11)
ỹ(t) = Cx̃(t)
It is clearly seen that the errors dynamics is corrupted
by the uncertainties and unknown disturbances d(t). The
residual vector can be written as
r(t) = W ỹ(t) = WCx̃(t)
(12)
This yields the relationship between residual and faults
signal and unknown inputs which we write in transfer
operator form
(13)
r(s) = Grd (s)d(s) + Gr fa (s) f˜(s)
with Grd (s) = WC(sI − A + KC)−1 G the transfer from
disturbance to residual and,Gr fa (s) = WC(sI −A+KC)−1 E
the transfer from actuator fault to residual. In the light of
the above adaptive observer structure, the tasks to be done
are to find
(1) suitable matrices K and W such that A − KC is
Hurwitz and, independently of the unknown inputs
d, the residual r should be zero (or close to zero) in
the absence of faults and different from zero in case
of fault occurence
(2) an “adaptive law” for continuously updating fˆ,
where fˆ is seen as the output of a to-be-designed
filter g(t) which ensures convergence and speed of
the fault estimation.
In the two next sections, we present an algorithm based
on the special coordinate basis (SCB) transformation to
select K and W such that
r(t) = 0, t ≤ t f ∀d and when there is no fault
(14)
r(t) 6= 0, t > 0 when some fault occurs
and the adaptive law devised for updating the fault estimate.
IV. SCB TRANSFORMATION FOR ROBUST
RESIDUAL GENERATION
The so-called structural decomposition basis (SCB)
allows an equivalent representation of a dynamical system [16], [14, Chap. 3] and it has emerged as a key tool
for many aspects of system analysis and design. Furthermore, there is now available toolkits with algorithms for
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computing SCB 1 [11]. Roughly speaking, this representation provides deep insight into the internal structure
of systems by revealing their distinctive parts which are
directly associated with their zero dynamics as well as
their left and right invertible dynamics. Here, we summarize the structural decomposition of a linear system in
the following main theorem and gives some of its key
properties [14, Chapter 3].
Theorem 1. For any given linear system described by the
following equations

ẋ(t) = Ax(t) + Gd(t)
Σ≡
(15)
y(t) = Cx(t) + Dd(t)
with D = [0 p×q ]
there exists
+
(1) coordinate free nonnegative integers n−
a m, na , nb , nc ,
d
nd , md ≤p and qi , i = 1, 2, ...md , nd = ∑i=1 qi
(2) nonsingular state, output and input transformation
Γ1 , Γ2 and Γ3 which take the given Σ into a special
coordinate basis (SCB) that displays explicitly both
the finite and infinite zero structures of Σ. The SCB
is described by the following set of equations :
−1
−1
¯
x̄ = Γ−1
1 x, ȳ = Γ2 y, d = Γ3 d

x̄ = [(xa− )T , (xa+ )T , xbT , xcT , xdT ]T , ȳ = [(yd )T , (yb )T ]T ,
d¯ = [(dd )T , (db )T ]T

¯
x̄˙(t) = Āx̄(t) + Ḡd(t)
(16)
Σ̄ ≡
ȳ(t) = C̄x̄(t)
where Ā, Ḡ, C̄ are given by
Ā := Γ−1
1 AΓ1
A−
aa 0

0
A+
aa


0
0
=
−
+
 Gc Eca
Gc Eca
−
Gd Ea Gd Ea+


−
−
Lab
Cb 0 Lad
Cd
+
+
Lab
Cb 0 Lad
Cd 

Abb
0 Lbd Cd 
 (17)
LcbCb Acc Lcd Cd 
Gd Eb Gd Ec Ad


0 0
 0 0 


Ḡ := Γ−1
GΓ
(18)
 0 0 
3
1
 0 G 
c
Gd 0


0 0 0 0 Cd
−1
(19)
C̄ := Γ2 GΓ1
0 0 Cb 0 0
Some of the key properties revealed by the system SCB
form, which are of interest to us, are listed below
Property 1:
System Σ is right invertible if and only if xb and hence yb
do not exist, i.e., nb is equal to zero; it is left invertible if
and only if xc and hence dc do not exist, i.e., nc is equal
to zero.
Property 2:
+
− +
na = n−
a + na , where na , na are the number of stable and
unstable transmission zeros of system Σ respectively.
Property 3:
md
nd is the number of infinite zeros with nd = ∑i=1
qi , where
qi is number of infinite zeros of order i and md is the
highest order of an infinite zero, also it is the row number
of Cd .
Property 4:


1

the toolkit is available at the web site http ://linearsystemskit.net

n = na + nb + nc + nd
Property 5:
(Abb ,Cb ) forms an observable pair.
The following proposition which is the basis for realizing
the disturbance decoupling residual (DDR) is from [22]
and the proof is sketched for the reader to get some
insight into the DDR algorithm.
Proposition 2. [22] There exists matrices K and W such
that the observer given in equation (10) satisfies the disturbance decoupling property, with A − KC being Hurwitz, if and only if the pair (A,C) is detectable and system
(A, G,C) is not right invertible.
Proof : Assume (A, G,C) is transformed in SCB form.
From the requirement of disturbance decoupling residual,
the transfer from disturbance to residual
Grd (s) = WC(sI − A + KC)−1 G
(20)
must be equal to zero and this can be achieved if and only
if WC has the form
−
WC = Wc = [Wca
0 Wcb 0 0]
(21)
where Wcb has nb columns. Thanks to the SCB form of
matrix C, partition W as W = [W1 W2 ] where W1 and W2
have compatible dimensions with C then
WC = [0 0 W2Cb 0 W1Cd ]
(22)
Comparing (21) and (22) implies that W1Cd must be zero.
The term W2Cb would be nonzero if and only if nb 6= 0.
In this case, we can therefore find a matrix W such that
WC 6= 0 to satisfy the requirement Grd (s) = 0 and a
matrix K to ensure stability of (A − KC).
V. ROBUST ADAPTIVE FAULT ESTIMATION
DESIGN WITH ENHANCED ADAPTATION
SPEED
In the observer (10), the unknown parameter representing the actuator fault is replaced by its estimate. Then,
by means of the updating law, the parameter should be
quickly adjusted in real time such that its value converges
to the real value in the plant. Since we assume that the
fault might be a possible arbitrary time-varying signal,
the adaptive law should be such that the fault estimate
tracks closely the real value of the fault signal.
Note that the adjustment law in the standard adaptive
observer (6)-(7)-(8) is such that the fault estimate is the
output of an integrator whose input is the output estimation error ye. There are, surely, many other alternatives for
choosing the adaptation mechanism. It might be expected
that faster adaptation rule can be achieved with filter
having proportional and integral terms. This means that
the updating law may have the form of a filtering process
fˆ(t) = {g(t) ∗ F ye(t)}
(23)
with
g(t) = −(β1 δ (t) + β2 1(t))
(24)
where F is a matrix to be determined, g the impulse
response of the filter and β1 , β2 are filter tuning matrix
parameters (of dimension h × h ) which are assumed to
be positive definite matrices. The symbols δ (t) and 1(t)
denotes the Dirac impulse and the Heaviside function
respectively.
Let us disregard, for the moment, the unknown disturbance d and assume that F is computed as in proposition
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1. Then, from the Kalman-Yakubovitch-Popov lemma
[1], the error-dynamics system with output ỹF defined by
x̃˙(t) = (A − KC)x̃(t) + E f˜(t)
(25)
ỹF (t) = FCx̃(t)
(26)
is strictly positive real (SPR). Now, consider the adjusting
law (23) in connection with the error dynamics system
(25)-(26) as depicted in Figure.

We claim the following result.
Proposition 3. Assume that matrix F is computed from
conditions (5) of proposition 1 . Then, under the positive
definiteness of matrices β1 and β2 , the closed-loop system (25)-(26)-(23)-(24) is asymptotically stable, that is,
limt→∞ ỹ = 0 and limt→∞ f˜ = 0.
Proposition 4. Assume that matrix F is computed from
conditions (5) of proposition 1 . Then, under the positive
definiteness of matrices β1 and β2 , the closed-loop system (25)-(26)-(23)-(24) is asymptotically stable, that is,
limt→∞ ỹ = 0 and limt→∞ f˜ = 0.
Proof. From the positive definiteness of matrices β1 and
β2 , it follows that the filter with impulse response g(t) is a
positive real system, that is, a passive system. Therefore,
the closed-loop (25)-(26)-(23)-(24) is a negative feedback
interconnection of a strictly passive system and a passive
one. The result follows as a direct application of the
passivity theorem for linear systems [1, Chapter 2].
Remark 1. A similar proportional and integral adaptation
law has been used in [23]. It was only shown there that the
adaptive observer achieves uniformly bounded estimation
errors ỹ and f˜ . Proposition 4 is a stronger result which
shows that proportional and integral adaptation laws really achieves exact asymptotic estimation of the fault.
Remark 2. Note that under the positive definiteness of
the filter matrix parameters β1 and β2 , the passive property of the filter g(t) is independent of the “magnitude”
of the elements of these matrices and, consequently the
asymptotic stability of the closed-loop system (25)-(26)(23)-(24) is always guaranteed. Therefore, with large
“magnitude” elements of the proportional term β1 , it
can be expected that quick or speedy adaptation can be
achieved.
It is clearly seen from proposition 4 that a more general
convergent adaptation scheme can be envisioned as a
filtering of the output-error ỹF , provided that the filter
is passive. An example of such a passive filter might be
a proportional-integral-and-derivative (PID) filter leading
to an updating law of the form

˙ + β2 yeF + β3 ye
¨
f˙ˆ = β1 ye
F
F
fˆ = β1 yeF + β2

Zt

˙
yeF (ξ ) dξ + β3 ye
F

(27)
(28)

tf

where β1 ,β2 and β3 are positive definite. This general
result is stated in the next proposition.
Proposition 5. Assume that matrix F is computed from
conditions (5) of proposition 1. Then any adaptation
law obtained as a filtering of the F-weighted outputestimation-error ỹF with a filter having a positive real
transfer matrix G(s) achieves exact asymptotic fault estimation. Furthermore, the closed-loop error-dynamics of
the adaptive observer is asymptotically stable.
Now, we are in a position to derive the robust adaptive fault estimation algorithm with enhanced adaptation
speed. We simply combine the disturbance decoupling
residual generation with an updating mechanism law of
PI or PID type. The algorithm proceeds through the following steps.
(1) STEP 1 - Compute K and W using “SCB transformation”.
Find nonsingular state, output and input transformation Γ1 , Γ2 and Γ3 which take the given
Σ = {A, G,C} into the form of (SCB) given by :
−1
−1
Ā := Γ−1
1 AΓ1 , Ḡ := Γ1 GΓ3 and C̄ := Γ2 GΓ1


Aaa LabCb 0 Lad Cd
Abb
0 Lbd Cd 
 0
Ā = 
,
Gc Eca LcbCb Acc Lcd Cd 
Gd Ea Gd Eb Gd Ec Ad


0 0


0 0 0 Cd
 0 0 
, C̄ =
(29)
Ḡ = 
0 Cb 0 0
0 Gc 
Gd 0
where the row dimension of Cd is md , and row
dimension of Cb is the maximum dimension of
residual, that is, mr = p − md
1-a) If nb = 0, stop
1-b) Otherwise continue
(a) Since (Abb ,Cb ) forms an observable pair, choose
a gain Kbb such that eigenvalue λ (Abb − KbbCb )
are placed at desired location in C−
(b) Define matrices A and C as
"
#
Aaa
0 Lad Cd
A = Gc Eca Acc Lcd Cd
(30)
Gd Ea Gd Ec Ad
C = [0 0 Cd ]
(31)
As the pair (A,C) is detectable, (A , C ) is
also detectable. Choose a gain K such that
eigenvalues λ (A − K C ) are assigned at desired location in C− . Partition K as K =
[KaT KcT KdT ] and form the matrix K̄ as


Ka Lab
L K 
K̄ =  bd bb 
(32)
Kc Lcb
Kd 0
Select matrix W̄ = [Wd Wb ] such that Wd Cd =
0, and Wb is any nonsingular matrix with compatible dimension with Cb such that WbCb 6= 0 .
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Note that we can choose Wb =Imr . Finally, compute the desired K and W as
−1
(33)
K = Γ1 K̄Γ−1
2 , W = W̄ Γ2
(2) STEP 2 - Compute fˆ using the estimation law (23)
where g(t) is the impulse response of a passive filter
(e.g., PI or PID-type filter)
(a) Matrix F is computed from conditions (5)
(b) The updating fault estimation mechanism is
derived from
fˆ(t) = {g(t) ∗ Fr (t)}
where F = [F̄
∗] and F̄ has compatible
dimension with W and r(t) = W ye(t)
Remark 3. Note that, apart from the existence of matrix
F imposed by conditions (5), the algorithm is conditioned
to the non right invertibility of the triplet (A, G,C) which
is the condition nb 6= 0.
Remark 4. In step 1 of the above algorithm, the complete structural decomposition yielding the Γ0 s-matrices
as well as the transformed matrices Ā, Ḡ, C̄ and the integers md , nb is entirely performed by the linear systems
toolkit [3, Chapter 12] (also available at:
http://linearsystemskit.net/). The use of
this software is quite transparent, the user just needs to
enter as input data to the toolkit the original (A, G,C, D)matrices of the plant. The software outputs all the needed
parameters and characteristics of the structural decomposition of the plant.

VI. ILLUSTRATIVE EXAMPLE
In this example, the algorithm is applied to implement
a robust adaptive fault estimation with enhanced speed
using a PI-type filter for the updating estimation mechanism.
VI.1 Example
Consider the following continuous linear systems with
unknown inputs. The plant is a double-effect pilot evaporator [20] subject to an actuator fault in its first input
channel.
VI.2 Nominal (non faulty) case


ẋ(t) = Ax(t) + Bu(t) + Gd(t)
(34)
y(t) = Cx(t)
where the matrices A, B, G,C are given by


0
0
−0.0034 0
0
 0 −0.041 0.0013 0
0 


0
−1.1471 0
0 ,
A=0
0
0
−0.0036 0
0 
0 0.094 0.0057 0 −0.051




−1
0
0
0
1
 0
0.062 −0.132 
0 −0 




0 0.948  G =  0 −7.189 
B =  −0
 0.916 −1 0 
 0
0 
−0.598 0
0
0
0
,
"
#
10000
C= 0 0 1 0 0
00010
S≡

This plant has three inputs and three outputs and we
assume that a fault occurs in the first input channel with
a distribution matrix given by


−1
 0 


E = 0 
 0.916 
−0.598
There are three independent output measurements and
one fault. Then, it is possible to estimate the actuator
fault because rank(C) > rank(E). The standard UIObased models in reference [5, 7] are not applicable for this
plant with regard to the decoupling of the unknown input
disturbances, because rank(CG) < rank(G) (i.e, 1 < 2).
The test for disturbance decoupling using SCB transformation produces nb = 2 and the pair (A,C) is detectable.
Therefore, this system satisfies the existence conditions
of our algorithm. From the SCB transformation, we get
Abb , Cb , Ad and Cd as




−1.1715 0
1 0
Abb =
,Cb =
−0.0036 0
0 1
and
Ad = 0.0244,
Cd = 1
The row dimension of Cd is md = 1. Then, the maximum
dimension of the residual vector is
mr = p − md = 3 − 1 = 2. The matrices K and W are
designed as


0.8500
0
0



−6.5395
0.0009 0 
7.189 1 0


K =  19.05092.32850
 ,W =
0 0 1

0
−0.0036 10 
0.7593
0.0057 0
and
F̄ = [−205.3002 0.2605]
and the corresponding PI parameters are given by
β1 = −0.0016, β2 = −0.01
Figures 1, 2 and 3 show the fault estimation results (the
actuator fault estimate is shown in solid line). It can be
illustrated that the proposed robust adaptive fault algorithm provides us with the capacity to estimate exactly
and quickly actuator fault, and in addition it gives us the
actual shape of the particular fault, even though the disturbance is present in the system. Also, from the above
simulation results, it can be concluded that for constant
and time varying faults, the robust adaptive fault estimator can enhance and provides much better performances
compared with the robust estimator approach given in
[20] on the same double-effect pilot evaporator example.
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proportional term. The application of this approach to a
double-effect pilot evaporator model has been performed
to validate the effectiveness of the designed robust adaptive observer.
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Fig. 1. Robust adaptive fault estimation result by proposed algorithm: estimation of constant fault.
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Fig. 2. Robust adaptive fault estimation result by proposed algorithm: estimation of drift fault.
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Fig. 3. Robust adaptive fault estimation result by proposed algorithm: estimation of time-varying fault.
VII. CONCLUSION
In this paper, a robust adaptive observer for deterministic and uncertain systems has been designed using
a disturbance decoupling residual generator combined
with a fairly generalized adaptation mechanism for actuator fault estimation. The adaptive observer is a full
Luenberger-type observer and the adaptation mechanism
is viewed as an error filter which can be any dynamical
filter provided it has positive real properties. It is shown
that the algorithm assures a perfect disturbance decoupling residual generation, an asymptotic exact estimation
and may improve drastically the estimation speed through
particular structures of the filter, as e.g., filters with a
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Robust Decentralized Control for a Quadrotor Attitude
Y. DEIA1, M. Kidouche1, A. AHRICHE1,2 and O. LAMRAOUI1
Abstract – This paper presents a Chattering Free Robust Decentralized Control for Stabilization
and tracking of an Unmanned Aerial vehicle (UAV) attitude of type Quadrotor. The main objective
of this work is to reduce the chattering phenomenon without losing the sliding mode robustness.
To achieve our purpose we have decompose the system to many sub-systems then the
discontinuous part of the control signal is replaced by continuous one, Finally the simulation
results indicate that the control performance for the system stabilization and tracking are
satisfactory and the proposed Chattering Free Robust Decentralized Control can achieve
favorable performances.
Keywords: decentralized control, Sliding Mode control, Chattering, Quadrotor, Attitude
Stabilization.

I.

Introduction

The utilization of unmanned aerial vehicle (UAV) has
prompted attention in a variety of military and civil
applications. The UAVs have shown applications in
different areas including search and rescue (SAR),
meteorological studies, infrastructure inspection, homeland security and traffic surveillance.
Rotating wing (or helicopter) UAVs have the
advantage above fixed wing UAV that they are able to
perform vertical take-off and landing (VTOL), and
hovering at a fixed point. One very successful design for
smaller UAV is a helicopter with four horizontal rotors
with no tailrotor, or called Quadrotor.
Many methods have been proposed to control a
Quadrotor vehicle, such as linear quadratic regulator
(LQR) control [1], proportional-integral-derivative (PID)
control [2], sliding mode control [3], fuzzy logic (FL)
control [4], backstepping control [5] and the adaptive
control [6].
In this paper, a Chattering Free Robust Decentralized
Control technique has been successfully used for the
stabilization and the tracking of a Quadrotor UAV
attitude. The choice of sliding mode control scheme is
due to there is a significant number of works on this
nonlinear control approach, because its robustness
against the incertitude and external perturbation.
However, this controller has a major problem, the
chattering phenomena. The main object of the proposed
control strategy is to eliminate this problem.
This work is organized in five section, in the next
section, the mathematical model of the Quadrotor is
introduced. Then the proposed control design are
developed in section three, in section four, the Simulation
results has been shown. And finally a short conclusion
are presented in the last section.

II.

System Modeling

The Quadrotor UAV is illustrated in Fig. 1.

Fig.1 Quadrotor UAV

The model developed in this paper assumes the
following [7]:
 The structure is supposed rigid.
 The structure is supposed symmetrical.
 The center of gravity and the body fixe d
frame origin are assumed to coincide.
 The propellers are supposed rigid.
 Thrust and drag are proportional to the square
of propeller’s speed.
Let us consider an earth-fixed frame E and a
body-fixed frame B as seen in Fig. 2.
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Ka= diag  K ax ,  K ay ,  K az : are the aerodynamics
coefficients.
  (   )T : is the angular speed matrix.
By the projection in the three axes OX, OY and OZ
we obtained the equations of motion of the Quadrotor:

B

1
[ . .( Jz  Jy )  d .( F3  F1 )  Kax ²  Jr.. ]
Jx
1
  [ . .( Jz  Jx)  d .( F4  F2 )  K ay ²  Jr.. ]
Jx
1
  [ .( Jx  Jy )  K d .( w2  w2  w2  w2 )  Kay. ²]
1
2
3
4
Jz



E

Fig.2 frame system for the Quadrotor modeling

The dynamic equations describing the Quadrotor are
obtained from the Newton-Euler Formalism

 d (mV )
 dt 

 d ( JΩ) 
 dt

 Γi

x  (c s  s  s c  ).K p ( w2  w2  w2  w2 )  Ktx x  / m
1
2
3
4


2
2
2
2
y  (s s  c  s  c ).K p ( w1  w2  w3  w4 )  Kty y  / m


z  ( c c  ).K p w12  w22  w32  w42  Ktz z  mg  / m





 Fi
(1)

with:
 w2 
1
 U1   Kp Kp Kp Kp   
U    Kp 0 Kp 0   w2 
 2  
. 2
U3   0  Kp 0 Kp   2 
  
 w3
U 4   Kd  Kd Kd  Kd   2 
w 
 4

c s s  s c c s c s s  

s s s  c c s s c c s 

c s 
c c 


with: c=cos,s=sin.

(5)

Ux  cos sin  sin  sin cos 

The forces and the moments applied to the Quadrotor
are given by:
 The forces:
Ft: Thrust Force Ft=Kt.w²
Fd: Drag Force Fd=-Kd.V
P: Weight Force P=m.g



J=diag(Jx,Jy,Jz): inertia matrix of the quadrotor

The Euler rotation matrix is:

 c c

R( ,  , )   c s
  s


(4)

(2)

Uy  sin sin  cos   cos sin 

where the three first equations in (4) are the rotation
dynamic and the others are the translation dynamic.
In this paper we consider the first three equations
(attitude angles) and we pose:
X  (

where Kt, Kd are the thrust coefficient and the drag force
coefficient respectively, w is the rotor angular speed and

 

 

 )T

It yields:

4

V=  wi2 .

x x
1
2

i 1

2
x  a .x .x  a .x  a .x ..  b .U 2
2
1 4 6
2 2
3 4
1

 The Moments:

 f  d .F : Body Moment (actuators action).

x x
3
4

 a  K a .² : Body aerodynamic Moment.

x

gs : Body gyro effect.

(3)

gh    J : Propeller gyro effect.
where:
d: is the horizontal distance: from propeller center to
Quadrotor gravity center and F is the force,

4

2
 a .x .x  a .x  a .x ..  b .U 3
4 2 6
5 4
6 2
2

x x
5
6
2
x  a .x .x  a .x  b .U 4
6
7 2 4
8 6
3

with:

(6)
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Jy  Jz
 Jr
 Kax
; a .
; a .
3
2
Jx
Jx
Jx
Jz  Jx
 Kay
 Jr
; a 
; a .
a 4. 
5
6
Jy
Jy
Jy
Jx  Jy
 Kaz
d
; a .
; b .
;
a7. 
8
1
Jz
Jz
Jx
1
d
; b .
.   w1  w2  w3  w4
b2. 
3
Jr
Jy

For the control laws synthesis the equation (7) become
[9]:

a1. 

x

x

x

III. Control Design
The main objective of this section is the synthesis of a
robust stabilizing control laws in term of orientation of
the three angles of the Quadrotor. The difficulty of
control is mainly due to its complex dynamics, nonlinear
and multi variable. To avoid this, the system has been
decomposed into three interconnected sub-systems every
sub-system has its own controller. That’s mean we used
the so-called Decentralized control [8].
The system described in (6) can be written after
decomposition as the following [9]:
x

11

x

x
x

x
x

x

12

21

2
 a .x  b .U11  a .x .  a .x .x
2 12
1
3 22
1 22 32

31
32

21

31

12

x

22

x

;x

;x

12

2
 a .x  b .U11  d1
2 12
1

22

2
 a .x  b .U 21  d 2
5 22
2

;x

32

32

where di is unknown disturbance in the ith sub-system.
Decentralized control mean there is no information
exchange between the controller and the others
controllers or the others sub-systems (using only a local
information).
All stabilizing controls are designed to ensure the
continuation of the desired trajectories following the
three angles (ϕ, θ, ψ).
The sliding variable is the tracking error ei = xi - xid
and the sliding surface is given by Slotine form [10]:

s ( x)  (

where:

 a .x  b .U 21  a .x .x
 a .x .
5 22
2
4 12 32
6 12

x

(8)

2
 a .x  b .U 31  d3
8 32
3

d
  ) r 1 e( x)
dx

Si  eij 1  i eij
22
2

22

x

(9)

where:   0 and r is the relative degree of the each subsystem, for this case we have r=2 and the surface for the
ith sub-system is given by:

12

x

11

eij  xij  xijd

(7)

ei j 1  eij

(10)

i =1:3 j=1, 2

that’s mean:

32

2
 a .x  b .U 31  a .x .x
8 32
3
7 12 22

The underlined parts represent the interconnections
between the sub-systems, in decentralized control
synthesis the interconnections are considered as an
unknown disturbances in the sub-systems and the
controllers have to compensate and reject this
disturbances.
The main advantage of the decentralized control is to
reduce the needs of materials which mean we can use a
cheap calculator for each controller (three in our case)
instead of using a big expensive high performance
calculator with large memory, thus reducing the cost of
construction.
In the system described in (7), every sub-system have
its own control signal Uij .
We take the output vector as:

Y  ( x11 x21 x31 )

S1  e12  1e11
S2  e22  2e21
S3  e32  3e31

(11)

The reached condition is defined by the direct
approach of Lyapunov as the following:
Let’s consider the candidate Lyapunov function given
by:

Vi ( Si ) 

1 2
Si
2

(12)

For assure the stability of the system by the Lyapunov
.

approach, V ( x)  Si Si must be a negative [11]: (the
reached condition)

Si Si < 0
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S1  x12  x12 d  1e11

(13)

S1  x12  x11d  1e11

(14)

S
f ( S ,  )  tanh( )



u

For assure the reaching condition we take [12]:

S1  K1sign(S1 )

+1

K1  0

(15)

-δ

where:

+δ

S

-1

-1 if Si < 0
sign(Si ) : 
+1 if Si > 0

Fig.4 the sign function.

(16)

Thus U11 , U21, and U31 become as the following:

Sign(S)

U11 

+1

..
1
[ a2 x122  x11d  1e11  K1 tanh( S1 )]
b1

..
1
[a5 x222  x21d  2 e21  K 2 tanh( S2 )]
b2
..
1
2
U 31  [ a8 x32
 x31d  3e31  K 3 tanh( S3 )]
b3

S

U 21 

-1

Fig.3 the sign function

In each controller, Ki must be chosen Large enough to
reject all the disturbances Di.
From equations (8.a), (14) and (15) we have:

S1   K1sign( S1 )  x12  x11d  1e11
S1   K1sign(S1 )  a2 x122  bU
1 11  x11d  1e11

IV. Simulation results
In this section, the performance of the proposed
approach is evaluated. The algorithm is executed in
MATLAB/SIMULINK simulation environment. The
model parameter values of the Quadrotor system are
adopted from [13] and listed in Table I.
TABLE I.
PARAMETERS OF THE QUADROTOR.

Then for the first controller we have:
..
1
U11  [ a2 x122  x11d  1e11  K1sign( S1 )]
b1

By the same way we obtained U11 we have U21, and
U31 as the following:

U11 

..
1
[ a2 x122  x11d  1e11  K1sign( S1 )]
b1

..
1
U 21  [a5 x222  x21d  2e21  K 2 sign( S 2 )]
b2
..
1
2
U 31  [ a8 x32
 x31d  3e31  K 3 sign( S3 )]
b3

(16)

(16)

In order to eliminate the chattering phenomena the
discontinuous sign function has been replaced by a
continuous one (tangent-hyperbolic) in each controller.
This function is a combination between the sign and
the saturation functions, this function is chosen in order
to reduce the chattering without losing the sliding mode
robustness.

Parameter
g
m
l
Ixx
Iyy
Izz
Kt
Kd

Description
Gravity
Mass
Distance
Roll inertia
Pitch inertia
Yaw inertia
Thrust factor
Drag factor

Value
9.81
0.5
0.2
4.85x10-3
4.85x10-3
8.81x10-3
2.92x10-6
1.12x10-7

Units
m/s2
kg
m
kg*m2
kg*m2
kg*m2
/
/

The control objectives are to reach and maintain
Quadrotor at a desired trajectory. The initial states for
this simulation are given by:

0 ,0 , 0   0.5,1, 1.5 .
The simulation results of the standard decentralized
sliding mode control are shown in fig.5 (a,b…) and the
results of the proposed control are illustrated in fig.6 and
fig.7 for the attitude stabilization and tracking
respectively.

S
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 The Proposed control design:
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Fig.5. simulation results for the standard sliding mode

Fig.6. simulation results for the proposed control design

The Fig.6 show the results of the standard sliding
mode, the figs 5.a 5.b and 5.c show the system outputs,
their convergence is achieved in finite time and with
acceptable accuracy, but in figs 5.d 5.e and 5.f, the
chattering phenomenon is clearly observed in the controls
signals U11, U21 and U31 with a large amplitude even the
angles reach their desire position, and that is strongly
undesirable because of the risk of system damage.

The Fig.6 show the results of the proposed
decentralized sliding mode control, the figs 6.a 6.b and
6.c show the simulation results of the system outputs.
Their convergence is achieved in finite time and with
acceptable accuracy (with almost no difference when we
compare it with the standard sliding mode fig.5 (a,b,c)).
In figs 5.d 5.e and 5.f, it is clearly observed that the
control signals U11, U21 and U31 are free of chattering and
that is very useful in this application.
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 The Proposed control design: (tracking)
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Conclusion

In this paper, the application of a free chattering robust
decentralized controller to stabilize and drive an attitude
of a Quadrotor UAV is successfully demonstrated. First,
the mathematical model of the Quadrotor is introduced.
Then, the system is decomposed and the standard and the
proposed decentralized sliding mode controllers methods
are developed, Simulation results show that the attitude
stabilization and tracking can be achieved by using the
proposed control system. And the chattering problem is
eliminated without losing the sliding mode robustness or
losing its accuracy which mean reduce the energy
consummation in the system (consumed by the control
signals) which are very important in this application.
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Abstract – The paper presents a robust multi-controllers design applied to the control of
classical, nonlinear, multivariable, unstable inverter pendulum systems. A brief overview of the
principle of multi-controllers approach of control and the process with a non-linear and a linear
mathematical modeling are presented. Here, we report on a novel type of fractional order
controllers FOPID (PIαD, PIαDλ) and PID conventional controller used in a multi-controller
approach to achieve a robust control. Two approximation methods have been used to approximate
the fractional order (Oustaloup recursive approximation method (ORA) and singularity function
method of Charef. The controller’s synthesis with the principle of approximation method has been
presented. Simulations results are presented here to show the efficiency of the proposed approach
with the settings parameters controller and the approximation order followed by a conclusion and
some perspectives for future work

Keywords: Modeling,, Multi-controller control design, Fractional order controller FOPID,
conventional PID controller, Approximation methods.

I. Introduction
Invariant linear model for a physical process can only
be an approximation. Indeed, the physical process
behavior has generally many non-linearity [1] that are not
taken into account in the modeling process. In the each
operating point (equilibrium point) of the physical
process we can develop a local linear model.
The inverted pendulum stabilization is one of
important problems in control theory and has been
studied excessively in control literatures [2, 3]. The
inverted pendulum is nonlinear, non minimum phase and
under actuated system which makes it a well established
benchmark problem that provides many challenging
problems to control design. Until recently, there are a lot
of literatures on the swing up, stabilization, and tracking
control of the traditional inverted pendulum, which can
be treated as a typical control problem to study various
modern control theories. In practice, stabilization and
tracking control is more useful for plenty of real time
applications.
There are several problems to be solved in the control
of inverted pendulum, such as swinging up and catching
the pendulum from its stable pending position to the
upright unstable position, and then balancing the
pendulum at the upright position during disturbances, and
further move the cart to a specified position on the rail
[4].

Due to the nature of this process, the multi-controller
control design can be applied perfectly to this process
considering that the operating point is the unique
parameter varying in time.
Invariant linear model for a physical process can only
be an approximation. Indeed, a physical process
generally has non-linearity’s that are not taken into
account in the modeling of the process. For some
operating points of the physical process a local linear
model can be determined. Two ways can be used to
derive these linear models the first is based on the priori
knowledge of the process and the second using
identification. We may then seek to enslave the whole
process in operational space using the local information
[5, 6].
The objectives of this work are to develop a control
structure in which control law is deduced from a set of
controllers that are working together. The controller’s
parameters are deduced from the local models of the
process. The purpose of the multi-controller command
[7] is to control the output of any process in space
operation using controls developed by different local
controllers. The diagram block of the multi-controllers
control approach is represented as follows:
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The nonlinear dynamic model of the process (inverted
pendulum) without movement in the horizontal direction
is given by the following equations:
x

θ t ; x
x

k

x

(3)
∙

- The controller’s structures.
- The switching type[8].
Different solutions are proposed such as:
- Fractional order PID controllers[9].
- Digital RST controller and Adaptive controllers[10].
- Frank or fuzzy switching[11].
- Direct or indirect approach to collaboration control
law[11].
In our work we have choose the use of an indirect
approach based on comparison between different local
controller like traditional PID, fractional order PI and
PID controllers and frank switching applied to inverter
pendulum system.

$

$

' (∙$ ∙ )*

(5)

With: θ : pendulum angle (rad); θ : pendulum velocity
(rad/s); m : pendulum mass; mc : cart mass; l : half
length of the pendulum; up: cart input force; g :
gravitational acceleration. Which is the state space
representation for the nonlinear model? To find the
structure of local parametric models around each
operating points, we applied the tangent linearization and
hence the linear local model is as follows [8]:

4

/

012

$.

,* -

#$/

032

∙ (5 (
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II. Process Modeling
The process consists of a inverter pendulum system
which is attached to a cart equipped with a motor that
drives it along a horizontal track. The schematic diagram
of inverted pendulum system is shown in figure 2. The
motor attached to the cart is used to adjust the position
and velocity of the cart and the track restricts the cart
movement in the horizontal direction. Encoders are
attached to the cart and the pivot in order to measure the
cart position and pendulum joint angle, respectively.

(4)

∙ ! " #$ ∙ %∙" ∙ ! " &

The multi-controller command is used to specify:

(1)
(2)

∙

l∙
k

Fig. 1. Multi-controller structure approach.
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The corresponding continuous linear model is as follows:
-

operating points, θs0=0 :
,* -

-

;.

(9)

# =.;>

operating points, θs0=π/3 and θs0=-π/3 respectively:
G@ s

G@ s

B. C

# >.D

(10)

III. Multi-controllers structure of control

Fig. 2. Inverted Pendulum.

The structure type of the local controllers is Fractional
order controller PIλDµ. In control theory, the general
conclusion about fractional control system is that it could
enlarge the stability region and robustness [12] moreover
it gives performance at least as good as its integer
counterpart. In the other hand another important
advantage is that fractional integrals or derivatives are
hereditary functional while the ordinary ones are point
functional. Here we should mention that for Fractional
order PID controllers, many contributions and studies are
presented in the past years [13], particularly in the tuning
rules [14, 15], approximation [16] and stability
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conditions [17, 22, 23]. In generally Fractional-order
calculus is an area of mathematics that deals with
derivatives and integrals from non-integer orders. In
other words, it is a generalization of the traditional
calculus that leads to similar concepts and tools, but with
a much wider applicability. In recent years, according to
the advances in the field of fractional calculus, there had
been a great interest to develop a new generation of PID
(PI) controllers, which is commonly known as the
fractional-order PID (FOPID) or PIλDµ controller. The
transfer function of a FOPID controller, which was
initially proposed by Podlubny[12, 18, 21], is given by :
,6 E

F *

H* ' HI

G *

*J

' HK EL , N, O P 0

(11)

Where Kp,KI, Kd∈ R and λ,µ∈ R+ are the tuning
parameters and the controller design problem is to
determine the suitable value of these unknown parameters
such that a predetermined set of control objectives is met
[16]. It should be noted that any conventional PID
controller is a particular case of the FOPID controller (9)
with λ=1 and µ=1. Many methods in literature has been
proposed for FOPID approximation [14]. In this work we
used Oustaloup recursive approximation method (ORA)
[19, 20] applied in FOPID controller. The fractionalorder differentiator pµ , µ∈R+ is approximated as:
R E

E3 , µ ∈ T

ώ ;
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ώ X]
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And we can write this function in the following form:
,U -

nop
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(18)

Where (N + 1) is the total number of singularities
which can be determined by the band frequencies of the
system. The last equation can be truncated to a finite
number N, and we obtained:
,U - v
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su8c
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e
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(19)

The poles and zeros of the singular function can be
obtained as follows:
E;

Ew ∙ √x; E

E; ∙ y ∙ x ; z

y ∙ E; ∙ y ∙ x (20)
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The transfer function of reference model is given by
the following function:
~( E

(15)
(16)

With ωh being the unit gain frequency and the central
frequency of a band of frequencies geometrically
distributed around it .That is,ωh √ωj ωa, where
ωj, ωa are the high and the low transitional frequencies.
The parameters used in the Oustaloup approximation are:
-

k
e
2l

c

y : is the approximation error (dB)

2

V ∏Z
$[#Z

, -

(12)

By a following rational function:
RU E

The second approximation Charef method [Zennir
2013], is based on approximation of fractional power
pole (PPF) represented by the following function :

With :

,( E
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* •

*
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•

λ ∙* λ8

(23)
(24)

With: R(p) is closes loop set.

IV. Simulation
The simulation is done in continuous time around the
following operating points θs0=0rad, θs0=π/3rad.
the parameters (Kp, Ki, Kd) of PID and FOPID are by
determined with λ=1 and µ=1. The close loop diagram
block of each local linear model is illustrated in the
following figure:

G(p) : Transfer function of local model of process.
N: Approximation order.
r1=-λ; r2=µ: Integration and derivative order
respectively.
ωl; ωh :low and high transitional frequency
ωu: Cutoff frequency.

Fig. 3. Diagram Block of FOPID controller.
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The process parameters are :
g=9.81 m/s2; mc=2.3 kg; m=0.2 kg; l=0.3.
The simulation parameters around the operating points
chosen are:
TABLE I.

PARAMETERS OF LOCAL CONTROLLER

FOPID (N=12,λ=µ=0.75)

PID conventional

kp1=211 ki1=181.66 kd1=2.33;
kp2=841.1835ki2=1047.72
kd2=6.42

θs =0
θs =π/3

TABLE II.

kp1; ki1; kd1.
kp2; ki2: kd2.

PARAMETERS OF CONTROLLER WITH CHAREF
METHOD.

Fig. 5. Control error between system and reference model (θs0=0).

.

FOPID ( error=1.2 dB )
θs =0
θs =π/3

kp1=211 KI=0.2572 kd1=2.33;
α=0.7

kp2=841.1835 KI=0.2572 kd2=6.42 α=0.7

Fig. 6. Control error between system and input signal (θs0=0)..

The simulation is organized as is:
-

Each PID applied to control the linear local model
around each operating points with and without noise.
Each FOPID applied to control the linear local model
around each operating points with and without noise.

The object of this simulation is to illustrate the
efficiency of the fractional order controller and the
stability of the closed loop control improves stability of
inverted pendulum, to compare between FOPID and PID
conventional controllers. The simulation around each
operating points are realized with reference signal r (t)
equal to:
r t

•

∙ sin 1 ∙ t

Fig. 7 Output system and reference model with noise (θs0=0).

(25)

The simulation results obtained with conventional PID
are illustrated in the followings figures:

Fig. 8. Control error between system and reference model (θs0=0).

Fig. 9. Control error between system and input signal (θs0=0)..
Fig.4. Output system and reference model (θs0=0).

The simulation results obtained with FOPID (Oust
loop approximation) are illustrated in the followings
figures:
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approximation method) are illustrated in the followings
figures:

Fig.10. Output system and reference model (θs0=0).
Fig. 17. Control error between output and input signal (FOPID).

Fig 11. Control error between system and reference model (θs0=0).
Fig. 18. Control error between system and reference model (θs0=0).

Fig. 13. Control error between system and input signal (θs0=0)..
Fig. 19. Control error between system and input signal (θs0=0)..

Fig. 14 Output system and reference model with noise (θs0=0).

Fig. 15. Control error between system and reference model (θs0=0).

Fig. 18. Output system and input signal (θs0=0).

Fig. 16. Control error between system and input signal (θs0=0)..

The simulation results obtained with PIαD (Charef

Fig. 20. Control error with noise (output system and reference model) .

With the obtained results, we can observe that, the
nonlinear system is unstable around each operating
points.
The parameters of conventional PID are used with
FOPID controller and adjustment of approximation
parameters. The PID conventional controller stabilized
inverted pendulum in a closed loop around each
operating points with and without a disturbance (fig.4 –
fig.9).
The same observation can be see with the fractional
PID controller with better results with or without
disturbance than obtained with conventional PID
controller (fig.10 – fig.16). the results obtained with
FOPID controller and charef approximation are best then
PIαDλ(fig.17-fig.20). Robustness is clearly noticeable
with FOPID. The system around operating points
(θs=π/3) is stabilizing and more robust with FOPID
controller.
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V. Conclusion
In this work, the modeling of the nonlinear process
(inverted pendulum) has been presented. After that the
local linear model near each considered operating points
has been developed. The Oustaloup Recursive
Approximation method (ORA) and Charef approximation
method (singularity function method) are used to
describe the FOPID controller. We have applied other
controller conventional PID controller. According to the
Simulation results, we conclude that the application of
CRON structure control is very interesting and improve
more robustness but we need more optimal
approximation for order minimization and the choice of
the FOPID parameters. Effective simulation results have
been obtained. They show that the local controllers give
good results around the operating points. Therefore, we
have to look for a collaborative approach for these local
control laws to obtain good results in all operating space.
Future work is aimed to test another interesting frank
switching with the indirect approach(collaboration
between controller)and a Digital Fractional-order PID
controller or RST controller.

References
[1]

M. Ahmad El-Nagar, M. El-Bardini, N. EL-Rabaie, 2014.
Intelligent control for nonlinear inverted pendulum based on
interval type-2 fuzzy PD controller’, Alexandria Engineering
Journal, vol. 53, pp. 23–32.
[2] P. Paoletti, R. Genesio. Rate limited time optimal control of a
planar pendulum, Systems & Control Letters, vol. 60, pp. 264–
270, 2011.
[3] J. Wang, “Stabilization and tracking control of X–Z inverted
pendulum with sliding-mode control”, ISA Transactions, vol. 51,
pp. 763–770, 2012.
[4] Z. Li, Y. Zhang, Robust adaptive motion/force control for
wheeled inverted pendulums. Automatic, vol.46, pp.1346-1353,
2010.
[5] J. Balakrishnan and S.Narendra. Improving Transient Response
of Adaptive Control Systems Using Multiple Models and
Switching. IEEE Trans. on Automatic Control, Vol. 39, n°9,
Septembre 1994, pp. 1861-1866,1994.
[6] A.Karimi and I-D. Landau. Robust Adaptive Control of a Flexible
Transmission System Using Multiple Models. Laboratoire
d’Automatique de Grenoble (CNRS-INPG-UJF). Design-CSD,
1998.
[7] J. Balakrishnan and S. Narendra. Adaptive Control using
Multiple Models. IEEE Trans. on Automatic Control, Vol. 42,
n°2, Février 1997, pp. 171-187,1997.
[8] O. Pagès, P.Mouille and B.Caron. Multi-Model Control by
Applying a Symbolic Fuzzy Switcher. Control Systems DesignCSD 2000, IFAC Conference, Bratislava, République Slovaque,
Juin, 2000.
[9] Y.Bensafiaand S. Ladaci. Adaptive Control with Fractional Order
Reference Model. IJ-STA, Vol 5, N° 2, pp.1614-1623,2011.
[10] R.Toscano, D.Martin-Calle and P.Passerieu. Adaptation
paramétrique floue d’une commande au premier ordre en fonction
du point d’équilibre courant. Laboratoire d’Automatique E.N.I St
ETIENNE LFA’97 -Lyon-décembre, pp.3-10,1997.
[11] L.Foulloy and M.Ramdani. Logique Floue Exercices corrigés et
exemples d’applications. cEpaduEs-EDITIONS, juillet, 1998.
[12] I. Podlubny. Fractional-Order Systems and Fractional-Order
Controllers, Inst. Exp. Phys., Slovak Acad. Sci., Vol.4, No.2,
pp.28-34, 1994.

[13] Y.Luo,Y.Q. Chen. Fractional-order [proportional derivative]
controller for robust motion control: Tuning procedure and
validation. American Control Conference, ACC '09. pp.14121417, 2009.
[14] Y.Zennir, P. Mouille. Multi-controllers approach applied to a
wrist of a robot. 25th European Modeling and Simulation
Symposium (EMSS’2013),p.6, 2013.
[15] D. Xue C. Zhao, Y.Q. Chen. A Modified Approximation Method
of Fractional Order System. Mechatronics and Automation,
Proceedings of the 2006 IEEE International Conference, pp.10431048. 2006.
[16] A.Oustaloup. La dérivation non entière: théorie, synthèse
etapplications. Hermes. Paris, 1995.
[17] K. Bettou. Analyse et réalisation de correcteurs analogiques
d'ordrefractionnaire. Mémoire de thèse, Université de
Constantine, p.111, 2011.
[18] B.M. Vinagre, I.Podlubny, A.Hernandez, V. Feliu. Some
approximations of fractional order operations. Partially supported
by FEDER Research Grant IFD97-0755-C02-01 AND BY VEGA
Research Grant 1/7098/20.1997.
[19] W. Yuquan. Fractional Order PID design for Nonlinear Motion
Control Based on adept 550 Robot.” . Proceedings of The 2011
IAJC-ASEE International Conference. ISBN 978-1-60643-379-9,
p. 165.2011.
[20] R.L. Bagley, R.A. Calico. Fractional Order State Equations for
the Control of Viscoelastically Damped Structures, J.Guidance,
vol. 14, no. 5 pp.304-311, 1991.
[21] A.Makroglou, R.K. Miller,S. Skkar. Computational Results for a
Feedback Control for a Rotating Viscoelastic Beam, J of
Guidance, Control and Dynamics, vol. 17, no. 1, pp. 84-90,1994.
[22] K.B. Oldham. A Signal Independent Electro-analytical Method,
Anal. Chem., vol.72 pp.371-378,1976.
[23] M.Goto and D. Ishii. Semi-differential Electro-analysis, J. Electro
anal. Chem. and Interfacial Electrochemical., vol.61, pp.361365,1975.
[24] Y.Zennir, A. Makhbouche, L. Bouras and R. Bendib, “Fractional
order multi-controller design tocontrol a Manipulator Robot
Wrist”. IEEE 4th International conference on Electrical
Engineering (ICEE 2015), Boumerdes, Alger,2015, pp. 1-6.

International Conference on Technological Advances in Electrical Engineering (ICTAEE’16.), October 2016

Automatic Blood Glucose control in Diabetes Patients

A. Hachana 1, M.N. Harmas 2
Abstract – Diabetes mellitus is a chronic disorder of carbohydrate metabolism due to relative or
absolute insulin deficiency. This latter can be best handled in an automatic procedure. The success
of blood glucose automatic regulation depends on the robustness of the control algorithm used. It is
a difficult task to perform due to the complexity of the glucose-insulin regulation system. The
variety of model existing reflects the great amount of phenomena involved in the process, and the
inter-patient variability of the parameters represent another challenge. In this article a supertwisting second-order sliding-mode control (SOSMC) and synergetic control are proposed. These
two proven robust control techniques with respect to uncertain dynamics, and patients' parameter
variability. And an improvement in the chattering phenomenon.

Keywords: Type I diabetes, synergetic control, Super-twisting algorithm, Glucose Regulation.

I. Introduction
Diabetes is the fastest growing long term disease
affecting millions of people worldwide. There are two
types of diabetes type 1 and type 2. Type 1 diabetes is
called insulin-dependent diabetes mellitus and occurs
often at a younger age or childhood. In these patients
there is complete lack of the hormone insulin that
requires external administration of the hormone regularly
as treatment.
The main symptoms of diabetes are three –
polydipsia, polyphagia and polyuria, meaning respectivly
increased thirst, hunger and frequency of urination. In
addition patients complain of feeling very tired with loss
of both weight and muscle bulk. Type 1 diabetes can
develop quickly, over weeks or even days diabetes and
can cause many complications. Basic treatment may end
up in injection of insulin. There are many different types
of insulin delivery devices available including syringes,
pens and pumps,all of this devices relying on the patient
and medical personnel. During the last decades, several
mathematical models have been derived to describe
dynamics of glucose-insulin regulatory system [5,7, 21].
For better glucose control, recent focus has been on the
development of automated closed-loop insulin delivery
systems which should be robust to disturbances such as
food intake or physical exercise.
Treatment is therefore not systematic and the insulin
injection is not always done when needed most [1]. A
sound solution would be to provide a treatment type, in
which the patient would receive insulin as needed without
further stress. A self-regulated pump acting as an
artificial pancreas would be therefore most welcomed.

[2,4].Figure.1 shows the block diagram of closed-loop
control of a diabetic patient using insulin pumps.
In the closed-loop control system, one needs the use
of a glucose sensor that can measure blood glucose level.
This information then would be passed to a controller
that would calculate the necessary insulin delivery rate to
keep the blood glucose level in a stable range via a
mechanical pump which can deliver the desired amount
of insulin. In general, the closed-loop method is more
reliable in maintaining the level of blood glucose and also
mimics closely a sane pancreas.

Required
blood
glucose
level

Infusion
rate

Error

R

Exercise
Meal

Pump

-

Patient
Insulin

Measured blood
glucose level

Fig 1. Closed-loop of automatic insulin delivery.
Some of control algorithm proposed classical
techniques such as pole placement [11], proportionalderivative (PD) [10], proportional-integral-derivative
(PID) [9], optimal control algorithms[12-13] ,or some
robust approaches such as H∞ control [6,8,14,20],or
predictive control [31]. Using linear models for patients,
control algorithms like H∞ technique can guarantee some
level of performance [9] which may not be appropriate
for strong disturbance such as a strenuous exercise. In
this paper , two robust and similar approaches are
suggested and compared as
better alternatives in
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designing a control algorithm for the glucose-insulin
regulatory system.

G(t )   p1 G(t )  Gb   X (t )G(t )  D(t )

Insensitivity to internal and external disturbances,
ultimate accuracy and robustness as well as finite time
convergence are control features required for such vital
issue where extreme precision is of great importance
[10]. Sliding mode and synergetic control are two
approaches with such characteristics and are presented
and compared in this paper.

I (t )  n  I (t )  I b    G (t )  h  t  u (t )

Traditional SMC has some intrinsic problems, such as
discontinuous control that causes chattering [25], [26].
Circumventing the latter, higher order sliding mode
control (HOSM) [15-16,27] have been used in critical
endeavor such as spacecraft attitude control design
[28].Besides robustness inherent to SMC methodology,
HOSM reduces chattering and offers as good accuracy as
SMC does, in particular the super-twisting algorithm
which is a specific case of second order sliding mode
control (SOSMC).
On the other hand, synergetic control theory has made
it possible to look at control design of a system from a
more global and generalized point of view due to its fully
analytical design procedure [30].
In this paper, we will make use of the Bergman’s
minimal model [7] ,which is one of the most
distinguished works in modeling glucose insulin
regulation in human body’s. Increasing functionalities of
the glucose minimal model, some additions can be done
such as exercise model [3].

II. INSULIN-GLUCOSE REGULATION
MODEL
Bergman minimal model, which is a commonly
reference model in the literature, approximates the
dynamic response of a diabetic patient’s blood glucose
concentration to an injection of insulin. This model is the
most popularly used model in the literature and the
following advantages [7]:
 physiologically based
 parameters estimated with a reasonable precision
 parameters values are reasonable and have
physiological interpretation,
 best able to simulate the dynamics of the system
with the smallest number of identifiable
parameters.
The mathematical model consists of the three
following differential equations:

X (t )   p2 X (t )  p3  I (t )  I b 

(1)


Compartment I(t), X(t), and G(t) represent respectively
plasma insulin (μU/ml), remote insulin (μU/ml), and
plasma glucose concentration (mg/dl). Ib and Gb are the
basal plasma insulin and glucose concentrations,
respectively. The rate constant n represents clearance of
plasma insulin (1/min), h is the threshold value of
glucose above which the pancreatic β - cells release
insulin (mg/dl) and γ is the rate of the pancreatic β- cells’
release of insulin after the glucose injection with glucose
concentration above the threshold [(µU/ml min -2 (mg/dl)
-1
]. The term, γ[G(t)-h]+ acts as an internal regulatory
function that formulates the insulin excretion in the body,
which lacks in diabetic patients.The parameters of the
model and their values were introduced in [17-18]. It is
worth noticing that all the values were computed for a
person of average weight but in reality these are not
constant numbers and vary from patient to patient.
Addition of a disturbance signal D(t) to the model will
increase the functionalities of the glucose minimal model.
This disturbance can be modeled by a decaying
exponential function of the following form:

D(t )  Ae Bt , B>0

(2)

Exemples of such an exponentionel disturbance:
γ e−0.05t, which represent the standard Fisher meal [18] or
the term : ε e−0.025t, which represent larger random effects
due to factors such as exercise or strong emotions [3].
Term t is in min and D(t) is in (mg/dl/min) while u(t) is
the exogenous insulin injection rate. The controller uses a
feedback loop that employs blood glucose level Gb, and
its derivative (dG/dt), as sensor inputs. The controller
defines the insulin injection rate, u(t) to compensate the
uncertainties and disturbances and stabilize blood glucose
level of diabetic patient at basal level.

III. SECOND ORDER SLIDING MODE CONTROL
The system introduced in equation (1) can be rewritten
in state-space form as follows

x1   p1  x1  Gb   x1 x2  D(t )

x2   p1 x2  p3  x3  I b 

(3)

x3  n  x3  I b     x1  h  t  u (t )


Wherein x1, x2 and x3 are blood plasma glucose
concentration (mg/dl), the insulin’s effect on the net
glucose disappearance (1/min) and the insulin
concentration in plasma (μU/ml), respectively. Note that
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   (t )  p3 x1u(t )

the term γ[G(t)−h] + is removed from (1) as it is not
present for diabetic patients [17,22].

where

Stabilizing the glucose concentration in the diabetic
patient’s blood at the basal level Gb is an output-tracking
problem thus, the tracking error is defined as the
difference between the glucose concentration level and its
basal value in the diabetic patient’s blood as:

e  Gb  G  Gb  x1

For
positive real number N [26,29] i.e.

 (t )  N

(4)

The first step is to determine the relative degree of the
system. Assuming y =x1, the relative degree would be
defined with the number of successive differentiation
until the control variable appears[25-26].Using (3), the
control function appears in the equations after the third
differentiation i.e.

x1(3)   ( x, t )  p3 x1u (t )

  

sign( )    sign( )d  f (t ) (12)

constant. The super-twisting control function can then be
designed as



u   

1/2

sign( )    sign( )d

3
1 2

(13)

By using this control law and by an appropriate
choices for α and β , the sliding variable σ of equation
(4) will be stabilized at zero in finite time, assuming the
disturbance D(t) in (2) is bounded by some real positive
number like M , such that

 x ( p1Gb  D)  3 p3 x1 x2 x3  x x  D
2
2

1/2

  1.5 L and   1.1L , where L is a real positive


 ( x, t )  x1   p1  p12  3 p3 I b   p3 I b  p2  n   p3  x1  h  t 

 x1 x3  p3 (3 p1  p2  n)   x1 x12  3( p1  p2 ) 

(11)

f (t )  L

Where:

 x2   p12 1  Gb   p1 p2  2Gb  1  2 D( p1  p2 ) 
 x3  2 p3 ( p1  D)   x1 x2  ( p1  p2 ) 2  3 p3 I b 

by a

Where
. It has been proven in[18] that the
solution of this nonlinear differential equation and its first
time derivative will converge to zero in a finite time if

(5)



(10)

From equations (3), (4) and (5) it is obvious that the
above condition is met and therefore SMC exists and the
controller can be designed for the system (3). Consider
the following first order nonlinear differential equation

e   x1

So

 (t )   ( x, t )  c1e  c0e
 (t ) must be bounded
SMC to exist

(9)

D(t )  M

.

IV. SYNERGETIC CONTROL

( p1Gb  D)( p12  2 p3 I b )
p3 x1  1.2  10 , 3  10 
Since p3≠0, x1 ≠ 0, and
, the system (3) has a well-defined relative degree of 3.
This allows us to design the controller for the system that
will achieve a null error:
4

2

e0

The super-twist control algorithm continuously
controls the system with relative degree, r=1, in presence
of bounded disturbances.Let the sliding variable be
selected as:
  e  c1e  c0e
(6)
where c1 and c0 are real-valued constants chosen such
that equation (6) has the desired dynamic behavior. To
check the condition existence of SMC, the dynamics of
the sliding variable must be derived using (6) as
  e  c1e  c0e
(7)
Using (4) and (5), (7) can be rewritten as

  Gb  x1  c1e  c0e   x1  c1e  c0e
  ( x, t )  p3 x1u (t )  c1e  c0e

(8)

Combining and simplifying the terms in (8) will give

Introduced in the last decades, synergetic control [5]
is rapidly gaining acceptance as a robust control
approach. We briefly recall the basics of synergetic
control.
The synergetic control synthesis of the system given
in (3) begins by defining a designer chosen macrovariable given as :

  e  c1e  c0e

(14)

The control will force the system to operate on the
manifold
 0 .
The designer can select the characteristics of this
macro-variable according to the control specifications
(e.g., limitation in the control output, and so on). An
obvious choice of a macro-variable would be a state
variable linear combination.
The same process can be repeated, defining as many
macro variables as control channels.
Letting desired dynamic evolution of the macrovariable be chosen as :

T    0

(15)
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Where T is a design parameter specifying the
convergence speeds to the manifold specified by the
macro-variable.
Directly substituting (9), (14) and (15) into (14) and
rearranging, the control law is obtained given by:

u

1

(    c1e  c0e)
p3 x1 T

(16)

The control elaborated guarantees only an asymptotic
convergence to the final state, to have a faster
convergence, it is necessary to modify the macro
variable.
Asymptotic stability is obtained using the Lyapounov
function candidate:

1
V   (e) 2
2

TABLE I.

(17)

Variable

(18)

P1
P2
P3
n

This leads, after differentiation using (17), to:

V   (e) (e)

sign of hypoglycemia even when the patient is exercising.
But comparing the two responses one can clearly observe
that synergetic control has a faster response time and
better rejection ratio over second order sliding approach.
Figure 8 shows insulin concentration of patient 3 using
super-twisting control which reduces the chattering
without decreasing the robustness of the system. But
synergetic control avoids totally the problem of
chattering. It seems to be a suitable choice for the control
algorithms related to human health, where great precision
is of extreme importance.

1
V   (e).( e  c1e  c 0 e)   (e).(  (e))
T
1
V    (e) 2  0
(19)
T
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Fig 2. Insulin concentration using super-twisting control
algorithm.
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The following values are chosen in the design of the
controller: α=50, β=0.05, c1= 0.02 and c0 =10-4.
Assessing robustness of the control algorithm with
respect to parameter variations, simulations are carried
out for three different diabetic patients. Table.1 [23]
shows model parameters for these patients. The first
experiments an hyperglycemic event, Fig. 3 and Fig. 4
show results obtained using super-twisting control
algorithm while Fig. 5 and Fig. 6 show results obtained
using synergetic control. It is utterly necessary that
glucose concentration levels of the patients be stabilized
at the basal level (70mg/dl) and that glucose
concentration be adequately controlled despite
uncertainties in parameters associated with the different
patients.
In achieving glucose level control in diabetic patients,
impact of three meals were considered per day: breakfast
(8am), lunch (2pm) and dinner (8pm) ,value of 60gm
(CHO) for 15min and an exercise disturbance of 0.05
arbitrary units at 5pm for 20min duration. The reference
plasma BG level is considered as 70mg/dl. Though the
insulin dispensing apparatus has a capacity of pumping
rate:
0mU/min< u(k)< 133mU/min as per device data [19].
Simulation of the closed loop and glucose-insulin
concentration during 24h for a diabetic patient is carried
out using the two controllers. Figure 7 shows that
performances of both techniques are satisfactory. No

Patient 1
0
0.0142
2.4x10-6
0.2814

45

Therefore the controller can meet Lyapunov stability.

V. SIMULATION RESULTS

BERGMAN MINIMAL MODEL PARAMETERS.
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Fig 3. Glucose concentration using super-twisting control
algorithm.
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Fig 7. Insulin concentration using super-twisting control
algorithm.
Patient 1
Patient 2
Patient 3

250

VI. CONCLUSION

mg/dL

200

150

100

50

0

100

200

300

400

500
Time (min)

600

700

800

900

1000

Fig 5. Glucose concentration using synergetic control.
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Diabetes is a widespread disease both in the western
world and what’s called the third world today. Many
researchers are working on methods for treating diabetes
in the domain of human regulatory systems. In this paper
a robust controller is designed using
super-twisting
algorithm and synergetic control to regulate the blood
glucose level in diabetic patients. The approach is based
on uncertain model of the system. It was tested in
simulation study proving that both controllers are able to
stabilize even the most degraded model within a given
uncertainty range. While both techniques used can
properly regulate the glucose level in presence of
disturbances which consists in meals and exercise,
synergetic control having the best response time seem to
be better suited for real-time implementation.
Furthermore unlike sliding mode control it avoids
chattering and overshoot.
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Abstract – The superconductors are exceptional materials;
they have the advantages of zero resistance, trapping of
strong magnetic field intensities, and ability to carry very
high current densities. Now, the superconductors can be
practically used in electrical engineering devices in two
main forms: coils and bulk magnets. The HTS bulks
magnets can trap a magnetic field above 2.3 T at 77 K [1].
Field cooled FC or zero-field-cooled ZFC magnetization
are the two popular procedures to obtain a magnetized
HTS bulks [2]. Considering the characteristics of this kind
of materials, they strongly enter to the applications of
electrical power and its devices (transformers, electrical
machines, energy storage, cables … etc).
In this work, we will study the electromagnetic behavior
and thrust characteristics of a synchronous linear motor
(LMS) with HTS bulks magnets in its secondary (mover),
and a conventional copper wire in the primary part (3ϕ
windings). The motor will be modeled numerically using
the 2D finite element method (2D-FEM).
The no-load and load characteristics of the motor were
also analyzed. To show the HTS-Magnet advantages, we
carried out a comparative study between our proposed
HTS-LMS and a conventional PM-LSM.
It should be noted that the 2D-FEA is carried out by the
commercial simulation software: FEMM®.
Keywords— HTS Materials, HTS bulks, Linear Synchronous
Motors, Finite Element Method, Thrust Force, PM-LSM,
FEA.

I. INTRODUCTION
High temperature superconductors (HTS) are suitable
for many applications such as magnetic bearings,
flywheel energy storage systems and magnetic
suspension systems. In addition, the HTS with trapped
magnetic fields are used as permanent magnets in
superconducting motors and magnetic field generators
capable of producing fields higher than 2 T. One of the
prospective applications of high-temperature bulk
superconductors is a superconducting magnet for the
magnetically levitated (Maglev) train.
The four main HTS materials are BSCCO-2223,
YBCO-123, BSCCO-2212, and MgB-2. However, only
BSCCO-2223 and YBCO-123 wires capable of

operation in the temperature range of 20 to 70 K have
achieved widespread application for manufacturing
practical electric power equipment.
A linear synchronous motor (LSM) is a linear motor in
which the mechanical motion is in synchronism with the
magnetic field, i.e. the mechanical speed is the same as
the speed of travelling magnetic field. The thrust
(propulsion force) can be generated as an action of:
 Travelling magnetic field produced by a polyphase
winding and an array of magnetic poles N, S,...N, S or
a variable reluctance ferromagnetic rail (LSMs with
a.c. armature windings);
 Magnetic field produced by electronically switched
d.c. windings and an array of magnetic poles N, S,...N,
S or variable reluctance ferromagnetic rail (linear
stepping or switched reluctance motors).
In the case of LSMs operating on the principle of the
travelling magnetic field, the speed v of the moving part
is equal to the synchronous speed vs of the travelling
magnetic field depends only on the input frequency f
(angular input frequency = 2 ) and pole pitch p :


  s  2. p . f  . p


(1)

II. STRUCTURE AND PARTS OF SUPERCONDUCTING
LINEAR SYNCHRONOUS MOTOR

The structure and main parts of the superconducting
linear synchronous motor are shown in Fig.1. It is a
single-sided linear motor composed of magnetized HTS
bulk magnets in secondary mover and a three phase
copper windings in primary part (stator). The secondary
of HTS-LMS has four rectangular of magnetized YBCO
HTS bulks (installed in a cryogenic vessel) with
alternating poles of N and S along the direction of
movement. It has a back iron outside the BSC magnets
to form a magnetic circuit.
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Dimensions and physical properties of the HTS-LSM
are given in Table I.
Fig.3 presents the arrangement of the HTS bulk magnets
on the secondary and its magneto-motive force (MMF)
waveform, where τp is the pole-pitch (step between two
consecutive magnetic poles of secondary).

Fig.1 Model of a single-sided HTS linear synchronous motor (2D view).

Coordinate x is assumed to be the direction of motion,
coordinate z the vertical depth, and coordinate y the
thickness of the motor (direction of the air gap).
The interaction between the magnetic field (generated
by HTS bulk magnets) and 3ϕ currents in primary
produces the thrust force (Fx) besides the normal force
(Fy). The speed of traveling magnetic wave depends on
the power supply’s frequency (f) as given in (1).
A type of concentrated windings is selected to build a
primary three-phase system as shown in Fig.2 [3]:

Fig.2 Double-layer concentrated winding in primary.

The number of total slots is Qs=13, each slot contains
two phases where the slot is divided vertically (doublelayer concentrated winding). A machine with
concentrated windings produces lower heat loss
compared to a machine with distributed winding.
The phase a, phase b, and phase c armature windings
are supplied by sinusoidal currents iA,iB and iC :

i t   Is. sin 2. . f .t 
a

2. 

(2)

ib t   Is. sin  2. . f .t 
3 



2. 

ic t   Is. sin  2. . f .t 


3 


Fig .3 Arrangements of HTS bulk magnets on the secondary
and its magnetomotive force (mmf) waveform.
TABLE I: Specifications Of Prototype HTS-LMS.

HTS BULK MAGNETS
Length in z direction: wsc
Length in x direction: lsc
Length in y direction :hsc
Number of HTS-Magnets:p
Trapped magnetic field : Bsc[8]
Relative permeability : µr
Gap between adjacent HTS-Magnets
Magnet pole pitch: τp
BACK IRON
Length in x direction: lbi
Length in y direction: hbi
COIL GEOMETRY
Number of turns/coil: Nt
Phase number: q
Copper electrical conductivity (10 AWG): σ
Phase current amplitude : Is
Power supply’s frequency: f
Winding magnetomotive force: mmf
IRON CORE GEOMETRY
Tooth length: lt
Slots depth: hs
Slots length: ls
Airgap length:G
Iron core height:hp
Primary length:lp

0.03 [m]
0.06 [m]
0.01 [m]
04
0.6 [T]
0.4
0.0 [m]
0.06 [m]
0.24 [m]
0.006 [m]
150
03
58 [MS/m]
10 [A]
10 [Hz]
1500 [A.t]
0.02 [m]
0.026 [m]
0.02 [m]
0.008 [m]
0.03[m]
0.54[m]

Where: Is is the amplitude of the sinusoidal currents, f is
the phase currents frequency, while t denotes time.

Fig.4 Geometric parameters of primary part (sator).
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III. TRAPPED FIELD OF HTS BULK MAGNETS

Where

Bulk YBCO can trap large magnetic fields; maximum
fields exceeding 10 T have been demonstrated at a
number of laboratories [4]. These YBCO bulks can be
considered as analogs to permanent magnets (PMs) and
used in devices where PMs are normally used, e.g., to
replace the PMs on a brushless motor/generator (M/G).
The larger magnetic flux that these HTSs could generate
would enable the generator to have higher specific
power than conventional generators, even after the
cryogenic requirements were considered. In this paper,
the HTS magnets replace the PMs in secondary of a
conventional linear synchronous motor PM-LSM.
A. Modeling of HTS Bulk Magnets:
In magneto-static case the flux density distribution
generated by a BSC is determined numerically using a
"sand-pile model" in combination with the Biot-Savart
law [5-6]. The sand-pile model of a rectangular shape of
BSC is schematically shown in Fig. 5.

µo is the permeability of free space, r is the

position vector of the current element vector ds to the
point of observation, while r denotes length of the
vector r .
IV. FINITE ELEMENT ANALYSIS OF HTS-LSM:
The HTS-LSM 2D finite element model is shown in
Fig.6, which is built in FEMM software [11]. It allows
calculating the magnetic field at all points as well as the
electromagnetic forces.
In this study, the magnetised HTS magnets (YBCO bulk
magnet) are modeled as DC field source (to make the
excitation system) with a value of trapped magnetic field
equal to: BSC=0.6 T. For a parametric study we will use
various values of trapped magnetic field of HTS-bulks:
0.6 T, 1T and 2T [8].

A. Equation of Electromagnetic Field:
We analyse here a two-dimensional (2D) case, for
which the excitation current is time-dependent (three
phase primary windings).
The governing equation derived from Maxwell’s
equation (with a formulation using the magnetic vector
potential) is as follows:

1

A
     Az    z  J s t 
t
μ


(5)

Fig.5 Sand-pile model of a rectangular bulk superconductor (BSC).

In this model it is assumed that the currents flow along
the periphery so that square current loops are formed.
The current I flowing in each current loop is given by
(3):

I  Jc. Δt. Δw A

(3)

Where Jc [A/m2] is the critical current density in the
HTS bulk. The cross section of each current loop is
given by the height (Δt) and width (Δw).
The complete volume of the BSC is divided into (nL)
layers with (nC) current loops in each layer. Each
current loop is approximated with an infinitely thin
conductor in the middle of the current loop carrying
current I, and the trapped field in bulk magnet is given
by the Biot-Savart law:

Btrapped 

μ0
4.π



All loops

I.S  r
r3

(4)

Where:
 Az : z-axis magnetic vector potential;
 Js in [A/m2] is the exciting current density in the
primary windings;
 µ is the magnetic permeability in [H/m].
The induced currents effect is neglected here.
The two components of magnetic flux density B can
be obtained by (6):

Az

 Bx  y
B  rot A  
 By   Az

x

(6)
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Fig. 9 shows the distributions of magnetic flux density
components (Bx and By) in air gap (in direction of
movement x-axis). It is obvious that the component By
is greater than Bx, which causes a direct effect on the
force/position characteristics of motor (thrust and
normal force). We see from the By-curve there are four
B-peak values at about 0.5327 T in alternately positive
and negative directions. Outside the area containing the
HTS-magnets the value of B falls to zero.

Fig .6 Finite element model of HTS linear
synchronous motor.

B. Motor at no-Load Case:
When the HTS bulks mover moves, a voltage (back
electromotive force back-emf) will be induced in
primary coils as shown in Fig 7:

Fig .9 Waveforms of magnetic flux density in air gap along x-axis
direction of motor: Bx component and By component.

Fig .7 Three phases electromotive forces at no-load case.

This back electromotive force can be obtained by (7):

e

Φ
t

(7)

Where, e [V] and Φ [Wb] denote back-emf, flux
linkage, respectively.
B.1. Electromagnetic Analysis at No-movement State:
Fig. 8 shows no-load flux lines of the proposed HTSLSM obtained by the FEMM 2D finite element analysis
at no-movement state of mover:

Fig .10 Distribution of By component in air-gap along x-axis direction
for different lengths of air-gap.

Fig.10 shows the By-component of magnetic flux
density in air-gap for various lengths of air-gap. From
these curves, it is observed that the By-component
decreases with the increases of the lengths of air-gap.

Fig .8 No-load flux lines of HTS-LSM: Amax=0.0273 [Wb/m].

From this figure, it is easy to see that the field lines are
perfectly channeled by the magnetic circuit because of
high permeability. The flux line form loops along the
HTS bulks magnets, stators iron core, back iron and air
gap.
Fig .11 Distribution of magnetic potential Az in air-gap along x-axis
direction for different lengths of air-gap.
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Fig.11 shows the distribution in air-gap of magnetic
potential Az for various lengths of air-gap.
Phase a

Phase b

Phase c

Fig .14 The three-phase flux linkages, given for four poles
when mover moves for two-pole pitches.
Fig .12 Distribution of By-component in air gap along
x-axis direction with different trapped magnetic field of HTS bulks.

Fig.12 presents the distribution in the air-gap
(longitudinal direction) of By-component for various
values
of
trapped magnetic
field
of
bulk
superconductors [7]. When the trapped field of magnets
is increased, the magnetic field circulating in air-gap
region will increase too.
B.2. Electromagnetic Analysis in Movement State:
Now, we will present the electromagnetic behavior of
motor in movement state. When the secondary part
moves, the primary coils receive an induced voltage
(emf).This electromotive force (back-emf) induced in a
single stator coil is calculated by:

ea  

Φ a
t

It is observed that the flux linkage waveforms (for one
turn) are almost perfect sinusoid and three-phase
symmetrical having the same magnitude of 0.455 mWb
but shifted by 120o (0.04m) electrical angle to each
other. For the total turns (Nt=150), the max value of
magnet flux per phase is Φmax = 0.06825 Wb.
The three phases back-emf induced in primary windings
can be obtained by differentiating the flux linkage
against time. Fig.15 presents the back-emf induced in 3ϕ
stator windings.
The electromotive forces have a sinusoidal waveform
with approximately the same amplitudes of 4.48 V.

(8)

Where ea is the phase a emf, Φa is the phase a flux
linkage, while t denotes time.
Mechanical position and speed of the mover are denoted
by x and ν.
When the mover moves for two pole pitches (at a
synchronous speed: ν=νs=2. τp.f=1.2 m/s), the threephase flux linkages are shown in Fig.14:
Fig .15 The waveforms 3ϕ back-emf caused by the mover moving
at speed νs=1.2 m/s.
Initial
position:
x=0

y

z
x

Final
position:
x=2.τp

Rotor Motion
3ϕ windings

The c-phase emf against time t for different trapped
magnetic field Btrapped of bulk superconductor magnets is
shown in Fig. 16. As can be seen from this figure, the cphase emf increases linearly with the trapped magnetic
field of superconducting bulk magnets, and the peak emf
can reach 15 V when Btrapped= 2T.

Fig .13 Mover moves for two pole pitches: Δx=0.12m.

Fig .16 Simulation result of the c-phase emf for different trapped magnetic field
Btrapped of HTS-bulk magnets with an air-gap length of 8 mm and f=10Hz.
(calculated results).
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C. Motor in Loaded State:
Now, we will study the HTS-LSM in loaded state.
The time-stepping simulation parameters are as follows:
the frequency f=10 Hz, the simulation time is one period
of T=0.1 s, the 3-phase winding currents (ia, ib and ic)
are given in (2), and plotted in Fig.17:

α  2.π. f .t

(9)

The thrust and vertical electromagnetic forces (Fx, Fy)
against time-phase are shown in Fig. 19 and Fig.20
respectively.

Fig .17 3ϕ currents ia, ib and ic for one period: T=0.1 s.

C.1. Electromagnetic Forces:

Fig.19 Simulation results of the thrust force versus electrical
angle, with f=10Hz and Is =10A.

The electromagnetic efforts in a linear motor are
divided in two forces (as shown in Fig.18):
 The tangential forces Fx (Thrust), in the direction of
displacement, are the useful efforts;
 Normal forces (Fy), perpendicular to displacement.

Fig.20 Simulation results of the vertical force versus electrical angle,
with f=10Hz and Is =10A.
Fig .18 Electromagnetic force directions in HTS-LSM.

It is should be noted that these electromagnetic forces
between the HTS bulk magnets and the ac magnetic
field are simulated by Maxwell Stress Tensor Method.

The parameters for forces simulation are given in Table
II:
Table II: Parameters For Forces Simulation.

As shown in Fig. 19 and Fig.20, both the vertical force
and thrust behave sinusoidally as a function of timephase α. We see also that the thrust force Fx oscillates
around 93 N. However, the vertical force Fy oscillates

between the values of -260 N and -460 N with an
average of -360 N indicating that the force is attractive
between the YBCO bulk magnets and the 3ϕ windings.
The thrust force against the time-phase α for the peak
value currents of Is =2, 4, 6, 8 and 10 A is presented in
Fig. 21:

We consider here that the mover is fixed during the
force simulations. Normal and thrust forces are only
dependent to the time-phase α [9-10]:
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its secondary. Firstly, we studied the electromagnetic
behaviour of the motor at no-load and load cases. Then,
we analyzed the thrusts of motor and studied the effects
of some parameters such as: the maximum value of AC
currents (Is) in armature, trapped magnetic field of HTS
magnets (Btrapped). From the simulation results, if the
peak value currents of Is for the armature coils was 10
A the motor produced a peak thrust of 110 N (for
Btrapped=0.6 T).
We also showed the effect trapped magnetic field Btrapped
on the thrust characteristic, an increase in the trapped
magnetic field Btrapped from 0.5 T to 2 T, the thrust force
Fig.21 Thrust force affected by the different peak value current of the 3ϕ Fx increases linearly.
windings, with Bsc=0.6T and f=10Hz.
The thrust force obtained with this motor
configuration is higher than the one that could be
obtained using conventional permanent magnets PMs.
From this figure, the thrusts are all sinusoidal waves as
Our goal is to show the advantage of using
superconductors, and its effects on thrust force of motor.
a function of time phase. With the increase in the Is of
.
the armature, the thrust increases linearly. When Is was
8 A, the peak thrust was 86.37 N. When Is was 6 A, the
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Optimal Design and Techno-Economic Analysis of PV–Battery and
Diesel–Battery Power Systems for a Site in Algeria
A. GABOUR1, A. METATLA2,
Abstract –In this paper, an attempt is made to design optimal power systems: renewable system
(Photovoltaic –Battery) and non-renewable system (Diesel-Battery) for a city in Skikda, Algeria,
where the solar radiation measurements were made. The aim of this study is the optimization of a
two power systems applied in term of technical and economic feasibility by simulation using
HOMER. The HOMER software simplifies the task of assessing the designs of different power
systems, off-grid and grid-connected, for a variety of applications. It can analyze and combine
various energy sources to arrive at an optimal display configuration.

Keywords: PV, Diesel, Battery, technical, economic, HOMER

I.

Introduction

Demand for energy is increasing day by day because
of increasing the population and industrialization but we
have very limited resources. In this critical stage of
energy crisis, renewable energy is one of the most
important alternative energy sources. Renewable energy
sources are an “indigenous” environmental option,
economically competitive with conventional power
generation where good wind and solar resources are
available. Hybrid plants can help in improving the
economic and environmental sustainability of renewable
energy systems to fulfill the energy demand [1].
Stand-alone renewable energy systems constitute an
alternative to the grid connected systems. They include
solar radiation, wind and hydraulic sources which are
essentially inexhaustible resources. The amount and
proportion of generated renewable energy are expected to
rise so largely because of the ever diminishing supplies of
gas and oil and also because of the international
awareness and programs to support renewable energy
generation [2]. The Combination of
two or more
different sources of energy is called a hybrid system.
Hybrid systems such as wind-diesel or photovoltaicdiesel are now proven technologies for electric supply in
remote locations [3].
The design of hybrid renewable energy systems
requires appropriate dimensioning in terms of power as
well as suitable choice of the system components
according to the available resources.For this reason,
simulation software packages constitute an essential tool
for the analysis and thecomparison of different
combinations and alternatives.

Analysis must take into consideration three main
constraints: Firstly, the available renewable resources in a
given region. Secondly, the load profile, and thirdly, the
availability of financial resources [7].
Simulation and optimization of hybrid energy
system can be achieved by various software which are
nowadays available. Examples of that software include
HOMER, HOGA and Hybrid2, which offer different
background of application and simulation [4]. HOMER
software is a user-friendly micropower design tool that
simulates and optimizes stand-alone and grid connected
power systems. Recently, it has widely been used in the
field of renewable energy [6]. It can be used with any
combination of wind turbines, PV arrays, run-of-river
hydro power, biomass power, internal combustion engine
generators, micro turbines, batteries, and hydrogen
storage, serving both electric and thermal loads.
The aim of this study is to study two power systems:
renewable system (Photovoltaic –Battery) and nonrenewable system (Diesel-Battery). This raises the
following issues:
- Choose correctly the size of each component of the
two energy systems;
- Optimize energy management in this two systems;
- Finally, find the optimum configuration, that is to say
the minimum cost of production and make comparison
between them.

II.

Homer software

HOMER (Hybrid Optimization Model for Electric
Renewable) software has been developed by NREL
(National Renewable Energy Laboratory) [8]. It performs
hourly simulations of every possible combination of
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components entered and ranks the systems according to
user-specified criteria such as cost of energy (COE) or
Capital Costs (CC). HOMER has been extensively used
as a sizing and optimization software tool [5].
In this study, HOMER will determine the best feasible
power system configuration that can cope with the load
demand. The analysis is based on the estimation of the
installation cost, the replacement cost, operation and
maintenance cost, and so on in addition to the high
reliability to satisfy the load demand.

- Converter: A converter is used which functions as an
inverter and rectifier depending on the direction of power
flow [11]. The inverter model used in this project is
based on a power unit (4 kW) that operates with a high
efficiency and optimal reliability.

The optimization process is done after simulating the
entire possible solutions of hybrid power system
configurations.

- Diesel generator: the use of diesel generators is very
common in the hybrid power system to achieve required
autonomy. The selection of a diesel generator depends on
the category and nature of the load[9], The diesel
generators utilized are of 5.5kW .

III. Power system components
The first system is shown in “Fig.1.” which consists of
a diesel generator and batteries to power the load.

- Battery: Battery bank stores the electrical energy
produced by the PV cells and the DG, and makes the
energy available at night or on dark days (days of
autonomy or no-sun-days) [10 ] The Surrette Trojan T105 (6 V, 225 Ah) storage batteries are utilized in the
system

IV. Solar energy potential
The solar radiation data was automatically generated
with HOMER by inserting the coordinates (longitude and
latitude of the region. The geographical coordinates of
the data collection site were 36° 39' N latitude, 6° 50' E
longitude and 132 m altitude above mean sea level. The
monthly average of solar radiation and clearness index of
the province of Skikda for one year obtained through
HOMER are given in table 1.

TABLE I
MONTHLY AVERAGE DAILY RADIATION AND CLEARNESS INDEX

Fig.1. Schematic diagram of the Diesel-Battery energy system
The second system is shown in “Fig.2.” which consists
of a photovoltaic and battery to power the load

Fig.2. Schematic diagram of the PV-Battery system
The components of the two systems are:
- Photovoltaic module: The PV modules used with
250W maximum power.

Month

Clearness
Index

Daily Radiation
(kWh/m2/d)

January
February
March
April
May
June
July
August
September
October
November
December

0.477
0.520
0.514
0.530
0.546
0.603
0.621
0.627
0.572
0.533
0.500
0.482

2.294
3.206
4.125
5.227
6.052
6.970
7.010
6.441
4.942
3.570
2.549
2.118

The solar radiation data for the selected remote area
was estimated to range between 2.118kW h/m2/day and
7.010kW h/m2/day with an average annual solar
radiation estimated to 4.55kW h/m2/day. It can be
noticed that more solar irradiance can be expected from
the month of May to August while less solar irradiance is
to be expected from November to February.
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V.

Electrical load

VI. Homer software input data

An important step in the design of the hybrid system is
the determination of electricity load. “Fig. 3,” shows the
monthly profile for the assumed electric load. The load
has an average value of 1.347 kWh/day and a peak of
107kW.

Capital, replacement, and O&M costs of various used
equipment have given in table I.
Diesel Price: The diesel price used for the analysis is
$0.18 per liter (according to [12].)
The overall summary of technical and economic
parameters of the hybrid system component is presented
in Table 1.

VII. Results and discussions
HOMER simulates systems configurations with all of
the combinations of components that were specified in
the component input. The strategy taken in this
simulation is to ensure that the power generator provides
enough power to meet the demand.
Results of optimization are summarized in the following
figures and tables.
Fig.3. Load daily profile during a year

TABLE II
DETAIL OF THE CAPITAL, REPLACEMENT, AND O&M COSTS OF VARIOUS USED EQUIPMENT[13]

Component detail

Capital cost($)

Replacement cost ($)

O&M costs

PV 250W
Battery 6V

2500(KW)
174(Unit)

2500(KW)
174(Unit)

0
5($/Unit/year)

Converter 4KW
Diesel generator 5.5 KW

329(KW)
230

329(KW)
230

10 ($/year)
0. 5($/h)

TABLE III
ANNUALIZED COSTS OF THE PV-BATTERY SYSTEM

Component
PV
Trojan
T-150
Converter
System

Capital ($/yr)

Replacement ($/yr)

O&M ($/yr) Fuel ($/yr)

Salvage ($/yr) Total($/yr)

697,476

0

0

0

0

697,476

72,817

40,660

24,000

0

0

137,477

717
771,010

400
41,061

250
24,250

0
0

0
0

1,368
836,321

TABLE IV
ANNUALIZED COSTS OF THE DIESEL-BATTERY SYSTEM.

Component

Capital ($/yr)

Replacement ($/yr)

O&M ($/yr) Fuel ($/yr)

Salvage ($/yr)Total($/yr)

Generator
Trojan
T-150
Converter

292

1,852

63,709

34,713

-29

100,537

VI.
607

339

200

0

0

1,146

72VII.

40

25

0

0

137

System

970

2,231

63,934

34,713

-29

101,819

VIII.
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Fig.4. Optimized result for the proposed Renewable

Fig.5. Optimized result for the proposed Non-renewable

energy system (Pv-battery)

energy system (diesel-battery)

Monthly Average Electric Production
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Monthly Average Electric Production

70

PV

300
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May
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0
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Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Fig.6. Monthly average electric production for renewable

Fig.7. Monthly average electric production for non-

energy system

renewable energy system

TABLEV
NET PRESENT COSTS OF THE PV-BATTERY SYSTEM.

Component

Capital ($)

Replacement ($)

O&M ($)

Fuel ($)

Salvage ($)

Total ($)

PV

8,000,000

0

0

0

0

8,000,000

835,200

466,372

275,278

0

0

1,576,850

8,225

4,593

2,867

0

0

15,685

8,843,425

470,964

278,146

0

0

9,592,536

Trojan
T-150
Converter
System

TABLE IV
NET PRESENT COSTS OF THE DIESEL-BATTERY SYSTEM.

Component

Capital ($)

Replacement ($)

O&M ($)

Fuel ($)

Salvage ($)

Total ($)

Generator
Trojan
T-150
Converter

3,345

21,245

730,739

398,152

-334

1,153,147

6,960

3,886

2,294

0

0

13,140

823

459

287

0

0

1,569

System

11,128

25,591

733,319

398,152

-334

1,167,856
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TABLE VII.
SUMMARY OF THE SIMULATION RESULTS TABLE STYLES

System

NPC $

Levelizd COE ($)

PV Stand-alone

9,592,536

1.751

Diesel

1,167,856

0.209

Fig.10. Statistical energy results of battery for renewable system

TABLE VIII
ANNUAL EMISSIONS OF THE SYSTEMS

System

Renewable
system
0

Non-Renewable
system
507,832

Carbon monoxide
Unburned
hydrocarbons
Particulate matter
Sulphur dioxide

0
0

1,254
139

0
0

94.5
1,020

Nitrogen oxides

0

11,185

Carbon dioxide

Fig.11. Statistical energy results of battery for non-renewable system

The annual operation output of the PV, Diesel
generator and battery respectively, are given to illustrate
the operational control strategy according to the load
demand and solar data for the two systems.

kW
800

PV Output

24

720
640

Hour of Day

18

560
480
400

12

320
240
160

6

80

As shown in Table5 and table 6, the initial cost of the
PV Stand-alone system is the highest, the PV system uses
no fuel, and the other system pays $398,152
The levelized cost of energy COE gives the average cost
of producing one kWh of electricity. Table 7 shows that
the PV stand-alone system has the highest COE per kWh
(1.751$), while the COE of Diesel ($0.209).
For the non-renewable energy system (DieselBattery), the total Net Present Cost (NPC) is $1,167,855.
Diesel generator burns 192,848L of fuel per year and
annual generator run time is 8,760 hours. “Fig 7” shows
the monthly average electric production produced by
diesel generator. Diesel generator produces 488,662
kWh/yr.

0

0

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

The total Net Present Cost (NPC) of PV is 9,592,536.
“Fig 6 “shows the monthly average electric production of
the system. Photovoltaic production is 100% with
1,108,916kWh/yr.

Dec

Fig.8. Annual PV generator operation.
kW
84

Generator Output

24

78
72

Hour of Day

18

66
60
54

12

48
42
36

6

30
24

0

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Fig.9. Annual generator operation.

Oct

Nov

Dec

The difference cost (NPC) between two systems is
$8,424,680 which is a very significant number. The total
NPC of the PV stand-alone system is about 8.2 times the
diesel systems total NPC cost. The reduction of yearly
diesel fuel consumption from has a large impact on the
environment. For the site of Skikda, the results point out
that combining between the two systems means that the
PV-Diesel-Battery based system is the best choice. The
system can help to abate prevalent global warming which
usually occurred as a result of CO2 emission into the
environment and reduce the cost of installing the
electricity production.
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VIII.

Conclusion

In this study, the optimization of the two power
systems for the site of Skikda. The optimization has been
carried out using the HOMER which successfully
determined the best technical and economical system to
be adopted for the site. Renewable energy sources are
one of the most efficient and effective clean and
sustainable energy solutions in a country.
But from the economical analysis it is easy to notice that,
the PV system is the most expensive way to generate
electricity. From an environmental standpoint, in terms of
pollutant emission and economic feasibility, the hybrid
energy system is preferred over the two studied systems.
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Performance Assessment of Grid-Connected Solar Photovoltaic Power
Plant in Souk Ahras-Algeria
A. Soualmia1, R. Chenni2
Abstract – This study examines the technical potential of a utility-scale grid-connected
solar power Plant in the Souk Ahras. Performance modeling and energy yield simulation
for a 15 MWp plant was performed using the PVsyst software. Results show an annual
performance of 83.9% and the energy production is 23735MWh/year, which is sufficient
energy to Power approximately 5,000 homes with clean renewable energy.

Keywords: Photovoltaic, Grid -Connected, Performance Ratio, PVsyst software.
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I.

Introduction

Electricity is an essential part of our way of life. Most
of the electricity is currently provided from the conventional
thermal or hydro power stations. With the growing concern
about the greenhouse gas emission and other environmental
issues the renewable energy technologies such as
photovoltaic cells are increasingly being recommended for
electricity production [1]. Grid-connected PV systems are
the most popular solar electric system on the market today.
Grid-connected systems are systems connected to a large
independent grid usually the public electricity grid and feed
power directly into the grid. These systems are usually
employed in decentralized grid-connected PV applications
and centralized grid-connected [2].

II.

GEOGRAPHICAL LOCATION OF THE SITE

Fig.1.Schema of Grid -Connected PV

IV. System specifications
IV.1.Specification of PV module used in the system

Oued Keberit is a town and commune in Souk Ahras
Province in north-eastern Algeria [3].It
is located at
latitude 35°55'28» north and longitude 7°55'1" East . The
temperature ranges from 22.9C° to 26.3C° in the summer
and reaches to as low 10.2C° in the winter .This provides an
ideal environment for any Photovoltaic power plant projects
[4].Therefore, it is a perfect location for implementing the
PV power plant for our study. Fig .1.

Fig .1.Geographical location of the site

III. Description of the solar PV-Grid system
A grid-connected PV system consists of solar panels,
inverters, a power conditioning unit and grid connection
equipment. It has effective utilization of power that is
generated from solar energy as there are no energy storage
losses. When conditions are right, the grid-connected PV
system supplies the excess power, beyond consumption by
the connected load to the utility grid. The proposed model is
illustrated in Fig.2 by the PVsyst software.

Fig.3. Cherecteristics of PV module used in the system

VI.1.1. Inclination and Orientation
PV panels are optimized for the best orientation according
to solar path in Oued Kebrit fig .4 to gain maximum solar
irradiation and the result is that the tilt angle is 35o and
Azimuth angle is 00 Fig .5.
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Fig.7.Global system configuration
Fig.4. path Solar

Total of 60060 poly crystalline modules, 2730 strings in
parallel and 22 modules in series to generate 15000 kwp of
power. The area required for fixing the panels is 97513 m2.
The annual energy of the system is 23735MWh/year [5].

V.

Results and discussion

Figure 8 depicts the current and voltage generated from
the photovoltaic array for a day which the current is
85084Ah/day , the average voltage is 254.3 V and .the
effective energy at the output
of the array is
55370KWh/day.
Fig.5.Inclination and Orientation of PV modules used in the system
IV.2. Inverter
This study uses 30 units of 500 KW to get a total of
15MW Fig.6. The output is set to 400V at 50HZ for grid
compatibility in Algeria [4].

Fig.8. Current, voltage and energy output generated by the photovolyaic
array

Figure 9 shows the daily system output energy generated
from our system for a day which the energy injected to the
grid is 54188KWh/day.

Fig.6.Nominal power of inverter used in the system
IV.3.System Components Summary
The equipments used to construct the grid -connected PV
system for our case study described above are summarized
with some details and specifications in Fig .7
Fig.9.Energy injected to the grid
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Performance ratio is important in determining the quality
of the systems, The Performance Ratio is the ratio between
actual yield (i.e. annual production of electricity delivered at
AC) and the target yield (Eq.3):
𝑌
𝑃𝑅 = ( 𝑓⁄𝑌 )

(1)

𝑟

Fig .10.is a graphical representation of the Performance
Ratio of the incident energy for each month of the year. The
average ratio is 0.839.

Fig 12. Energy Output throughout year.
Table 1. Shows the balances and main results of Grid
connected PV system. Yearly global horizontal irradiation is
1691.8 kWh/m2 . The yearly global incident energy on the
collector plane is 1855.1 kWh/m2 . Energy available at the
output of the PV array is 24215523 kWh. The energy
injected into the grid is 23734872 kWh. The Eff ArrR is the
efficiency of the PV array/rough area and the yearly average
efficiency is 13.17 %. The yearly average efficiency of the
system is 13.7 %. The average ambient temperature is
17.230C [7].
TABLE .I
BALANCES AND MAIN RESULTS

Fig.10.Performance ratio PR
Our PV system’s nominal power output is 15015 KW.Due
to various factors such as site location and system losses.
The power capacity of the system is reduced fig.11.

Fig .11.Monthly nominal power graph for 15015 KW systems
Fig.12. Represents the total energy output throughout the
year which is 3.4 kWh/day, collection loss which is 0.57
kWh/day and system or inverter losses which is 0.90
kWh/day [6].

The loss diagram over the whole year Fig.13 shows that
the largest losses come from the array losses around 12.1%
and the inverter loss reach 2%. The horizontal global
irradiance is 1692 kw/m2 and the effective irradiance on
collectors is 1834 kwh/m2 .The energy injected into grid is
23735Mwh with the efficiency of the system equal to
15.40%.

Fig .13.Loss diagram of the system over the year
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VI. Conclusion
In this work a 17MW photovoltaic grid-connected
system situated in the site of Oued Kebrite Souk Ahras in
Algeria, was modeled and simulated in PVsyst software to
evaluate the energy performance. The results show that the
maximum solar irradiation was achieved at a tilt angle of 35°
with a value of 1834KW/m. Furthermore, the system is
composed of 60060 solar panels of 250W and 30 inverters
of 500KW. The energy production was 23735MWh/year
with a performance ratio of 83.9%. This shows that Oued
Kabarite has great potential for solar energy utilization due
to its strategic location.
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An Improved Speed Sensor-less Observer
for high Performance AC Drives
A. Ahriche1, M. Kidouche1, A. Boussoufa1, A. Idir1 and S. Mekhilef2
Abstract –This paper presents an improved speed sensor-less observer for induction motor state
estimation based on the combining of sliding mode and Lyapunov’s second function principles. For
this purpose, the induction motor drive is built using the standard direct torque control and the state
estimation is based on speed-sensorless sliding mode observer. The proposed scheme gives more
robustness to the drive compared to other conventional voltage or current based techniques.
Moreover, a hyperbolic function with adjustable slope is introduced in order to cover chattering
effects. The stability analysis of the proposed observer is heavily demonstrated based on the concept
of Lyapunov’s second method. The merits and feasibility of the whole algorithm are verified by
experimental results using a TMS320F240 digital signal processor.

Keywords: Sliding mode observer (SMO), Lyapunov stability-criterion, Speed-sensorless acdrives, Induction motor (IM), Direct torque control (DTC).

I.

Introduction

Sliding mode approach based control and state
estimation has been widely appreciated in the field of acdrives. This prominence is mainly attributed to several
merits offered by the variable structure control (VSC)
technique [1–6]. Among advantages, we can cite the fast
convergence, the simple implementation and disturbances
rejection. Furthermore, the spread of fast microcontrollers
(digital signal processor (DSP), field-programmable gate
array (FPGA), …) in the markets allowed the
implementation of such algorithms [2-4]. On the other
hand, DTC techniques are well suitable to accompanying
SMO in order to enhance dynamics of the drives. In this
way, several scientific works have been introduced
recently.
A special attention has been provided to wide range of
speed and flux weakening operations [5–7]. In order to
exploit the maximum torque capability of the induction
motor and gives better results in wide range of speed, a
self regulation of the stator flux is proposed in [7]. The
principle of SMO based flux estimation is illustrated in [8–
10], where three topologies are presented and compared in
terms of feasibility, robustness and implementation for
induction motor adjustable speed applications [9]. In [10],
features of an adaptive sliding mode observer are
explained and compared with extended Kalman filter
(EKF). High speed high performance PMSM control with
new sliding mode technique based on sigmoid function is
introduced in [11, 12] in order to improve robustness and
reduce chattering. For the same purpose, Supper-twisting
sliding mode control has is introduced in [13, 14]. The
main idea of this new design is to control the sliding
movement for higher order derivatives of the sliding
surface. Two different applications are suggested to

accompanying the proposed scheme. This configuration
significantly improves the robustness and the dynamics of
the drive. However, to get high performance, the tuning of
the controller parameter can causes serious problems and
increases calculation. New alternatives of sliding mode
observer using fuzzy logic principle and discrete time
sliding mode are presented in [15]. The merits of space
vector modulation combined to DTC control and sliding
mode observer has been demonstrated in [8], where an
inherently speed-sensorless SMO is developed. From the
studied literature, two categories of sliding mode observer
can be distinguished. The first are speed adaptation based
methods, whereas the second are speed-sensorless
techniques, which introduced to improve performance at
very low speed and standstill operations [16].
In this paper, experimental study of a speed-sensorless
sliding mode observer combined to lyapunov’s concept is
performed. The principle induction motor DTC is firstly
presented, a sliding mode observer based on rotor-flux and
stator current is adopted. The concept of Lyapunov
stability criterion is used to confine the observer gain
values. Experimental results, which demonstrate the
feasibility and the effectiveness of the proposed algorithm,
are presented using DS1104 controller board.

II.

Control Formulation

Mainly, the conventional DTC scheme has been
proposed in order to enhance both of dynamic and
efficiency of ac-drives [17-19]. The DTC principle is
based on the direct control of the stator flux vector by
selecting appropriate voltage vectors. Fig. 1 shows the
block diagram of the conventional DTC used to evaluate
the proposed sliding mode observer.
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III. State Estimation
In sensorless ac-drives, enhancing performance is
heavily depends of the motor sate estimation, especially at
very low speeds [8, 20]. Thus, an accurate and robust
estimation technique should be used. For this purpose, an
improved speed-sensorless SMO has been proposed in this
paper. Several considerations are required in the step of
observer selection, depends of the available data and
which is the important feature of the control scheme. The
proposed scheme is based on the rotor flux equations in
stationary reference frame. In this case, the motor model
is given as

Fig. 1 – Block diagram of the used speed-sensorless
IM-DTC drive.
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 dt r
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(1)

The flux and torque errors (eψ, eT) are obtained by
comparing the estimated values ( ψ̂ s , Tˆm ) to the
references ones (ψ*s, T*m). By selecting the appropriate
hysteresis bands for both of flux and torque, the
corresponding commended switching signals (G*L1, G*L2,
G*L3) can be chosen. Thus, as we use the conventional sixswitch voltage source inverter (VSI), eight combinations
can be distinguished. Two of them lead to the non-active
vectors, whereas the remaining generates the active
vectors.
Table 1
Digital implementation of DTC

S
ψ*c

1

0

T*c
1
0
–1
1
0
–1

S1

S2

S3

S4

S5

S6

001
000
011
100
000
110

101
111
001
110
111
010

100
000
101
010
000
011

110
111
100
011
111
001

010
000
110
001
000
101

011
111
010
101
111
100

For digital implementation, a look-up table is designed
based on Table 1, where, ψ*c and T*c are the commended
stator flux and motor torque respectively and (S1 to S6)
represent the states of the voltage inverter switches.
From the above table, it is noticed that three-level and
two-level hysteresis controllers are used for torque and
flux control respectively. The selection of non-active
vectors is based on the actual switching state in order to
minimize losses.

Where, (s) indicates the stationary reference frame. i s ,

ψ r and u s are the stator current, the rotor flux and the
stator voltage vectors respectively. ωr is the rotor angular
speed, whereas, Rs ,Rr , Ls , Lr , Lm ,σ and Tr represent the
motor model parameters (given in Table 2).
Based on (1) and according to the principle of sliding
mode control [1] with the assumption that all terms which
include the motor back- EMF (jωr ψr) are considered as
disturbances, the proposed speed-sensorless SMO is given
by
 d s 
Lm  Lm Rs Lr  ˆ s  1 s 
ˆ
i  

 iˆ s 
 
 Ls Lr  Tr
Lm  s
Tr r
 dt


L 
s 

.
  r  u ss    k i f  i ss   iˆ s 




 Lm 

d
L s  1 s 
s 
 
ˆ s   m iˆ s  
ˆ  k  f  i ss   iˆ s 
r
r
Tr
Tr


 dt


(2)

The sup-script (^) denotes the estimated value, ki and kψ
s 
are the current and flux observer gains and f  i ss   iˆ s 


is a hyperbolic function defined as

s  

2a i ss   iˆ s 


e

s 
1
f  i ss   iˆ s  
.
 s  ˆ s  


2a i s  i s 
 1
e 

(3)

(a) represents an adjustable slope which depends of the
rotor speed. Let’s define both of current and flux errors as
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s 
eis   i ss   iˆ s .
s 

(4)

s 

e s    r  ˆ r .

(5)

In order to satisfy stability condition, the observer gain
is confined based on the second Lyapunov's function.
From (1) and (2), by considering that non-mismatch in the
motor model parameters, the first derivative of the current
error is


L
d s 
ei  m  
dt
Ls Lr 

Lm Rs Lr

Tr
Lm

 s 
 ei



 1

s 
ˆ s    ki f  i ss   iˆ s 
  es   j r 

r


 Tr


.

(6)

Fig. 2 – The proposed sliding mode observer based state estimation.

Similarly, the first derivative of the flux error is
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r
dt
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IV. Experimental Results
.

(7)

The candidate Lyapunov function used to reflect the
characteristic of the SMO is

    

T
1
V eis   eis  eis  .
2

(8)

The attractivity condition is
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(9)

It is quite obvious, from the above stability analysis,
that when the system reaches the sliding mode surface, the
inequality condition will be

ki  MAX

Lm
Ls Lr


R s  
 r 
ˆ s   r e
.


r
Lr



(10)

By substituting in (7)

R s 
ˆ s   r e
k  MAX r 
.
r
Lr

(11)

The block diagram of the proposed SMO is shown in
Fig. 2. It can be seen that, regardless the stator resistance,
all motor parameters are in the flux equation. Owing to
this, the observer accuracy is not affected by these
parameters detuning.

The feasibility of the proposed algorithm is verified by
experimental setup, where a high operating-speed Dspace
DS1104 controller board is used [21]. 0.9 kW squirrelcage induction motor is employed to drive the mechanical
load. The motor is supplied utilizing a SEMIKRON
voltage source inverter [22]. Both of MATLAB and
Control Desk software are combined to manage the whole
system. The sampling frequency is set to 10 kHz.
Firstly, the no-load test is performed in order to verify
the feasibility of the proposed algorithm. The motor was
run at 10 % of its synchronous speed (5 Hz) in both of
clockwise and counterclockwise directions. As illustrated
in Fig. 3, the estimated stator flux components (d,q) and
both of magnitude and angle of this flux-vector are shown.
Since the no availability of flux sensor, the error signal
between real and estimated values of the flux can’t be
evaluated. Therefore, the merits of the proposed scheme
can’t be directly known. One of the solutions is to use the
rotor speed or position error signals, since (13) is heavily
depends of the estimated value of the rotor flux. In this
way, a speed sensor is used as witnesses, to compare state
estimation and experiments. Fig. 4 Presents the estimated
and actual values of the rotor speed for (– 3 Hz) of
reference value. In the same figure, the estimation error is
presented.
Secondly, in order to prove merits of the proposed SMO,
the whole algorithm was susceptible to several tests, as
well as a full load and low speed operating condition. In
fact, these critical conditions represent a real challenge to
all speed-sensorless drives [8]. In Fig. 5, the evolution of
the stator currents is illustrated when the motor run at
+ 10 % of its synchronous speed. Fig. 5 also shows the
estimated rotor speed and position at ± 10 % of its
synchronous speed using the proposed SMO.
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Fig. 3 – Estimated stator flux: From top to bottom: d-q flux components (Wb), Flux magnitude (Wb) and Flux
angle (rad) with (– 4 offset).

Fig. 4 – Both of estimated and actual values of the rotor speed and the estimation error for (–3 Hz).

Rotor Speed
Rotor Position

Fig. 5 – Stator currents and both of estimated speed and rotor-position at approaching speed of ± 10 % .
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From the above figures, it can be seen that the proposed
algorithm is well suitable for these types of drive since it
gives good accuracy and offers high dynamics.
Furthermore, the SMO follows perfectly the actual values
of flux even at low speeds. Moreover, for speed reversal
operations, the estimated speed value follows well the
actual value; this can prove the correct estimation of the
rotor flux since the rotor speed estimation is heavily based
on rotor flux estimated value.

V.

Appendix
Table II
Motor specifications and data

Rated power
Number of pole-pairs
Rs
Rr
Ls
Lr
Lm
Tr
σ

900 W
2
21.00 Ω
22.63 Ω
1.052 H
1.081 H
0.996 H
L r / Rr
(1– (L2m /Ls Lr))
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Optimal Design and Techno-Economic Analysis of PV–Battery and
Diesel–Battery Power Systems for a Site in Algeria
A. GABOUR1, A. METATLA2, M. MEDKOUR3
Abstract –In this paper, an attempt is made to design optimal power systems: renewable system
(Photovoltaic –Battery) and non-renewable system (Diesel-Battery) for a city in Skikda, Algeria,
where the solar radiation measurements were made. The aim of this study is the optimization of a
two power systems applied in term of technical and economic feasibility by simulation using
HOMER. The HOMER software simplifies the task of assessing the designs of different power
systems, off-grid and grid-connected, for a variety of applications. It can analyze and combine
various energy sources to arrive at an optimal display configuration.

Keywords: PV, Diesel, Battery, technical, economic, HOMER

I.

Introduction

Demand for energy is increasing day by day because
of increasing the population and industrialization but we
have very limited resources. In this critical stage of
energy crisis, renewable energy is one of the most
important alternative energy sources. Renewable energy
sources are an “indigenous” environmental option,
economically competitive with conventional power
generation where good wind and solar resources are
available. Hybrid plants can help in improving the
economic and environmental sustainability of renewable
energy systems to fulfill the energy demand [1].
Stand-alone renewable energy systems constitute an
alternative to the grid connected systems. They include
solar radiation, wind and hydraulic sources which are
essentially inexhaustible resources. The amount and
proportion of generated renewable energy are expected to
rise so largely because of the ever diminishing supplies of
gas and oil and also because of the international
awareness and programs to support renewable energy
generation [2]. The Combination of
two or more
different sources of energy is called a hybrid system.
Hybrid systems such as wind-diesel or photovoltaicdiesel are now proven technologies for electric supply in
remote locations [3].
The design of hybrid renewable energy systems
requires appropriate dimensioning in terms of power as
well as suitable choice of the system components
according to the available resources. For this reason,
simulation software packages constitute an essential tool
for the analysis and the comparison of different
combinations and alternatives.

Analysis must take into consideration three main
constraints: Firstly, the available renewable resources in a
given region. Secondly, the load profile, and thirdly, the
availability of financial resources [7].
Simulation and optimization of hybrid energy
system can be achieved by various software which are
nowadays available. Examples of that software include
HOMER, HOGA and Hybrid2, which offer different
background of application and simulation [4]. HOMER
software is a user-friendly micropower design tool that
simulates and optimizes stand-alone and grid connected
power systems. Recently, it has widely been used in the
field of renewable energy [6]. It can be used with any
combination of wind turbines, PV arrays, run-of-river
hydro power, biomass power, internal combustion engine
generators, micro turbines, batteries, and hydrogen
storage, serving both electric and thermal loads.
The aim of this study is to study two power systems:
renewable system (Photovoltaic –Battery) and nonrenewable system (Diesel-Battery). This raises the
following issues:
- Choose correctly the size of each component of the
two energy systems;
- Optimize energy management in this two systems;
- Finally, find the optimum configuration, that is to say
the minimum cost of production and make comparison
between them.

II.

Homer software

HOMER (Hybrid Optimization Model for Electric
Renewable) software has been developed by NREL
(National Renewable Energy Laboratory) [8].
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It performs hourly simulations of every possible
combination of components entered and ranks the
systems according to user-specified criteria such as cost
of energy (COE) or Capital Costs (CC). HOMER has
been extensively used as a sizing and optimization
software tool [5].
In this study, HOMER will determine the best feasible
power system configuration that can cope with the load
demand. The analysis is based on the estimation of the
installation cost, the replacement cost, operation and
maintenance cost, and so on in addition to the high
reliability to satisfy the load demand.
The optimization process is done after simulating the
entire possible solutions of hybrid power system
configurations.

III. Power system components
The first system is shown in “Fig.1.” which consists of
a diesel generator and batteries to power the load.

The components of the two systems are:
- Photovoltaic module: The PV modules used with
250W maximum power.
- Converter: A converter is used which functions as an
inverter and rectifier depending on the direction of power
flow [11]. The inverter model used in this project is
based on a power unit (4 kW) that operates with a high
efficiency and optimal reliability.
- Battery: Battery bank stores the electrical energy
produced by the PV cells and the DG, and makes the
energy available at night or on dark days (days of
autonomy or no-sun-days) [10 ] The Surrette Trojan T105 (6 V, 225 Ah) storage batteries are utilized in the
system
- Diesel generator: the use of diesel generators is very
common in the hybrid power system to achieve required
autonomy. The selection of a diesel generator depends on
the category and nature of the load[9], The diesel
generators utilized are of 5.5kW .

IV. Solar energy potential
The solar resource was used for a site in Skikda at a
location of 36° 39' N latitude, 6° 50' E and 132 m
altitude above mean sea level. The monthly average of
solar radiation and clearness index of the province of
Skikda for one year obtained through HOMER are given
in table I.

TABLE I
MONTHLY AVERAGE DAILY RADIATION AND CLEARNESS INDEX

Fig.1. Schematic diagram of the Diesel-Battery energy system
The second system is shown in “Fig.2.” which consists
of a photovoltaic and battery to power the load

Fig.2. Schematic diagram of the PV-Battery system

Month

Clearness
Index

Daily Radiation
(kWh/m2/d)

January
February
March
April
May
June
July
August
September
October
November
December

0.477
0.520
0.514
0.530
0.546
0.603
0.621
0.627
0.572
0.533
0.500
0.482

2.294
3.206
4.125
5.227
6.052
6.970
7.010
6.441
4.942
3.570
2.549
2.118

The solar radiation data for the selected remote area
was estimated to range between 2.118kW h/m2/day and
7.010kW h/m2/day with an average annual solar
radiation estimated to 4.55kW h/m2/day. It can be
noticed that more solar irradiance can be expected from
the month of May to August while less solar irradiance is
to be expected from November to February.
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V.

Electrical load

An important step in the design of the hybrid system is
the determination of electricity load. “Fig. 3,” shows the
monthly profile for the assumed electric load. The load
has an average value of 1.347 kWh/day and a peak of
107kW.

VI. Results and comparative study
HOMER simulates systems configurations with all of
the combinations of components that were specified in
the component input. The strategy taken in this
simulation is to ensure that the power generator provides
enough power to meet the demand.
Results of optimization are summarized in the following
figures and tables.

VII. Homer software input data
Capital, replacement, and O&M costs of various used
equipment have given in table II.
Diesel Price: The diesel price used for the analysis is
$0.18 per liter (according to [12].)

Fig.3. Load daily profile during a year

TABLE II
DETAIL OF THE CAPITAL, REPLACEMENT, AND O&M COSTS OF VARIOUS USED EQUIPMENT[13]

Component detail

Capital cost($)

Replacement cost ($)

O&M costs

PV 250W
Battery 6V

2500(KW)
174(Unit)

2500(KW)
174(Unit)

0
5($/Unit/year)

Converter 4KW
Diesel generator 5.5 KW

329(KW)
230

329(KW)
230

10 ($/year)
0. 5($/h)

TABLE III
ANNUALIZED COSTS OF THE PV-BATTERY SYSTEM

Component
PV
Trojan
T-150
Converter
System

Capital ($/yr)

Replacement ($/yr)

O&M ($/yr) Fuel ($/yr)

Salvage ($/yr) Total($/yr)

697,476

0

0

0

0

697,476

72,817

40,660

24,000

0

0

137,477

717
771,010

400
41,061

250
24,250

0
0

0
0

1,368
836,321

TABLE IV
ANNUALIZED COSTS OF THE DIESEL-BATTERY SYSTEM.

Component

Capital ($/yr)

Replacement ($/yr)

O&M ($/yr) Fuel ($/yr)

Salvage ($/yr)Total($/yr)

Generator
Trojan
T-150
Converter

292

1,852

63,709

34,713

-29

100,537

VI.
607

339

200

0

0

1,146

72VII.

40

25

0

0

137

System

970

2,231

63,934

34,713

-29

101,819

VIII.
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Fig.4. Optimized result for the proposed Renewable

Fig.5. Optimized result for the proposed Non-renewable

energy system (Pv-battery)

energy system (diesel-battery)

Monthly Average Electric Production

600

Generator

60

500

50

400

Power (kW)

Power (kW)

Monthly Average Electric Production

70

PV

300

40
30

200

20
100
0

10
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Nov

Dec

0

Jan

Fig.6. Monthly average electric production for renewable

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Fig.7. Monthly average electric production for non-

energy system

renewable energy system
TABLEV
NET PRESENT COSTS OF THE PV-BATTERY SYSTEM.

Component

Capital ($)

Replacement ($)

O&M ($)

Fuel ($)

Salvage ($)

Total ($)

PV

8,000,000

0

0

0

0

8,000,000

835,200

466,372

275,278

0

0

1,576,850

8,225

4,593

2,867

0

0

15,685

8,843,425

470,964

278,146

0

0

9,592,536

Trojan
T-150
Converter
System

TABLE IV
NET PRESENT COSTS OF THE DIESEL-BATTERY SYSTEM.

Component

Capital ($)

Replacement ($)

O&M ($)

Fuel ($)

Salvage ($)

Total ($)

Generator
Trojan
T-150
Converter

3,345

21,245

730,739

398,152

-334

1,153,147

6,960

3,886

2,294

0

0

13,140

823

459

287

0

0

1,569

System

11,128

25,591

733,319

398,152

-334

1,167,856
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TABLE VII.
SUMMARY OF THE SIMULATION RESULTS TABLE STYLES

System

NPC $

Levelizd COE ($)

PV Stand-alone

9,592,536

1.751

Diesel

1,167,856

0.209

TABLE VIII
ANNUAL EMISSIONS OF THE SYSTEMS

System

Fig.10. Statistical energy results of battery for renewable system

Renewable
system
0

Non-Renewable
system
507,832

Carbon monoxide
Unburned
hydrocarbons
Particulate matter
Sulphur dioxide

0
0

1,254
139

0
0

94.5
1,020

Nitrogen oxides

0

11,185

Carbon dioxide

Fig.11. Statistical energy results of battery for non-renewable system

The annual operation output of the PV, Diesel
generator and battery respectively, are given to illustrate
the operational control strategy according to the load
demand and solar data for the two systems.

kW
800

PV Output

24

720
640

Hour of Day

18

560
480
400

12

320
240
160

6

80
0

0

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

78
72

Hour of Day

66
60
54

12

48
42
36

6

30
24

Jan

Feb

Mar

Apr

May

Jun

Jul

For the non-renewable energy system (DieselBattery), the total Net Present Cost (NPC) is $1,167,855.
Diesel generator burns 192,848L of fuel per year and
annual generator run time is 8,760 hours. “Fig 7” shows
the monthly average electric production produced by
diesel generator. Diesel generator produces 488,662
kWh/yr.

kW
84

Generator Output

18

0

The levelized cost of energy COE gives the average cost
of producing one kWh of electricity. Table 7 shows that
the PV stand-alone system has the highest COE per kWh
(1.751$), while the COE of Diesel ($0.209).

The total Net Present Cost (NPC) of PV is 9,592,536.
“Fig 6 “shows the monthly average electric production of
the system. Photovoltaic production is 100% with
1,108,916kWh/yr.

Fig.8. Annual PV generator operation.
24

As shown in Table5 and table 6, the initial cost of the
PV Stand-alone system is the highest, the PV system uses
no fuel, and the other system pays $398,152

Aug

Sep

Fig.9. Annual generator operation.

Oct

Nov

Dec

The difference cost (NPC) between two systems is
$8,424,680 which is a very significant number. The total
NPC of the PV stand-alone system is about 8.2 times the
diesel systems total NPC cost. The reduction of yearly
diesel fuel consumption from has a large impact on the
environment. For the site of Skikda, the results point out
that combining between the two systems means that the
PV-Diesel-Battery based system is the best choice. The
system can help to abate prevalent global warming which
usually occurred as a result of CO2 emission into the
environment and reduce the cost of installing the
electricity production.
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VIII.

Conclusion

After the optimization analysis of the possible and
optimum power energy systems configurations, the most
economical and efficient systems combinations were
suggested by HOMER based on their total net present
cost of the system and electrical production.
From the economical analysis it is easy to notice that, the
PV system is the most expensive way to generate
electricity. From an environmental standpoint, in terms of
pollutant emission and economic feasibility combining
between the two studied systems means that the PVDiesel-Battery based system is the best choice.

[5]
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Design and Analysis of Permanent Magnet Assisted
Reluctance Motor
Atoui Ala Eddine1, Boukhechem Ismail 2, Boukadoum Ahcen3
Abstract – In this paper, the performance of the Permanent magnet assisted reluctance motors
(PMaSynRM) are designed and analyzed using ANSOFT Maxwell program, which is based on the
equations of Maxwell. The aim of this article is to calculate engine performance. The results are
obtained by numerical finite element model using the Maxwell software

Keywords: Permanent Magnet Assisted Synchronous Motor, Synchronous Reluctance
Motor, Induction Motor, Analytical Model, Finite Element Model

I.

The asynchronous motor is the most widely used
engine in industrial application, although they do not
provide an excellent yield.
The design and optimization of electrical machines
need to consider many factors: mechanical, thermal, etc.
Permanent magnet assisted reluctance motors is a
machine that combines Magnet type and Reluctance. It is
characterized by the presence of permanent magnets in
flux barriers in the rotor [1].
The presence of flux barriers requires the use of more
magnetic bridges to provide mechanical cohesion of the
structure, especially at high speed of the characteristics
that distinguish it from other motors: effective, reliability,
possibility weakening flux [2]. Currently used in electric
cars and washing machines. Cooling is provided by a fan
blowing air with very low flow in the hollow rotor, and
by circulating cooling water at its periphery [3].
These cooling means are insufficient to ensure the
temperature levels within the acceptable machine and the
hottest portions are located at the magnets.
The rest of this paper is organized as follow. The
dimensions and parameters of the machine are presented
in section 2. Analytical model is presented in section 3.
The nature of the losses in the magnets is explained in
section 4. Finite element model and results are provided
in section 5. Finally, the paper ends with a conclusion.

II.

TABLE I
MODEL PARAMETERS
Parameter
Value

Introduction

Presentation of the Machine

The machine consists of a stator and rotor
manufactured with materials (M250-50A), the rotor
includes 3 pairs of poles and 8 Permanent magnets in
ferrite Y30BH.The dimensions and parameters of the
machine are summarized in Table 1.

Nominal Power

3KW

Rotor Diameter

103mm

Stator Diameter

166 mm

Axis Diameter

30 mm

pairs of poles

3

Number of stator slot

3

length of the machine

70 mm

Air gap

0.5 mm

Number of turns phase

5

height of magnet 1

4mm

height of magnet 2

4mm

width of magnet 1

8mm

width of magnet 2

11mm

III. Analytical Model
The model is based on the equations of Maxwell .The
objective is to calculate engine performance: the
electromagnetic torque, the power factor.
The Equation (1) presents the magnetomotive force
produced by three-phase sinusoidal [4]:
( )

√

(

)

(1)

: The effective current per phase
: Winding coefficient
: The number of turns per pole and per phase
: The angular position
: Angle of wedging
The following equation present the calculation of the
inductors in the rotor; the torque, power factor, expressed
by (2) (3) respectively.
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(
(

)
( )

(2)
(3)

V.

Finite Element Model and Results

The distribution of magnetic fields and the rotor losses,
containing a single magnet (Fig. 1) is studied, after; the
results are extrapolated throughout the rotor.

: Direct flux
: Reverse flux
: Direct current
: Reverse current

IV. Nature of the Losses in the Magnets
Three main types of permanent magnet materials are
used in electric motors [5]:
 The Alnicos
 The ferrite (ceramic): Barium ferrite and
strontium ferrite
 Materials rare earth Neodymium and Samarium
Cobalt
These are due to the electrical conductivity of the
magnetic material. As has been detailed in Equation (4),
Faraday's law states that the presence of a magnetic field
generates a time varying voltages induced, if they are in
the course of a conductive material and the ohm law will
result in the movement of certain electrical currents.

Fig. 1. Finite Element Model
V.1.

The Distribution of The Magnetic Field

Figures (2; 3) show the distribution of the magnetic
induction in the volume of the magnet.
During rotation, the stator slots produce a field variation
in the rotor elements.

(4)
To estimate the losses in the magnets generally applied
to laminated sheets can be used Analytical models (5)
loss by eddy currents and (6) hysteresis loss can be used
[6]:
(5)

Fig. 2. Distribution of the Magnetic Induction

(6)

There are high inductions Because of distribution of
non-homogeneous magnetic field in the rotor.

: The frequency
: Maximum induction sinusoidal magnetic field
: The thickness of the lamina
Different technological approaches are proposed in the
literature and realized in practice to reduce the rotor
losses. The most studied solutions are [7]:
 segmentation an axial and / or radial magnets;
 an adequate tooth geometry;
 judicious sizing of the ferromagnetic parts to
reduce the variations of the field;
 special distribution of magnets, structure Halbach;
 Action on the feeding strategy to reduce the time
harmonic current.

Fig. 3. Vector of the Field B
V.2.

Distribution of The Flux

The following figure shows the flux distribution on the
rotor, High degree of magnetic flux in the magnet area 1.
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VI. Conclusion
The study of the machine indicates a high temperature
in the rotor part (the very hot point), because of the
distribution of non-homogeneous losses. To reduce the
temperature of the rotor, it is proposed to restore the
distribution of the magnetic field (homogeneous). The
restoration of the distribution of the magnetic field
(homogeneous) has been proposed to reduce the
temperature of the rotor.
Fig. 4. Flux Lines
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V.3.

Total Loss

The following figure shows the loss on the rotor.

Fig. 5. Total Loss
Spatial harmonics of the stator magnetomotive force
does not rotate at the same speed as the rotor; the
majority of the losses are located in the surroundings of
the magnets.
V.4.

Temperature

The following figure shows the temperature on the
rotor, in the magnet zone 2, the very hot temperature.
Hysteresis losses and losses by eddy currents in the rotor
elements produce hot temperature which is particularly
important as speed increases.

Fig.6. Temperature
Overheating can damage certain glues or certain resins,
and lead to a take-off of the magnets and reduces the
residual induction and thus torque.
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Abstract: the aim of this work is to experiment a new
technique of power transformer assessment through the
insulating oil diagnosis. It will be applied to characterize
mixtures between two compatible oils but of different
provenances. The goal is to detect the electrical
properties deterioration by comparing the obtained
results for two different oils (new one and old one) and
their different mixtures. The obtained results are
conclusive and reinforce those gotten by classical
physicochemical methods of characterization.
The intent of the present paper is to make a link between
space charge behavior in the insulator and its several
characteristics. We show that the conduction current in
liquid dielectrics seem to follow the same behavior as on
solid dielectrics (transient and steady states). Charging
currents reported at room temperature allows us to
determinate the resistivity and the charge carrier’s
mobility for each mixture.
As reported by physico-chemical analyses, charging
current measurements allow detecting of the worst
mixture which is that constituted by 90% of the old oil
and 10% of the new one.
Key words: charging currents, conduction, insulator,
power transformer, space charge.
INTRODUCTION
Power transformers are the important components in the
transport and distribution energy systems; they
constitute the most expansive element of the investment
so it is necessary that they operate correctly during many
years. Following the significant role which it plays
within an electrical installation, the power transformer
occupies a paramount and critical place, it is the central
element of the investment, and the least failure in one of
its parts can cause heavy consequences on all
domains:technique, financial, business, human and even
environmental. Thus, the monitoring in service of the
big power transformers must be systematic. Majority of
this kind of electrical equipments, through the world, are
filled with insulating liquids; they are mineral oils which
ensure at the same time the electrical insulation and heat
dissipation. In general, the lifespan of a transformer is
equal to that of the insulation, and that necessarily
depends on the dielectric rigidity of the used insulators.
This technique consists of the measurement of the
isothermal charging currents on oil samples sandwiched
between two metallic circular and planar electrodes. Our
samples were constituted by several mixtures between

two basic oils, which are a new Borak 22 (with good
electrical characteristics) and old Nynas (with
deteriorated insulating properties). It should be noted
that this kind of measurements give whole satisfaction in
the case of solid dielectrics [1] and the theoretical works
occurred on the liquid ones [2,3] show existence of large
similitude’s between the two cases[4]
SAMPLES PREPARATION
The characterized samples were obtained by mixture
between the two naphthenic oils according different
proportions given in Table I.
The BORAK22 is an mineral naphthenic oil, it is used in
the majority of the power transformers, the one used in
our measurements is new with bright colour (figure 1-b).
The NYNAS is also naphthenic and largely used in
transformer insulation; it is of standard quality and
satisfies the usual criteria’s. Not inhibited, i.e. it does
not contain additives for the improvement of its
resistance to oxidation. Nynas used in our measurements
is in service of then more than 20 years.It is of red brick
Table I :
The different volumetric ratios of the studied mixtures (five samples
and their composition, with the two basic samples: BORAK22 (B) and
the NYNAS (N))
Sample N°

1

2

3

4

5

6

7

00
%N

10
%
N

25
%
N

50
%
N

75
%
N

90
%
N

100
%N

90
%
B

75
%
B

50
%
B

25
%
B

10
%
B

Composition
(volume percent)
100
%B

(a)

00
%B

(b)

Fig.1 : Basic oils photography: a)the Nynas, b)the Borack22

Second International Conference On Technological Advances in Electrical Engineering
October 24-26/2016 Skikda-Algeria
The diagram of the test cell is given on figure 3, in the
way to consider setting under constraint of a thin film,
the electrodes spacing d is fixed to 0.15 mm

Table II:
Initial properties of both basic oils (D: Density, WC: Water
Content, AV: Acid Value, NBV: Normalized Broken Voltage,
tang δ: Dissipation factor; η: cinematic viscosity, FP: Flash
Point)

EXPERIMENTAL RESULTES
D at

WC

η (cst) FP

NBV
tan δ

AV
22°C (ppm)

(kV)

40°C (°C)

0.017 58.7 6.5 10-3 10.94 149.5

Borak 22

0.877 9.6

Nynas

0.883 50.6 0.062 31.5 29.1 10-3 09.79 144

color (figure 1-a), it was taken from operating
transformer. The initial characteristics of both basic oils
are given in Table II. All the obtained mixtures are
limpid and without emulsion. The color index variation
is between 0.5 (which is the limit of the apparatus) for
Borak and 01 for the Nynas [5]
MEASUREMENT DEVICE
Figure 2 represent the constituting elements of our
experimental device, it allows the measurement of
charging and discharging currents. It is mainly
constituted by a polarisation source (delivering DC
voltages until 4000 volte), a programmable electrometer
with a sensitivity until 10-13A (Keithley 617). The
measuring cell is in Plexiglas in which both cathode and
anode are emerging into a volume of one liter of the
studied oil.

We consider the case of insulating liquid thin film
samples, of 0,15mm, submitted at the time t = 0 to DC
stresses series. After short circuiting during sufficient
time for establishing of the electrometer equilibrium, we
applied the first voltage value and measured the
charging current during 3500 seconds, after which, one
needs short circuiting the high voltage source during
practically the same time with the aim of applying of the
following voltage. For all the samples (table I), the
applied voltage values are going from 2 up to 10 per
step of 2 volte. Although the applied voltages are weak,
measurement of very low charging currents technique
allows having very interesting informations about the
conductive characteristics of dielectric liquid samples.
Charging Currents Presentation
Qualitatively, the charging currents present a same

High voltage
source

High sensitive
Electrometer

Fig. 4: Determination of change slop time in the charging current (case
of the sample number four)
Measurements
cell

Fig. 2: measuring device of charging currents

Elect. 617

Voltage
source
Steel conecto r
Plastic lid

System of
elec trodes

Elec
trod
e en
Acie cell
Plexiglas
r

Fig. 3: Diagram of the measuring cell.

Fig. 5: Effect of the applied field on the permanent current (case of the
sample number three)
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behavior for all the studied samples. For example,
Experimental determination of the time t0, indicating a
figure 4 shows the current measured on the sample
change in the current behavior (figure 4), allows to
number five (75% of volume is the Nynas and 25% is
determinate the charge carriers mobility by using the
Borak22). The current vs. time characteristics shows
expression relating carriers velocity in the liquid and the
that the current is decreasing at the first times and it
applied electrical field which is linear,
.
becomes stable afterwards, the first stage is attributed to
the movement of the charge carriers in the dielectric
Figure 6 give the
curves. Where d is the
bulk under applied electric field effect, they are
sample thickness and Va is the applied voltage.
essentially ionic carriers. A change of slope is remarked
The charges mobility in each sample is obtained through
at a time t0, which is conceived like the necessary period
the curves by calculating the linear fits slops. The
of a charge carrier to go through the sample thickness.
funded mobility’s are given in figure 7.
This result is important for determination of the charge
Although the deduced charge carriers mobility’s are in
carriers mobility in each mixture. We will show later
the range of 10-12 m2.V-1.s-1, thing confirming the
that the charge mobility depends on the sample
insulating character of the oils, we show that apart from
composition and the external applied field. For all the
the case of the pure new oil, the charge carrier’s
studied samples, the charging current is characterized by
mobility is increasing with the additional amounts of the
the steady stat were the current do not vary practically
former oil (figure 7).
any more, this constancy of the current in the steady stat
(figure 5) allows plotting of the current-Field
Samples Resistivity
characteristics and estimate the samples resistivity.
Charge Carriers Mobility

From the curves of type those shown in figure 5, we

Fig. 6: Carrier’s velocity vs. field curves
Fig. 8: Current vs. voltage characteristics

Fig.7: carrier’s mobility variations with the addition of deteriorated
oil.

Fig.9: Resistivity variation according to the composition of the
liquid
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deduce for all sample the current vs. field characteristic
is also shown in polymeric materials. The measured
currents are exploited in the aim to access for the oils
in the steady state (figure 8). We know very well that
electric characteristics lick space charge dynamic and
when the conduction mode is linear, we can write the
the material resistivity.
relation given current density J according to the
The high mobility’s of the charge carriers in the
electrical field:
, where
is the material
BORAK22 is explained by its low density and its more
conductivity. For this purpose, figure 8 present, for all
important viscosity (see table II), but the fact that it is
samples, the
characteristics.
more resistive is attributed to its high purity thus very
poor on charge carriers. On the other hand, the water
I is the measured current in Amperes, the electrodes area
and the particales in the aged Nynas is a sufficient cause
is S = 4,9.10-4 m2, Va is the applied voltage and d is the
for the loos of its resistive properties. Moreover, oils
sample thickness. As the case of mobility’s
with this degradation level can be at origin of serious
determination, the material conductivity is obtained for
problems in the transformer operation. Indeed, it’s clear
each sample by calculation the slopes of the curves
that the low mobility’s of charge carriers in the Nynas
shown in figure 8.
leads to the accumulation phenomenon which contribute
The first observation which is must be quoted is the fact
to local electrical field enhancement in the insulator bulk.
that when the insulator liquid is only constituted by the
So the dielectric breakdown becomes probably
deteriorated oil (sample N° 7), it present an intrinsic
increasing.
conduction who is approximately 19.10-7 A.m-2, although
no electrical stress is applied. And we show that the
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Combined Fuzzy-IC Variable Step Size MPPT Reducing Steady State
Oscillations
A. Harrag1,2*, F. Benadel3, S. Messalti3

Abstract – In this paper, a combined fuzzy-IC variable step size MPPT controller has been
proposed. The classical IC MPPT algorithm is widely used due to its simplicity. nevertheless, it is
characterized by several low performance and oscillation around the MPP affecting the
convergence speed, prone to failure especially in fast changing atmospheric conditions. To face
these drawbacks, the proposed MPPT uses the classical IC MPPT algorithm where the step size is
drived using a fuzzy logic controller. The MPPT controller is tested and validated under
Matlab/Simulink environment where the model of the system including a Solarex MSX-60W
module fed by DC-DC boost converter drived using the proposed combined fuzzy-IC MPPT
controller is implemented. Results are presented showing a good reduction steady state
oscillations.

Keywords: IC, MPPT controller, Fuzzy logic, Photovoltaic Cell modelling, Variable step size

I.

Introduction

In past years it has become increasingly clear that the
present method of generating energy has no future due to
finiteness of resources reflected in the rising prices of oil
and gas as well as the first effects of burning fossil fuels.
The melting of the glaciers, the rise of the ocean, levels
and the increase of the weather extremes, the Fukushima
nuclear catastrophe, all show that nuclear energy is not
the path to follow in the future. Fortunately, there is a
solution with which a sustainable energy supply can be
assured: renewable energy sources. These use infinite
sources as a basis for energy supplies and can ensure a
full supply with a suitable combination of different
technologies such as biomass, photovoltaic, wind power,
etc. A particular role in the number of renewable energies
is played by photovoltaics. They permit an emission-free
conversion of sunlight into electrical energy and will be
an important pillar in future energy systems[1].
Despite the large number of Photovoltaic advantages,
it still presents some drawbacks comparing to
conventional energy resources especially its low
conversion efficiency which is only in the range of 9–
17%, high fabrication cost, and nonlinear characteristics.
As consequence, the energy harvesting at maximum
efficiency is not enough[3-5]. To overcome these
problems, a maximum power point tracking controller is
required to adjust continuously the duty cycle of the
power interfaces to assure the transfer of the maximum
power available from a PV array to the load at any given
time and under variable conditions. The nonlinear P-V
characteristic presents a unique operating point called the
maximum power point (MPP). The role of the MPPT
controllers is to operate by sensing at periodical time the

current and voltage of the PV array and compute the
power and in order to adjust the duty cycle of the power
converter to track the maximum power point (MPP) [610]. In the last two decades, vast number of MPPT
controllers have been proposed: perturbation and
observation (P&O) [12], Incremental Conductance (IC)
[13], Fractional Open-Circuit Voltage (FOCV) [14],
Fractional Short-Circuit Current (FSCC) [15], Hill
Climbing (HC) [16], neural network (NN) [17], fuzzy
logic [18], genetic algorithms (GA) [19], particle swarm
optimization (PSO) [20], etc. Among all the previous
MPPT strategies, the P&O, IC and Hill climbing
algorithms are widely employed due to easy
implementation and simplicity. Conversely the
performance depends essentially to the fixed step size, a
faster dynamics with large oscillations around the MPP is
obtained using a large step size, a slow tracking speed
and less oscillations around the MPP is obtained using a
small step size. Hence, the tradeoff between the dynamics
and steady state accuracy must be established by the
corresponding design. To overcome this problem,
variable step-size MPPT is required.
In this paper, a combined fuzzy-IC variable step size
MPPT controller is proposed to provide the duty cycle
under different atmospheric conditions. The proposed
MPPT uses the classical IC MPPT algorithm here the
step size is drived using a fuzzy logic controller. The
proposed fuzzy-IC variable step size MPPT controller is
tested and validated using Matlab/Simulink model for
different atmospheric conditions.
The remainder of the paper is organized as follows. In
Section 2, the photovoltaic cell modeling is presented.
Section 3 describes the proposed fuzzy-IC variable step
size MPPT. Section 4 presents the simulations results and
discussions. In Section 5, the conclusions are stated.
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II.

III.1. Classical Fixed Step Size IC MPPT

PV Cell Modeling

The well-known and widely used model based on the
well-known Shockley diode equation is presented below
Fig. 1[21].
The output current I can be expressed by:
(1)

where
V is the cell output voltage;
q is the electron charge (1.60217646×10−19C);
k is the Boltzmann’s constant (1.3806503×10−23J/K);
T is the temperature in Kelvin;
Irs is the cell reverse saturation current;
A is the diode ideality constant;
Np is the number of PV cells connected parallel;
Ns is the number of PV cells connected in series.

The Incremental Conductance is widely used MPPT
methods for its simplicity and ease of implementation,
high tracking speed and better efficiency [22]. This
method focuses directly on power variations. The output
current and voltage of the photovoltaic panel are used to
calculate the conductance and the incremental
conductance. The basic equations of this method are as
follows:

Fig. 2. PV system with MPPT controller.

=0

(4)

Equation (4) can be rewritten as:
=

( . )

= +

=0

(5)

Fig. 1. Solar cell single-diode model.
The generated photocurrent Iph is related to the solar
irradiation by the following equation:

=−

(6)

> − at the left of MPP

(7)

< − at the right of MPP

(8)

(2)

where
ki is the short-circuit current temperature coefficient ;
S is the solar irradiation in W/m2;
Tr is the cell reference temperature;
Isc is the cell short-circuit current at reference
temperature.
The cell’s saturation current is varies
temperature according to the following equation:

The flowchart of the Incremental Conductance method
is illustrated in Fig.3.

with
(3)

where
EG is the band-gap energy of the semiconductor;
Irr is the reverse saturation at Tr.

III. Fuzzy-IC Variable Step Size MPPT
The MPPT control the voltage to ensure that the
system operates at maximum power point on the P-V
curve by adjusting the duty cycle of the PWM generator
as shown in Fig. 2.

Fig. 3 Fixed step size IC algorithm flowchart.
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III.2. Fuzzy logic controller

IV. Results and Discussions

Fuzzy logic have the benefits of operating with
general inputs instead of a correct mathematical model
and handling nonlinearities mathematical logic
management typically consists of four stages:
fuzzification, rule base, inference method, and
defuzzification[23-24]. In this study, the proposed fuzzy
MPPT requires as inputs the error E and the change in
error ΔE defined by:

The proposed combined fuzzy-IC variable step size
MPPT controller is investigated by implementing the
model of the entire system using Matlab/Simulink
software, composed of Solarex MSX-60W PV panel
operating at variable atmospheric conditions and DC-DC
boost converter drived using the propose fuzzy-IC MPPT
controller.

(9)
(10)

TABLE II. ELECTRICAL CHARACTERISTICS OF SOLAREX
MSX -60 (1KW/M², 25°C) [26].
Description
Maximum Power (PMPP)
Voltage Pmax (VMPP)
Current at Pmax (IMPP)
Short Circuit current (Isc)
Open Circuit voltage (Voc)
Temperature coeff of Voc
Temperature co-eff of Isc
Temperature co-eff of power
NOCT

where
I(k) and I(k-1) are the current at instant k and k-1;
V(k) and V(k-1) are the voltage at instant k and k-1.
The output is the fuzzy scaling (FS) of the PWM duty
cycle step variation d.
Fuzzification: The universe of discourse for input
variables (Ek and Ek) as well as for the output variable
(d) is divided into seven fuzzy set s: PB (Positive Big ),
, PS (Positive Small), Z (Zero), NS (Negative Small), and
NB (Negative Big).

MSX-60
60W
17.1V
3.5A
3.8A
21.1V
-(80±10)mV/°C
(0.065±0.01)%°C
(-0.5 0.05)%°C
47 2°C

Fig. 4 shows the output power tracking using both
fixed and variable step size IC MPPT controllers.
70
Fixed Step Size IC
Variable Step Size IC

Zoom B

Rule base: The Fuzzy algorithm tracks the MPP based
on the rule-base consisting of 25 rules as shown below:

60

2

1000W/m
Zoom A

50
800W/m2

Ek
Ek
NB
NS
ZE
PS
PB

NL

NS

ZE

PS

PL

ZE
ZE
PB
PB
PB

ZE
ZE
PS
PS
PS

PS
ZE
ZE
ZE
NS

NS
NS
NS
ZE
ZE

NB
NB
NB
ZE
ZE

Power (W)

Table I. FUZZY RULE BASE.

600W/m2

30

Defuzzification: we use the centroid method considered
as one of the normally utilized defuzzification routines.
III.3. Combined Fuzzy-IC Variable Step Size MPPT
As mentioned in section I, the performances of PV
systems depends mainly on the step size. Therefore, a
good calculation of step size provides a high performance
of PV systems. The proposed variable step size IC MPPT
algorithm is given as follows:
( ) = ( − 1) +
∗∆
(11)
where
D(k) and D(k-1) are the duty cycle at instants k and k-1;
FS is the scaling factor adjusted at the sampling period;
D is the fixed step size.

Zoom E
400W/m2

20
Zoom D
200W/m2

10

0

Inference method: in this study, we use the Mamdani’s
inference system is utilized with the max-min creation
strategy[25].

Zoom C

40

0

1

2

3

4

5
Time (s)

6

7

8

9

10

Fig. 4. Output Power tracking.
From Fig. 4, we can see that both algorithm track
properly the maximum available power with less steady
state oscillations for the proposed fuzzy-IC MPPT.
Figures 5 to 9 present the detailled steady state
oscillations for both algorithm in case of insolation
variations: from 800w/m2 (Zoom A), 1000w/m2 (Zoom
B), 600w/m2 (Zoom C), 200w/m2 (Zoom D), and
400W/m2 (Zoom E). While Table III. summarizes the
important points.

TABLE III. STEADY STATE OSCILLATIONS.
Zoom A (800W/m2)
Zoom B (1000W/m2)
Zoom C (600W/m2)
Zoom D (200W/m2)
Zoom E (400W/m2)

Fixed Step
0.73W
0.44W
0.73W
0.56W
0.65W

fuzzy-IC
0.06W
0.10W
0.05W
0.20W
0.15W

Red. ratio
91.78%
72.27%
93.15%
64.29%
23.08%
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Fixed Step Size IC
Variable Step Size IC

Fixed Step Size IC
Variable Step Size IC

48.5

24
Power (W)

24.5

Power (W)
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48

0.73W

47.5

0.06W
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23.5

47

22.5
Zoom A

46.5
1.9

0.15W

0.65W
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1.91

1.92

1.93

1.94

Zoom E

1.95
Time (s)

1.96

1.97

1.98

1.99

22
9.8

2

Fig. 5. Zoom A.

9.82

9.84

9.86

9.88

9.9
Time (s)

9.92

9.94

9.96

9.98

10

Fig. 9. Zoom E.

61

From Table III, it's clear that the proposed fuzzy-IC
MPPT controller outperforms the classical fixed step size
IC MPPT controller showing a reduction ratio of steady
state oscillation between 23.08% and 93.15% which will
reduce effectively the energy losses

Fixed Step Size IC
Variable Step Size IC

60.8
60.6

Power (W)

60.4
60.2
60
59.8
0.44W
59.6

0.10W

V. Conclusion

59.4
59.2
59
3.9

In this work, a combined fuzzy-IC variable step size
has been proposed for reducing the steady state
oscillation in PV systems power point tracking. The
fuzzy logic controller is used to scale the variable step
size of the classical IC MPPT controller needed for
generating the PWM duty cycle to drive DC/DC boost
converter. The proposed MPPT controller addresses the
challenges associated with rapidly changing insolation
levels and oscillation around the maximum power point.
The simulation results done using Matlab/Simulink
environment, where the different aspects of the model
design and parameters have been detailed, prove the
performance and functionality of the proposed algorithm
to reduce the steady state oscillation leading to the
redcution of energy losses between 23.08% and 93.15%.

Zoom B
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Abstract – Conventional direct power control (DPC) technique is a simple and efficient control
strategy commonly used for three-phase PWM rectifier. This paper presents the design and
implementation of a new configuration of DPC applied for active power filtering. The innovation
of this new DPC configuration represents in the disturbance rejection principle which is effective
to avoid performance deterioration when the load is supplied by unbalanced or distorted grid
voltages. In the proposed DPC scheme, instantaneous active and reactive powers provided by
harmonic component of input currents are directly controlled by using a predefined switching
table. The regulation of input harmonic power leads to generate the suitable harmonic current
waveform by SAPF which contributes to eliminate the distortion in line current and compensation
of reactive power. Simulation result shows a high performance for this new DPC control which
could introduce alternative control for conventional ones in the field of active power filtering
under distorted and unbalanced source voltage conditions.
Keywords: DPC; Harmonics; SAPF; Disturbance Rejection Principle; Unbalanced; Distorted.

I.

Introduction

The growing trend towards the use of static
converters in the industrial sector creating a new
challenge, which is the contamination of distribution
networks. This contamination has contributed directly in
the deterioration of voltage and current waveforms and
by consequence performance and reliability impairment
of electrical drives and power electronic equipments.
In the past, the passive filters have been used to
address this problem. Passive filters basically used to
deal with specified ranges of harmonics (selective filter)
hence its performance are limited due of system
parameters dependency. Practically found that harmonic
suppression via a shunt active power filter (SAPF) more
efficient and more flexible compared to a passive power
filter [2–3]. The control of SAPF knows significant
development over time where researches in [4-5]
represent the actual start of the innovation idea of SAPF.
In literature [6], Akagi et al. proposed strategy based on
algorithm called “P − Q theory”. Since then, the P − Q
theory has inspired many works about control strategies
dedicated on active power filter [6–17]. However in last
decade a novel approach for SAPF control was
introduced in [1],[18] and [24] based on direct power
control DPC.
DPC strategy proposed in [19] as alternative for
conventional vector control, hence direct power control

opened new era in the field of power electronics control.
DPC control derives its principles and philosophy from
direct torque control DTC used for adjustable speed
drives which proposed in the literature [20].Unlike to
DTC the DPC control adopts active and reactive powers
as control variables instead of torque and flux for the
DTC.
Research in literature [23] proposed a new
configuration for DPC applied for PWM rectifier under
distorted and unbalanced source voltage conditions based
on disturbance rejection principle.
In this paper introduced modified control
configuration for SAPF based disturbance rejection
principle mentioned in [23].
The obtained results shows high performance and
satisfactory efficiency for the proposed control
configuration in the field of active power filtering.

II.

System model

The adopted system configuration is presented in
Fig.1.The system is mainly constituted from network,
non-linear load and shunt active power filter (SAPF) unit.
Both grid and SAPF unit fed the non linear load in order
to ensure a pure sinusoidal wave form for the line current
and compensation of reactive power in the grid side. We
assumed that the supply grid is balanced and pure
sinusoidal
connected
in
series
with
line
impedance 𝑍𝑠 .The non linear load is consisted from
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uncontrolled three phase rectifier feeds inductive
load 𝑍𝑙 . In addition there is impedance located between
point of common coupling PCC and the nonlinear
charge 𝑍𝑐 . As well there is filter impedance 𝑍𝑓 between
PWM inverter and connexion node PCC, the structure
inverter plus impedance represents the equivalent of a
controlled current source (as shown in Fig.2) has ability
𝒁𝒔

𝒁𝒄

𝒊𝒔

𝒁𝒍

Non-linear
load
Point of common coupling
PCC

PWM inverter
Fig.1 Harmonic elimination system by using a SAPF.
⃗⃗⃗
𝒊𝒇

⃗⃗𝒊𝒔

𝑹𝒔, 𝑳𝒔

𝑹𝒇, 𝑳𝒇

𝑪

𝑉𝑆𝐴𝑃𝐹 𝑎 = 𝑒𝑠𝑎 − 𝐿𝑓

𝑹 𝒇 𝑳𝒇

𝑳𝒍
𝑹𝒍

𝑺𝒄

𝑺𝒃
̅
𝑺𝒄

𝑑𝑖𝑓𝑏
𝑑𝑡
𝑑𝑖𝑓𝑐

𝑽𝒌𝒏

𝑒𝑠𝑎 (𝑡) = 𝑉𝑚 sin(𝜔𝑡)
𝑒𝑠𝑐 (𝑡) = 𝑉𝑚 sin (𝜔𝑡

2𝜋

3
−4𝜋
3

)

=

−

=

−

=

−

𝑅𝑓

𝑖
𝐿𝑓 𝑓𝑎

𝑅𝑓

𝑖
𝐿𝑓 𝑓𝑏

𝑅𝑓

𝑖
𝐿𝑓 𝑓𝑐

𝑞𝑎 =

𝑆𝑎 −

𝑞𝑏 =

𝑆𝑏 −

2
1
And 𝐾 = [−1
3
−1

Fig. 3 Detailed scheme for shunt active power filter (SAPF).
The three phase voltage system can be expressed as
follow:
𝑒𝑠𝑏 (𝑡) = 𝑉𝑚 sin (𝜔𝑡 −

𝑑𝑡
𝑑𝑖𝑓𝑏
𝑑𝑡
𝑑𝑖𝑓𝑐
𝑑𝑡

− 𝑅𝑓 𝑖𝑓𝑎

= 𝑆𝑎 𝑉𝑑𝑐 − 𝑉𝑛𝑘
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− 𝑅𝑓 𝑖𝑓𝑐
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(4)
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−

𝑉𝑑𝑐
𝐿𝑓
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1
𝑒
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(6)
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𝑆𝑎 +𝑆𝑏 +𝑆𝑐
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𝑆𝑎 +𝑆𝑏 +𝑆𝑐

(7)

𝑞𝑐 = 𝑆𝑐 −
3
𝑞𝑎𝑏𝑐 = 𝐾𝑆𝑎𝑏𝑐
𝑇
With: 𝑞𝑎𝑏𝑐 = [𝑞𝑎 𝑞𝑏 𝑞𝑐 ] ; 𝑆𝑎𝑏𝑐 = [𝑆𝑎 𝑆𝑏 𝑆𝑐 ]𝑇

𝑹𝒄, 𝑳𝒄

̅𝒃
𝑺

𝑑𝑖𝑓𝑎

Can summarize control signals as follow

𝒊𝒍𝒃

̅
𝑺𝒂

𝑒𝑠

The detailled expression of Eq.3 can be written in
the following equation pattern:

𝑑𝑡

𝒊𝒍𝒂

𝒊𝒇𝒂
𝒊𝒇𝒃
𝒊𝒇𝒄
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Substituting Eq.5 in Eq.4 yields

𝑹𝒔, 𝑳𝒔

𝒊𝒍𝒄

𝑑𝑖𝑓

Where 𝑉𝑆𝐴𝑃𝐹 is the output voltage of SAPF and
is the grid voltage.

𝑑𝑡

̅̅̅̅𝒇 + 𝑷
̃𝒇
𝑷𝒇 = 𝑷
̃𝒇
𝑸𝒇 = ̅̅̅̅
𝑸𝒇 + 𝑸

(2)

𝐶
= 𝑆𝑎 𝑖𝑓𝑎 + 𝑆𝑏 𝑖𝑓𝑏 + 𝑆𝑐 𝑖𝑓𝑐
.
𝑑𝑡
The sum of the first three equations in Eq.4 leads to:
𝑉𝑆𝐴𝑃𝐹 𝑎 + 𝑉𝑆𝐴𝑃𝐹 𝑏 + 𝑉𝑆𝐴𝑃𝐹 𝑐 = 0

to generate the appropriate compensating current
waveform.

𝒊𝒔𝒃
𝒊𝒔𝒄

=0
=0
=0
=0

𝑑𝑉𝑑𝑐

Equivalent circuit of parallel filtering system
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𝑒𝑠𝑐
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𝑖𝑙𝑐
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+
+
+
+

From Fig.2 and by neglecting source impedance
can find the relationship which links between
network and SAPF unit.

𝑑𝑖𝑓𝑎

Fig. 2

𝑒𝑠𝑏
𝑖𝑠𝑏
𝑖𝑙𝑏
𝑖𝑓𝑏

𝑉𝑆𝐴𝑃𝐹 𝑏 = 𝑒𝑠𝑏 − 𝐿𝑓

⃗𝒊𝒍
⃗⃗⃗
𝒆𝒔

+
+
+
+

𝑉𝑆𝐴𝑃𝐹 = 𝑒𝑠 − 𝐿𝑓

𝒊𝒍

𝒊𝒇
𝒁𝒇

𝑒𝑠𝑎
𝑖𝑠𝑎
𝑖𝑙𝑎
𝑖𝑓𝑎

(1)

)

We consider the supply network a symmetrical balanced
source:

−1
2
−1

−1
−1]
2

Shunt active power filter (SAPF) can be considered
as a controlled current source has ability to
generate the suitable filter current with the same
magnitude and opposite of phase with harmonic
current drawn by contaminated networks.
In order to provide a reference system based on
power quantities then instantaneous power balance
between power transmitted by grid and shunt filter
unit and power absorbed by load have to be
investigated. With the consideration that 𝑃𝑠 ,𝑄𝑠 are
respectively active and reactive delivered powers
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by the grid and 𝑃𝑓 ,𝑄𝑓 are respectively active and
reactive generated powers by the filter and 𝑃𝑙 ,𝑄𝑙
are respectively active and reactive consumed
powers. The goal of SAPF is to compensate
reactive power and neutralizing harmonic currents.
This goal is possible to achieve if we maintain grid
side active power to be equal to the continuous
component of load side 𝑃𝑠 = 𝑃̅𝑙 and grid side
reactive power equal to zero 𝑄𝑠 = 0.To ensure this
condition then harmonic power component and
reactive power in load side must be fully fed by the
active filter (SAPF). So the power balance of the
system can be written in the following form:
𝑃𝑠 = 𝑃̅𝑙 ; 𝑄𝑠 = 0 ; 𝑃𝑓 = 𝑃𝑙 − 𝑃𝑠 = 𝑃𝑙 − 𝑃̅𝑙 = 𝑃̃𝑙
𝑄𝑓 = 𝑄𝑙 − 𝑄𝑠 = 𝑄𝑙

(5)

𝑖𝑠1 ∗ (𝑎, 𝑏, 𝑐)

𝑖𝑠 (𝑎, 𝑏, 𝑐)

PsH, QsH

−
+

(2)

(7)

𝑽𝟒

(12)

(8)

Eq.13

−

(9)

(10)

𝑽𝟔

𝑽𝟓

Instantaneous input active and reactive power
expressions
𝑃𝑠 = 𝑖𝑠𝑎 𝑒𝑠𝑎 + 𝑖𝑠𝑏 𝑒𝑠𝑏 + 𝑖𝑠𝑐 𝑒𝑠𝑐
𝑄𝑠 = [𝑖𝑠𝑎 (𝑒𝑠𝑏 − 𝑒𝑠𝑐 ) + 𝑖𝑠𝑏 (𝑒𝑠𝑐 − 𝑒𝑠𝑎 ) + 𝑖𝑠𝑐 (𝑒𝑠𝑎 −
𝑒𝑠𝑏 ) ]
(10)
Fundamental input currents expressions which are
provided by the phase locked loop block (PLL):
𝐼𝑚𝑎𝑥 𝑠𝑖𝑛(𝜔𝑡)
∗
𝑖𝑠𝑎1
2𝜋
∗
[𝑖𝑠𝑏1
] = 𝐼𝑚𝑎𝑥 𝑠𝑖𝑛 (𝜔𝑡 − 3 )
∗
2𝜋
𝑖𝑠𝑐1
[𝐼𝑚𝑎𝑥 𝑠𝑖𝑛 (𝜔𝑡 + 3 )]

+

𝑃𝑠 𝐻

−
+

𝑉𝑑𝑐 ∗

𝑄𝑠 ∗
𝑑𝑄𝑠

𝑃𝑠 ∗

−

+

LUT

𝑑𝑃𝑠

𝑒𝑠 (𝑎, 𝑏, 𝑐)

PI
𝑆 (𝑎, 𝑏, 𝑐)

𝑁

𝐼𝑚𝑎𝑥

TABLE I

SWITCHING TABLE

1
1
0
0

(11)

𝑉𝑑𝑐

−

Fig.4 Proposed control scheme structure based DPC.

𝑽𝟏 α

(11)

Non-linear load

𝑄𝑠 𝐻

+

𝑺𝒑𝑯

𝒆𝒔

(1)

(6)

𝑖𝑓

+

𝑽𝟐

(3)

𝑖𝑙 (𝑎, 𝑏, 𝑐)

PLL

−

(4)

Fig.5 Grid voltage vector location in stationary coordinates.

The concept of proposed DPC configuration is
based on disturbance rejection principle in order to
eliminate harmonic power component in the grid side
under different input voltage conditions as depicted in
fig.4.
The harmonic power components 𝑃ℎ , 𝑄ℎ are chosen as
controlled variables and 𝑃ℎ ∗ , 𝑄ℎ ∗ are given as power
commands and are set to zero .The regulation of dc link
voltage is achieved by adjusting the fundamental term of
line current 𝐼𝑚𝑎𝑥 delivered from the output of PI
controller.
Similarly as in conventional DPC, the converter
switching states pattern are chosen from a predefined
lookup table based on the digitized signals of harmonic
power variation and grid voltage position.
𝑖𝑠 (𝑎, 𝑏, 𝑐)

𝑽𝟑

(8)
(9)

III. SAPF control design
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Expression of harmonic current component can be given
as follows:
∗
𝑖𝑠𝑎1
𝑖𝑠𝑎𝐻
𝑖𝑠𝑎
∗
[𝑖𝑠𝑏𝐻 ] = [𝑖𝑠𝑏 ] − [𝑖𝑠𝑏1
]
∗
𝑖𝑠𝑐𝐻
𝑖𝑠𝑐
𝑖𝑠𝑐1

(12)

Harmonic active and reactive power expressions:

Fig. 8 shows that under unbalanced sinusoidal source
voltage conditions the control algorithm as well
guarantees high performance very close as in case (A).
Fig. 9 shows the harmonic spectrum in the grid currents
for different cases. For all cases (A,B,C) near sinusoidal
waveform is achieved with THD =1.96 % , 2.20 % and
2.42 % respectively. For cases B and C noticed the
presence of 7th and 3th harmonic respectively in a small
scale which represents the direct effect of distorted and
unbalanced conditions on input currents.

𝑃𝑠ℎ = 𝑖𝑠𝑎𝐻 𝑒𝑠𝑎 + 𝑖𝑠𝑏𝐻 𝑒𝑠𝑏 + 𝑖𝑠𝑐𝐻 𝑒𝑠𝑐

Digitized signals of harmonic power variation
𝑑𝑝𝐻 = 𝑃𝑠ℎ ∗ − 𝑃𝑠ℎ
𝑑𝑄𝐻 = 𝑄𝑠ℎ ∗ − 𝑄𝑠ℎ
𝑆𝑃𝐻 = 1 𝑖𝑓
𝑑𝑝𝐻 ≥ ℎ𝑝
{
𝑆𝑃𝐻 = 0 𝑖𝑓
𝑑𝑝𝐻 −ℎ𝑝
𝑆𝑄𝐻 = 1 𝑖𝑓
𝑑𝑄𝐻 ≥ ℎ𝑞
{
𝑆𝑄𝐻 = 0 𝑖𝑓
𝑑𝑄𝐻 ≤𝑠 −ℎ𝑞

Line voltage[V]

(13)
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Fig.6 shows that under balanced sinusoidal source
voltage conditions the control algorithm introduces high
performance where grid currents are very close to
sinusoidal waveforms and are in phase with their
corresponding grid voltages and can be clearly seen that
the dc link voltage track its references with good
accuracy and stability.
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In order to investigate and confirm the effectiveness of
the proposed control configuration
simulations are
conducted in the environment of Matlab/Simulink.
Simulations have been carried out using parameters data
of system given in Appendix. Several tests were
conducted to verify feasibility and performance of the
proposed SAPF control strategy under different voltage
source conditions.
Case A: balanced sinusoidal source voltage.
Case B: balanced distorted source voltage (presence of
7th harmonic)
Case C: unbalanced sinusoidal source voltage (with
respect to 𝑒𝑠𝑎 and 𝑒𝑠𝑐 and 𝑒𝑠𝑏 =-8%)
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Fig.7 shows that under balanced distorted source voltage
conditions the control algorithm keeps a satisfactory
performance almost as in case (A) without any significant
effect of grid voltage harmonic component.
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Fig.7 Case B: distorted voltage source condition (a) source voltage
[V], (b) line current[A], (c) load current [A] ,(d) filter current [A], (e)
phase between line voltage and current , (f) dc link voltage [V]

V.

Conclusion

This paper has discussed a new configuration for DPC
applied on shunt active power filter. This new
configuration based on disturbance rejection principle
which allows dealing with unbalanced and distorted grid
voltage conditions. Algorithm performance is evaluated
under three voltage source conditions ideal, unbalanced
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Case C: unbalanced source voltage condition (a) source
voltage [V], (b) line current [A], (c) load current [A], (d) filter current
[A], (e) phase between line voltage and current, (f) dc link voltage [V].

and non-sinusoidal source voltage conditions. Simulation
results have demonstrated perfect performance of the
proposed SAPF control approach in various conditions of
grid voltage where the proposed DPC technique shows
excellent behavior in terms of harmonic suppression,
balanced and sinusoidal input currents, and low THD for
grid currents.

International Conference on Technological Advances in Electrical Engineering (ICTAEE’16.), October 2016

J. D. Van Wyk, D. A. Marshall, and S. Boshoff, “Simulation and
experimental study of a reactively loaded PWM converter as a
fast source of reactive power,” Industry Applications, IEEE
Transactions on, no. 6, pp. 1082–1090, 1986.
[9] W. M. Grady, M. J. Samotyj, and A. H. Noyola, “Survey of active
power line conditioning methodologies,” Power Delivery, IEEE
Transactions on, vol. 5, no. 3, pp. 1536–1542, 1990
[10] E. H. Watanabe, R. M. Stephan, and M. Aredes, “New concepts
of instantaneous active and reactive powers in electrical systems
with generic loads,” Power Delivery, IEEE Transactions on, vol.
8, no. 2, pp. 697–703, 1993.
[11] M. Aredes and E. H. Watanabe, “New control algorithms for
series and shunt three-phase four-wire active power filters,”
Power Delivery, IEEE Transactions on, vol. 10, no. 3, pp. 1649–
1656, 1995.
[12] F. Z. Peng and J.-S. Lai, “Generalized instantaneous reactive
power theory for three-phase power systems,” Instrumentation
and Measurement, IEEE Transactions on, vol. 45, no. 1, pp.
293–297, 1996.
[13] F. Z. Peng, G. W. Ott Jr, and D. J. Adams, “Harmonic and
reactive power compensation based on the generalized
instantaneous reactive power theory for three-phase four-wire
systems,” Power Electronics, IEEE Transactions on, vol. 13, no.
6, pp. 1174–1181, 1998.
[14] S. Bhattacharya, D. M. Divan, and B. Banerjee, “Synchronous
frame harmonic isolator using active series filter,” in European
conference on power electronics and applications, 1991, vol. 3,
pp. 030–035.
[15] S. Bhattacharya and D. Divan, “Synchronous frame based
controller implementation for a hybrid series active filter system,”
in Industry Applications Conference, 1995. Thirtieth IAS Annual
Meeting, IAS’95., Conference Record of the 1995 IEEE, 1995,
vol. 3, pp. 2531–2540.
[16] C. L. Chen, C. E. Lin, and C. L. Huang, “Reactive and harmonic
current compensation for unbalanced three-phase systems using
the synchronous detection method,” Electric power systems
research, vol. 26, no. 3, pp. 163–170, 1993.
[17] G. W. Chang and T.-C. Shee, “A comparative study of active
power filter reference compensation approaches,” in Power
Engineering Society Summer Meeting, 2002 IEEE, 2002, vol. 2,
pp. 1017–1021.
[18] B. S. Chen and G. Joos, “Direct power control of active filters
with averaged switching frequency regulation,” Power
Electronics, IEEE Transactions on, vol. 23, no. 6, pp. 2729–
2737, 2008.
[19] T. Noguchi, H. Tomiki, S. Kondo, and I. Takahashi, “Direct
power control of PWM converter without power-source voltage
sensors,” Industry Applications, IEEE Transactions on, vol. 34,
no. 3, pp. 473–479, 1998.
[20] I. Takahashi and T. Noguchi, “A new quick-response and highefficiency control strategy of an induction motor,” Industry
Applications, IEEE Transactions on, no. 5, pp. 820–827, 1986.
[21] A. Bouafia, J.-P. Gaubert, and F. Krim, “Predictive direct power
control of three-phase pulsewidth modulation (PWM) rectifier
using space-vector modulation (SVM),” Power Electronics,
IEEE Transactions on, vol. 25, no. 1, pp. 228–236, 2010.
[22] G. W. Chang and T.-C. Shee, “A novel reference compensation
current strategy for shunt active power filter control,” Power
Delivery, IEEE Transactions on, vol. 19, no. 4, pp. 1751–1758,
2004.
[23] A. Bouafia, J.-P. Gaubert, and, A. Chaoui “Direct power scheme
based on disturbance rejected principle for three phase PWM
AC/DC converter under different input voltage conditions,” J.
Electrical Systems, vol. 8, no. 4, pp. 367-383, 2012.
[24] N. Mesbahi, A.Ouari , D.O.Abdelsalam and T.Djamah “Direct
power control of shunt active filter using high selectivity
filter(HSF) under distorted or unbalanced,” Electric Power
Systems Research, vol. 108, pp. 113– 123, 2014.

Mag (% of Fundamental)

[8]
25

Fundamental (50Hz) = 12.79 , THD= 1.96%

20
15
10
5
0
0

2

4

6

8

(a)
Mag (% of Fundamental)

25

10
12
Harmonic order

14

16

18

20

Fundamental (50Hz) = 12.8 , THD= 2.20%

20
15
10
5
0
0

2

4

6

8

10
12
Harmonic order

14

16

18

20

Mag (% of Fundamental)

(b)
25

Fundamental (50Hz) = 12.33 , THD= 2.42%

20
15
10
5
0
0

2

4

6

8

10
12
Harmonic order

14

16

18

20

(c)
Fig.9 Harmonic spectrum for line current phase A (a) normal source
voltage conditions (b) distorted voltage source conditions (c)
unbalanced voltage source condition.

Appendix
Network data : 𝑒 𝑠 =

220
√3

V,𝑅𝑠 =0.1 Ω,𝐿𝑠 =5 mH, f=50 Hz.

Load side data : 𝑅𝑐 =0.01 Ω, 𝐿𝑐 =0.566 mH , 𝑅𝑙 =26 Ω
, 𝐿𝑙 =10 mH.
SAPF side data : 𝑅𝑓 =0.1 Ω , 𝐿𝑓 =3 mH , C=8.8 mF.
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Contribution by using Bayesian Networks for Fault Diagnosis of an
Asynchronous Motor
M. Medkour1, A. Gabour2
Abstract –Bayesian networks (or Bayesian Belief Networks) is widely used in the field of
reliability, also it have shown a great contribution in modelling and fault diagnosis of rotating
machinery. static Bayesian networks are used to calculate the posterior probability later of or the
most likely causes of observed defects, Learning and validation of the model will through
inference algorithms to make the diagnosis of a possible failure and thus act in time, based on the
detected anomalies.
In this article we developed a model of static Bayesian networks, and conducted a quantification
tables probabilities conditionals (CPT) of this network for fault diagnosis of a three-phase
asynchronous motor by transposing expert knowledge into digital values.

Keywords: Probability, Bayesian network, Fault tree, Reliability, Diagnosis, Asynchronous
motor.

I.

Introduction

In the current industrial world, the equipments subject
to breakdowns and/or deteriorations are many. Often
critical, these equipments must be maintained to continue
to fill the missions for which they were conceived [1]
.the maintenance plays a key role allowing to
guarantee the availability for the production.
The detection, the diagnosis, and the restoration,
represents three essential elements to the control of the
industrial systems. The surveillance consists in following
the behavior of the industrial system, it begins with the
detection
(identification,
probability
of
case
(occurrence)), and ends by a diagnosis (decisionmaking) [2], the diagnosis has for role to detect and
to locate localize) (the failures which arise on the system
and also to identify the causes of these failures. To make
a diagnosis of failures on a given system it is to identify
the way of functioning in which there is [3]. The
researchers in the field of the maintenance, do not stop
developing ways of anticipation, what returned them to
use (to wear out) all the techniques, including those
of the artificial intelligence (IA),Seen to enhance
reliability of the diagnoses, and even, to predict the
defects and the breakdowns, to master the pauses,
qualified often as time-outs [4].
The analysis of reliability of the industrial systems
is one of connect the most dynamic of search [5]; It
is approached every time we want reliable, available and
safe systems. Indeed, the reliability acts on the
availability and on the safety of the systems it intervenes

1

1.2

throughout the life cycle of the product or the system
(conception, manufacturing, exploitation) [6]. An
optimal maintenance is connected with a forecast of
the life expectancy of the components of these systems,
forecast which bases itself first of all on a fine analysis of
the data of experience feedback (REX).
The reliability is the capacity of a system to carry out
the function to which he(it) is devolved, in given
conditions of use and during an interval of time(weather)
given (NF X 60-500, 1988), (NF X, 60-510,1986) and
(NF X, 60-520, 1988).The durability is the capacity of
a
system
to
carry
out(to
achieve)
this
function(office), in conditions of use and maintenance
given, until a limit(borderline) state is reached (NF IN
13-306, 2001) [7].
The dysfunction of the system is caused by the failure
of one or several components .the main methods used
during a dysfunctional analysis are: the Preliminary
Analysis of the Risks (APR), the Analysis of Failure
modes, their Effects and their Criticalities (AMDEC), the
Analysis of the Effects of the Errors of software (AEEL),
the Trees of Failures (FT) [6].
During this article we are interested in the FT. The
analysis by FT is a method of deductive type. Indeed, It
is a question, from a dreaded event defined a priori,
of determining the chains (sequences of movements) of
events or combinations of events which can finally lead
to this event.
This analysis allows going back up of causes in causes
until the basic events susceptible to be at the origin of the
dreaded event [2]. The modeling by means of present
BN of numerous advantages. For the use, their flexibility
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allows to question the same graphic model for different
objectives such as the prediction or the diagnosis.
Besides, they allow modeling the knowledge even if it is
imperfect or missing by an allocation of the probability
and the algorithms of learning [8].
, Transforming the knowledge of an expert in the
maintenance area of this type of engine. We cite the
establishment quantitatively different tables of
conditional probabilities by using the method of
probabilities quantization scale. Then we will use this
model in simulations to diagnose different cases of
failures by interpreting the generated probabilities.

II.

Bayesian Network

In this work we will give simple illustrations on the
ability of the Bayesian approach in the diagnostic field
failures of electrical machines. We will give the details of
the development of a static form of BN model for
diagnosing failures of a three-phase asynchronous motor
knowing’’ B’’. it is also called the posteriori probability
because it depends up on the value specified value of B.

p B / A : The conditional probability of B given ‘’A’’.

p B  : Is the priori or marginal probability of ‘’B’’, and
acts as a normalizing constant [7].

III. Fault Tree Analysis (FTA)

The bayesians networks offer the possibility of
gathering and of merging knowledge of diverse natures in
the same model: statistical experience feedback
(historical data stemming from a database) and cognitive
experience feedback (evaluate to solve an industrial
problem expressed under the shape of logical rule) [9].
The Bayesian frame of modeling is based on the
incorporation of sources different from quantitative and
qualitative data in the model. We consider these data of
the previous information on the system. A Bayesian
network is defines by [10].
 A graph directed without circuit (DAG), G = (V, E),
where V is all the knots of G, and E all the arcs of
G;
 A probability finished space ( Ω , Z, P)
 A set of random variables associated with the knots
of the graph and defined on ( Ω, Z, P) such as;

Fault tree analysis is a failure analysis technique used for
modeling and analyzing failure paths in a system. It's a
deductive approach for PSA to assess how likely
undesirable events to occur or what their probabilities.
It is based on top level events that can occur in the
system, and attempting to trace them to root causes .
FTA expresses which combination of failures contributes
to certain hazard or accident. FTA presented by symbols
in a tree structure.
The symbols are represented by three major blocks:
events, Boolean logic gates, and transfer symbols.
Boolean algebra mathematically calculates the
probability of the undesired event to occur [11]. The
conditional probability values of each node are governed
by those basic events; the probability of these can
be modeled by various statistic laws (Exponential,
Normal, Weibull, and Gamma.)[12].

n

pV1 ,V2 ,....,Vn    pVi / C Vi 

(1)

i 1

Where

C Vi  is all the causes (parents) de Vi  in the

graphe G.

Fig. 2. Graphical represent of a simple FT

Fig. 1. Graphical represent of a simple BN
For two event A and B, provided that P (B) ≠ 0

p A / B  

P( A) P( B)
p( B)

IV. Systems Studied
(2)

With:

p A : The probability a priori or marginal probability
of a vector A is given that it does not take into account
any information about the Victor ‘’B’’.
p  A / B  : Is the conditional probability of ‘’A’’

There are in the Refinery complex at Skikda (Algeria)
several strategic equipments which ask for a particular
attention.
The asynchronous motor (ASM 5) plays a strategic role,
it entrain a centrifugal pump and which it turn an
important role in the LPG pumping station, and there are
fortunately powerful tools of surveillance to warn the
failures such as the vibratory analysis, the analysis of oil
and thermal imaging. The surveillance by these tools is
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generally the key component of most of the programs of
conditional preventive maintenance.
The asynchronous motor (ASM5) installed on a stiff
foundation, their rotation speed of 3000 rpm, so that this
motor to be more successful, equip it with the
maintenance desire pass gradually of the corrective
maintenance in the preventive maintenance.

V.

To build the Bayesian network used in the diagnosis step
of the motor, we have used a database, given by expert of
the system; which includes a functional decomposition of
the entire electrical motor.
The fault diagnosis model of (ASM5 Asynchronous
motor) is established by using Bayesian Network method.
Specifically, each bayesians network is constructed in
two consecutive steps, which are defining the network
structure and defining the network parameters.

Fault Diagnosis Methodology and
modeling system

TABLE I
EVENEMENTS AND THEIR PRIORI , POSTERIOR PROBABILITY

System component of the (ASM5)

Designation

Prior
Probability

Posterior
probability

F
F1
F2
F3
F31
F321
F32
F322
F41
F411
F412
F421
F422
F42
F4
F5
F6
F7
F71

0.163
0.04210
0.0516
Gate OR
0.00945
0.00109
Gate AND
0.00358
Gate OR
0.00459
0.00158
0.00613
0.02350
Gate OR
0.00236
0.00536
0.00188
0.00287
0.00287

0.163
0.04210
0.0516
0.0046
0.00945
0.00109
0.9950
0.00358
0.0062
0.00459
0.00158
0.00613
0.02350
0.00014
0.00236
0.00536
0.00188
0.00287
0.00287

ASM5 Under stoppe state
Electric over speed
beat of rotor
motor overheating
Partial Short circuit
Expansion of bimetallic
overload
activated Relay Panel
Electrical defect
abnormal voltage
imbalance phase
Vibration ASM5
defective bearing
Mechanical defects
Noise at ASM5
overvoltage
Grounding fault
Hydraulically defect
lubrication

F322

F321

F411
F412
F71

F32

F31

F41
F421
F6
F7
F4

F42

F3

F2

F

F5

F1

Fig. 3. Static Bayesians network of the system

F422
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V.1.

Fault diagnosis and application result

In the fault tree, there is no intermediate
stage, we are talking about the absence of defects
(proper functioning) or the presence of defects (total
failure), but in reality even a partial failure represents a
piece of information; in other terms, a signal to launch a
preventive maintenance activity ..
The model for characterizing the defects of the motor
(system) F according to the principle of total probability
theorem and Bays law is given by:

P FS   P F1  F 2  .......F 7  ,

(3)

TABLE 2
MARGINAL PROBABILITIES OF VARIABLES F1, F 2, F 3
Events

F1

Prior failures
probability

F2

0.00421

0.0046

F321
YES 0.11
NO 99.9

 Presence of fault (YES)
 Absence of fault (NO)

P F1 / F  

0, 00460 P( F 3 / F  YES ) 
The BN of the defects for the various parts and system
is given by Fig. 4

F411
YES 0.46
NO 99.5

F412
YES 0.16
NO 99.8

F32
YES 99.5
NO 0.47

F31

F3

F2
YES 5.16
NO 94.8

F422
YES 2.35
NO 97.6
F421

F71

F41

YES 0.29
NO 99.7

YES 0.62
NO 99.4

YES 0.46
NO 99.5
F7
YES 0.29
NO 99.7

F6
YES 0.19
NO 99.8

YES 0.61
NO 99.4

F4
YES 0.63
NO 99.4

F1

F5

YES 4.21
NO 95.8

YES 0.54
NO 99.5

F42
YES .014
NO 100

F
YES 11.0
NO 89.0

Fig. 4. BN expresses the posterior probability of the presence defects in the motor
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(5)

The above table reflects the knowledge that presence
of Electric over speed, beat of rotor or overheating
failures in the system shown in Table2.
From the equation (5) we get:
0.11; P ( F1 / F  YES )  0, 0416, P ( F  YES ) 

F322
YES 0.36
NO 99.6

YES 0.94
NO 99.1

PF / F1PF1
P F 

0.00260; P ( F 2 / F  YES ) 

F3

0.0026

PF , F1, F 2,..., F 7   PF / F1, F 2,..., F 7 PF1, F 2,..., F 7  (4)
Subsystems probabilities of failures are normalized to
become prior probabilities and keep tow modality:
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VI. Result and Discussion
After analysis by FT and the through calculation the
posterior probabilities (Table 1), the beat of rotor ( F2),
beat of rotor (F2) and defective bearing (F422) are the
two most likely events to stop the asynchronous
motor and should be treated as a priority.
The probability of occurrence of the top event P
(stoppage of the Motor) = P (F) = 0.11, which are worth
11%, this probability is quantitatively acceptable but
since the machine is strategic and in order to optimize the
operation security, it is mandatory to seek for
identification of the faults’ root causes of the system
so as to better plan the maintenance actions and to
identify the preventive solutions to minimize this
percentage.
The probabilities of failures respectively Electric over
speed (F1), beat of rotor (F2) and overheating (F3)
knowing that there is a malfunction in the motor
equal to 42.1%, 26% and 46%; this allows us to update
our beliefs to the probability a prior.
The probability of the presence of partial faults is
11%, and complementarily 90% of the probability of
the absence of partial faults. Also, this probability can
consider modeling the partial failures and include at
nodes a third modality of partial failures which is
modeled by: The degraded state.

VII. Conclusion
In this paper, a Bayesian fault diagnosis method is
presented.
The construction of the graphical model of the events
(identification of variables, relationship between events,
and estimation of probability...) has been achieved
according to the database given by expert of the motor.
The static Bayesian model presented in this work:
 Provides an approach in order to locate faults.
 Will allow the spread of any new information
on a component to the whole system, which is
allowed to shift our beliefs.

1
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Compensate the shortage in the faults tree using the
inference by calculation of probabilities a
posterior at each hierarchical level of the network.
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Contribution by using Bayesian Networks for Fault Diagnosis of an
Asynchronous Motor
M. Medkour1, A. Gabour2
Abstract –Bayesian networks (or Bayesian Belief Networks) is widely used in the field of
reliability, also it have shown a great contribution in modelling and fault diagnosis of rotating
machinery. static Bayesian networks are used to calculate the posterior probability later of or the
most likely causes of observed defects, Learning and validation of the model will through
inference algorithms to make the diagnosis of a possible failure and thus act in time, based on the
detected anomalies.
In this article we developed a model of static Bayesian networks, and conducted quantification
tables of probabilities conditionals (CPT) of this network for fault diagnosis of a three-phase
asynchronous motor by transposing expert knowledge into digital values.

Keywords: Probability, Bayesian network, Fault tree, Reliability, Diagnosis, Asynchronous
motor.

I.

Introduction

Bayesian networks known as probabilistic networks or
belief networks have been known in the artificial
intelligence community and exploited in different expert
systems to model complex and uncertain interactions
among causes and consequences.
In probabilistic reasoning, random variables are used
to represent events and/or objects in the world.
Bayesian reasoning and inference procedures have
only recently gained popularity in the fusion of
information obtained from different sources. A BN, as a
graphical approach, has become the best suited way of
representing our beliefs about the elements of several
systems and the relationships that exist between these
various elements.
The reliability analysis of industrial systems is one of
the most dynamic branches of research [1]; It is
approached every time we want reliable, available and
safe systems. Indeed, the reliability acts on the
availability and on the safety of the systems it intervenes
throughout the life cycle of the product or the system
(conception, manufacturing, exploitation) [1]. An
optimal maintenance is connected with a forecast of
the life expectancy of the components of these systems,
forecast which bases itself first of all on a fine analysis of
the data of experience feedback (REX), or expert
knowledge.
The objective of maintenance is to limit the effects of
these disturbances to be able to meet the requirements for
quality, and always ensure the best performance
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demanded.
The detection, the diagnosis, and the restoration,
represents three essential elements to the control of the
industrial systems. The surveillance consists in following
the behavior of the industrial system, it begins with the
detection
(identification,
probability
of
case
(occurrence)), and ends by a diagnosis (decisionmaking) [3], the diagnosis has for role to detect and
to locate localize) (the failures which arise on the system
and also to identify the causes of these failures. To make
a diagnosis of failures on a given system it is to identify
the way of functioning in which there is [4].
The reliability is the probability that a system or
component perform its required functions under stated
conditions for a specified period of time [5].
The dysfunction of the system is caused by the failure
of one or several components .the main methods used
during a dysfunctional analysis are: the Preliminary
Analysis of the Risks (APR), the Analysis of Failure
modes, their Effects and their Criticalities (AMDEC), the
Analysis of the Effects of the Errors of software (AEEL),
the Trees of Failures (FT) [2].
During this article we are interested in the FT. The
analysis by FT is a method of deductive type. Indeed, It
is a question, from a dreaded event defined a priori,
of determining the chains (sequences of movements) of
events or combinations of events which can finally lead
to this event.
This analysis allows going back up of causes in causes
until the basic events susceptible to be at the origin of the
dreaded event [4]. The modeling by means of present
BN of numerous advantages. For the use, their flexibility
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allows to question the same graphic model for different
objectives such as the prediction or the diagnosis.
Besides, they allow modeling the knowledge even if it is
imperfect or missing by an allocation of the probability
and the algorithms of learning [6], Transforming the
knowledge of an expert in the maintenance area of this
type of engine. We cite the establishment quantitatively
different tables of conditional probabilities by using the
method of probabilities quantization scale. Then we will
use this model in simulations to diagnose different cases
of failures by interpreting the generated probabilities.

II.

Bayesian Network

The bayesians networks offer the possibility of
gathering and of merging knowledge of diverse natures in
the same model: statistical experience feedback
(historical data stemming from a database) and cognitive
experience feedback (evaluate to solve an industrial
problem expressed under the shape of logical rule) [7].
The Bayesian frame of modeling is based on the
incorporation of sources different from quantitative and
qualitative data in the model. We consider these data of
the previous information on the system. A Bayesian
network is defines by [8].
 A graph directed without circuit (DAG), G = (V, E),
where V is all the knots of G, and E all the arcs of
G;
 A probability finished space ( Ω , Z, P)
 A set of random variables associated with the knots
of the graph and defined on ( Ω, Z, P) such as;

because it depends up on the value specified value of B.

p B / A : The conditional probability of B given ‘’A’’.
p B  : Is the priori or marginal probability of ‘’B’’, and
acts as a normalizing constant [5].

III. Fault Tree Analysis (FTA)
Fault tree analysis is a failure analysis technique used for
modeling and analyzing failure paths in a system. It's a
deductive approach for PSA to assess how likely
undesirable events to occur or what their probabilities.
It is based on top level events that can occur in the
system, and attempting to trace them to root causes .
FTA expresses which combination of failures contributes
to certain hazard or accident. FTA presented by symbols
in a tree structure.
The symbols are represented by three major blocks:
events, Boolean logic gates, and transfer symbols.
Boolean algebra mathematically calculates the
probability of the undesired event to occur [9]. The
conditional probability values of each node are governed
by those basic events; the probability of these can
be modeled by various statistic laws (Exponential,
Normal, Weibull, and Gamma.)[10].

n

pV1 ,V2 ,....,Vn    pVi / C Vi 

(1)

i 1

Where

C Vi  is all the causes (parents) de Vi  in the
Fig. 2. Graphical represent of a simple FT

graphe G.

IV. Systems Studied
Fig. 1. Graphical represent of a simple BN
For two event A and B, provided that P (B) ≠ 0

p A / B  

P( A) P( B)
p( B)

(2)

With:

p A : The probability a priori or marginal probability
of a vector A is given that it does not take into account
any information about the Victor ‘’B’’.
p  A / B  : Is the conditional probability of ‘’A’’
knowing’’ B’’. it is also called the posteriori probability

There are in the Refinery complex at Skikda (Algeria)
several strategic equipments which ask for a particular
attention.
The asynchronous motor (ASM 5) plays a strategic role,
it entrain a centrifugal pump and which it turn an
important role in the LPG pumping station, and there are
fortunately powerful tools of surveillance to warn the
failures such as the vibratory analysis, the analysis of oil
and thermal imaging. The surveillance by these tools is
generally the key component of most of the programs of
conditional preventive maintenance.
The asynchronous motor (ASM5) installed on a stiff
foundation, their rotation speed of 3000 rpm, so that this
motor to be more successful, equip it with the

International Conference on Technological Advances in Electrical Engineering (ICTAEE’16.), October 2016

maintenance desire pass gradually of the corrective
maintenance in the preventive maintenance.

V.

the system; which includes a functional decomposition of
the entire electrical motor.
The fault diagnosis model of (ASM5 Asynchronous
motor) is established by using Bayesian Network method.
Specifically, each bayesians network is constructed in
two consecutive steps, which are defining the network
structure and defining the network parameters.

Fault Diagnosis Methodology and
modeling system

To build the Bayesian network used in the diagnosis step
of the motor, we have used a database, given by expert of

TABLE I
EVENEMENTS AND THEIR PRIORI , POSTERIOR PROBABILITY

Designation system component of
the (ASM5)

Prior
Probability

Posterior
probability

F
F1
F2
F3
F31
F321
F32
F322
F41
F411
F412
F421
F422
F42
F4
F5
F6
F7
F71

0.163
0.04210
0.0516
Gate OR
0.00945
0.00109
Gate AND
0.00358
Gate OR
0.00459
0.00158
0.00613
0.02350
Gate OR
0.00236
0.00536
0.00188
0.00287
0.00287

0.163
0.04210
0.0516
0.0046
0.00945
0.00109
0.9950
0.00358
0.0062
0.00459
0.00158
0.00613
0.02350
0.00014
0.00236
0.00536
0.00188
0.00287
0.00287

F322

F321

F411
F412
F71

F32

F31

F41
F421
F6
F7
F4

F42

F3

F2

F

F5

F1
Fig. 3. Static Bayesians network of the system

F422

International Conference on Technological Advances in Electrical Engineering (ICTAEE’16.), October 2016

V.1.

Fault diagnosis and application result

Subsystems probabilities are normalized to become
prior probabilities and keep tow modality:

In this work we will give simple illustrations on the
ability of the Bayesian approach in the diagnostic field
failures of electrical machines. We will give the details of
the development of a static form of BN model for
diagnosing failures of a three-phase asynchronous motor.
The model for characterizing the defects of the motor
(system) F according to the principle of total probability
theorem and Bays law is given by:

P FS   P F1  F 2  .......F 7  ,

 system faultly (YES)
 functioning (NO)

P F1 / F  

PF / F1PF1
P F 

The above table reflects the knowledge that presence
of Electric over speed, beat of rotor or overheating
failures in the system shown in Table2.
From the equation (5) we get:

(3)

TABLE 2
MARGINAL PROBABILITIES OF VARIABLES F1, F 2, F 3

0.11; P ( F1 / F  YES )  0, 0416, P ( F  YES ) 

Events

F1

F2

F3

0.00260; P ( F 2 / F  YES ) 

Prior failures
probability

0.00421

0.0026

0.0046

0, 00460 P( F 3 / F  YES ) 
The BN of the defects for the various parts and system
is given by Fig.

PF , F1, F 2,..., F 7   PF / F1, F 2,..., F 7 PF1, F 2,..., F 7 

F321
YES
NO

(4)

F322

0.11
99.9

YES
NO

0.36
99.6
YES
NO

F31
YES
NO

YES
NO

0.94
99.1

F3

YES
NO

F7
0.29
99.7

YES
NO

F41

0.29
99.7

YES
NO

0.46
99.5

F2
5.16
94.8

YES
NO

F6
0.19
99.8

0.62
99.4

YES
NO

F1
YES
NO

F412
0.16
99.8

YES
NO

F422
YES
NO

2.35
97.6

YES
NO

F42
.014
100

F421
F71

YES
NO

YES
NO

F411
0.46
99.5

F32
99.5
0.47

YES
NO

F4
0.63
99.4

0.61
99.4

F5

4.21
95.8

YES
NO

YES
NO

0.54
99.5

F
11.0
89.0

Fig. 4. BN expresses the posterior probability of the presence defects in the motor
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(5)
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VI. Result and Discussion

posterior at each hierarchical level of the network.
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Abstract: This paper integrates a suitable controller to field oriented control (FOC) and direct power control (DPC)
algorithm for grid connected wind energy conversion system. The conventional PI controller is commonly used in regulation
loops because of its advantages in steady state but it is limited in dynamic state. Thus, this paper contributes with an
appropriate controller named fractional order integral plus proportional controller (FO-IP). The controller under study
extends the integration order of the controller from integer to real order based on fractional calculus theory (FC) and
Oustaloup continuous approximation (OCA). The FO-IP controller offers short response time, stands the parameters
variations and deals with external disturbances. To investigate the efficiency and accuracy of the proposed fractional order
field oriented control (FO-FOC) and fractional order direct power control (FO-DPC) algorithm considering all robustness
tests, an experimental set up has been carried out. The experimental results demonstrate the superiority of the proposed
controller over integer order controllers for a wide range of wind speed, confirm its high performance in both steady and
dynamic states and demonstrate its feasibility and effectiveness.

Key words: wind turbine emulator, PMSG, fractional IP controller, DPC control, grid connected.

I.

Introduction

The increasing demand for electrical energy in the first
hand and the environment problems caused by fossil fuels
in second hand has driven society towards for research and
develop an alternative renewable, clean and sustainable
energy sources. Wind energy is one of the most promising
renewable energy resources to supplement the fossil
energy sources [1, 2].
In the modern wind turbines, the PMSG plays an
important role in variable speed wind energy conversion
systems (WECSs), due to its high performance such as
low volume weight, high power density, high torque to
inertia ratio, high efficiency functioning at low rotational
speed and no need to the gearbox [3]. WECS imposes
regular maintenance due to the presence of unmodeled
high-frequency oscillatory dynamics, which imposes a
huge maintenance cost. Using robust control can reduces
the maintenance cost [4]. In recent years, many nonlinear
control methods have been developed for the WECS, such
as proportional complex integral (PCI) current inner loop
[5], Fuzzy Controller [6], robust control [7], sliding mode
control [8], and so on. These approaches improve the
control performance of the WECS from different aspects,
but the complexity of these controllers impose additional
implementation and maintenance cost and need high
online calculation ability and high human expert, which is
far beyond the fixed parameters PID controller. On other
hand; when the conventional PID controller is used, one
can get good performance in steady state but a good

closed-loop performance is very difficult to guarantee in
different work conditions, where fast responses lead to
large overshoots or small overshoots but with slow
responses [3, 9]. Therefore, it may be advantageous to
move the proportional action of the PI controller to the
feedback path. This structure named Integral plus
Proportional (IP) controller. thus, the proportional action
affect only the feedback signal, which avoid large control
signal that cause overshoot and saturation phenomena. In
the literature, some authors successfully applied IP
controller in regulation loop, such as, in [10] an integral
plus proportional controller was proposed to control the
DC bus of shunt active power filter where batter
performance is achieved compared to conventional PI
controller. A Fractional Order IP (FO-IP) controller was
proposed with application to induction motor control [11]
and permanent magnet synchronous motor control [12].
Whereas, pole placement technic was used for parameters
calculation. Thus, the IP controller provide a good
dynamic performance compared to conventional PI
controller, but the PI controller has faster responses
compared to IP controller [10, 11, 12]. Thus, it is an
obligation to find an appropriate solution to satisfy the
requirements. Obviously, using fractional order PID
controllers (FO-PIDs or PIλDµ) in control systems has
received more and more attention of scientists [13, 14].
First, the FO-PID controller was proposed by Poblubny in
[14], where a better control performance was
demonstrated in comparison with the conventional PID
controller because of its extra real parameters λ and µ. FO-
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II.

Wind Energy Conversion System

The WECS consists of three parts: mechanical part,
electrical part and control part, whereas the mechanical
part includes a wind turbine which has been emulated
using a DC motor with separate excitation, the electrical
part includes 6.6 kW PMSG connected to the grid (50V,
50Hz) via two back-to-back converters (machine side
converter (MSC) and grid side converter (GSC)), linked
by a 2200µF capacitor, and the control part was
implemented with two real-time DSPACE1104 cards. The
first card contains the improved current vector control
based on the proposed fractional switched controller, with
the wind turbine model and wind profile to emulate the
real wind turbine. The fractional direct power control
(FDPC) is implemented in the second one to control the
GSC as shown in Fig. 1.

II.1. Wind Turbine Model
The wind turbine transforms the kinetic energy of the
wind Pw to mechanical energy Pm ; the relationship
between them is the power coefficient of the turbine C p .
The power of the wind Pw may be written as [17]:
Pw  0.5  AV 3

(1)
The power captured by the wind turbine is given in [3, 18]
by:
1

Pm 

C p (  )  AV  C p (  ) Pw
3

2

(2)

Where  is the air density (kg/m3), A is the area swept
by the rotor blades (m2), V is the wind speed and  is the
tip speed ratio (TSR) defined as [3, 19]:
optV
R
  t t ,  opt 
(3)
V

Rt

 : Rotational speed, R : radius of the turbine blade (m).
t

t

The C depends on the tip-peed ration 
angle  [3]:

and the pitch

p

C p   ,    (0.5  0.00167(   2)) sin

  (  0.1) 
 18  0.3(   2)  ... (4)

0.00184    3    2 

The optimal values are extracted from Fig. 2,
and   8.1 .

C

p _ max

 0.47

opt

II.2 MPPT Based Tip Speed Ratio
Figure 2 shown the power coefficient versus TSR. For
maximum power extraction, it is necessary that the TSR
must reach its optimum value. This is possible by
controlling the rotational PMSG speed so that it always
rotates at the optimum speed. The PMSG optimum
rotational speed can be obtained from Eq. 3.
0.5
0.45

CPmax=0.478

0.4

power coefficient CP

PID controllers soften the drawbacks of the conventional
PID in dynamic state by giving them extra degree of
freedom, offering faster response time and being robust to
parameters variation as demonstrated in [15, 16].
Nevertheless, scarce application of the fractional order IP
controller to wind energy control is almost non-existent.
Furthermore, the fractional order controller can be used as
a promising robust control approach for high
performances with application to wind energy systems.
It is the motivation of the paper to integrate a new robust
controller in vector control for maximum power extraction
and in Direct Power Control (DPC) algorithm to guarantee
unity power factor. The proposed FO-IP controller has
been designed to guarantee that the PMSG speed always
close to its optimal value that ensure maximum power
extraction in the first hand. On the other hand, the FO-IP
controller was designed to make DC-bus voltage closer to
the reference as faster as possible with low overshoot. The
superiority of the proposed FO-IP approach has been
investigated through real time bench implementation.
The rest of this paper is organized as follows. Section II
presents the WECS modelization and the wind turbine
emulator. Section III presents the global system control
with detailed analysis, Section IV introduces a procedure
to design the FO-IP controller and Section V shows the
simulation and experimental results and their
interpretation, which conduct us to the Section VI with the
main conclusion.

0.35
0.3
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0.15
0.1
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0
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opt=8.1
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Fig. 2. Power coefficient CP
II.3 Generator Model
The park PMSG model is the commonly used model,
where the voltage equations expressed by [3]

 v   R  i   d  L i     0
 
    
v 
 i  dt  L i   1
sd

Fig. 1. Wind energy conversion system
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d
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sq
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sq

q sq
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Where R s is the resistance of the stator winding,  e is the

ɵ

generator electrical rotational speed where e  p and 
the rotor rotational speed, p number of pair poles, v , i
are the d , q component of instant stator voltages and
currents. L ,  Are the d , q axis inductances and the flux
linkage produced by the permanent magnet. The
electromagnet torque is
sd , q

d ,q

Vd*

sd , q

T 
em

p  i   L  L
f

sq

d

q

i i 
sd

sq

J

 T T
wt

iq*

(7)

em

III.2 Grid side converter control

III.1 Machine side converter control
The vector control technique for MSC is mainly used
to maximize the extracted power from the wind [3, 21], it
has a nested-loop structure with a fast inner loop and a
slow outer loop as shown in Fig. 4, where the outer loop
controls the wind turbine speed and the inner loop is
designed to control the currents isd and i . Eq. 5 is rewriting
with compensation terms as shown in Eq. 8 which
represent the state equation between the voltage and
current in the decoupled d and q axis, with this strategy,
the v is only effective for isd control and has no significant
sq

'

sd

'
effect on i and the v sq has no major influence on isd and

The GSC is mainly controlled to stabilize the DC-link
capacitor voltage at a set value, which ensure feeding the
grid by the active power generated by the PMSG and to
maintain the reactive power exchange to the grid that
guarantees a desirable power factor during the wind
turbine operation [21].
The DPC control strategy has used to control the grid
side converter, where the Fig. 5 presents its configuration;
where Qref is put equal to zero for unity power factor
operation and the P𝑟𝑒𝑓 generated from the PI DC bus
voltage controller are compared to the calculated Qs , Ps
respectively Eq. 9; the output of the active and reactive
power hysteresis controller with the voltage phase θn
select the optimal switching state of the converter (for
more details see [11]).

P


Q



sq

s

only effective for i [22]. Therefore, i and isd current
loop is decoupled which ensure a stable and decoupled
active and reactive power.
sq

sq

 '
d


v sd    Rsisd  Lsd isd  v  v'   L i
dt
e sq sq
sd


  sd
(8)
,

'
v

v


d


v '   R i  L i

sq
sq
e Lsd isd   f

 s sq
 sq
dt sq sq 



The d and q inner current loops adopt a PI controller with
function: C

isd , q

( s )  k pisd , q 

 vsa .isa  vsb .isb  vsc .isc
1

s

sb

 vsc  isa   vsc  vsa  isb   v sa  v sb  isc 

s

(9)

3

As for the block of regulation, the proposed FO-IP is
responsible to control the dc-link voltage, which
influenced by the incident wind speed change and
generate the maximum current reference of the grid.
vdc_ref
vdc

Is_max

+
-

FO-IP

vabc_grid

iisd , q

opt

 v

x

Ps_ref

k iisd , q

Where k and k
are the proportional and integration
gains. The maximum power depends on the power
coefficient Cp as in Eq. 2 which is a non-linear function
of  and  (  =0) Eq. 4. It has a maximum value
CPmax=0.47 at  =8.1 Fig. 2; and hence, it is necessary
to control the generator speed to meet optimal value of the
TSR  . The outer speed loop includes the FO-IP
controller, which will be introduced in next section.
pisd , q

ω*

Decoupling
bloc

Fig. 4. vector control of the MSC

Global System Controls

following transfer

FO-IP

+

-

(6)

Where, J is the inertia of the PMSG; Twt is the wind turbine
torque.

the

ω

PI

dt

III.
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Besides, the mechanical equation of the PMSG
d
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Fig. 5. Fractional direct power control algorithm
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Robustness to gain variations of the plant

IV. FO-IP controller
The basic idea of the I-P control is to avoid large control
signals (which will cause saturation phenomenon) within
the system by bringing the proportional control action to
the feedback path. Since, in the I-P controller, it is possible
to select larger values for Kp, than that of the PI controlled
case, the I-P controlled system will attenuate the effect of
disturbance faster than the PI controlled case, but with
slow response time. Therefore, the integration order was
extend from fixed integer number to real order to
guarantee fast response time, and improve the system
robustness. To design a FO-PID controllers, the theory of
fractional calculus (FC) and the Oustaloup continues
approximation (OCA) method are necessary.
The steps to design the proposed controller are:
Step 1: calculate the proportional and integrator gains ( k i
, k p ) and the real order of integration (  ) of the FO-IP
controller section (4.1).
Step 2: approximate the term s   using OCA to a TF (to be
implemented in simulation and practical tests) (section
4.2).
Step 3: prove the efficiency of the FO-IP controller over
the conventional PI controller through Bode diagram.
IV.1 Parameters calculus
The topology of FO-IP controller is illustrated in Fig. 6. It
is observed the extension of the order of integration from
integer order ( 1 s ) to real order ( 1 s ). Hence, more
robustness and effectiveness of the proposed controller are
expected [11, 12].
Ref +

Σ

-

ki

s-α

+

Σ

kp

(

d ( Arg (C ( j ) P( j )))
d

(11)

c

With the condition that the phase derivative at the
frequency c is zero, i.e., the phase Bode plot is flat at the
gain crossover frequency; it means that the system is more
robust to gain changes [23].
amplitude specification:
G  jc   C  jc  P  jc   1

(12)

Clearly, we can solve equations Eq. 10, Eq. 11 and Eq. 12
to get k i ,  and k p . So, the parameters of the proposed
controller have been calculated and given in Appendix A.
However, in simulation and practical tests, the integration
term s  should be approximated and given as a TF.
IV.2 Oustaloup continuous approximation
In order to approximate the term s  , several methods
have been used like, the predictor–corrector approach
[24], analytical and numerical calculation of the inverse
Laplace transform [25], state-space representation [26].
Oustaloup continuous approximation (OCA) [27, 28],
which is largely used to approximate the fractional order
s  to Laplace transfer function [27], which is used in this
paper.
Oustaloup provides the approximation algorithm to be
used when a frequency band of interest is given by
[b ,  h ] , the term s  can be substituted by Eq. 13 [27]:

s  k'

N

s  K 

(13)

s  k

k  N

The Oustaloup’s approximation model of the term s  is
given in [27], where s is Laplace transform variable and 
is a real number in the range of [-1, 1]. s  is called a
fractional order differentiator if 0    1 and a fractionalorder integrator if 1    0 . The TF of the term s  is
given by Eq. 14:

Sys

-



 

 

Fig. 6. The structure of the proposed FO-IP controller

H s  K 

In order to calculate the parameters of FO-IP controller (
k p , k i and  ), a method well detailed in [23] is used. C(s)
is the transfer function of the FO-IP controller. Assume
gain crossover frequency  c and phase margin m are
given. From the basic definition of gain crossover
frequency and phase margin, we get the following
specifications [23]:
Phase margin specification
Arg G c   Arg C  jc  P  jc     m

)    0

(10)

b

h

 

 

Where: k'  b 

h

b

1
k  N  (1  )
2
2 N 1

N


k  N

1
1

s

k
'

k

 

 

,  k  b 

(14)

s

h

1
k  N  (1  )
2
2 N 1

and

b

K  h .

k' are the zeros and  k are the poles of rang k ; 2 N  1 is
the order of approximation function [27].
The parameters of OCA to optimize the term s   are given
is Appendix A.
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V.

Experimental results

To fairly evaluate the performance of the proposed FO-IP
controller, the experimental setup for WECS has been
built Fig.8.
V.1 Prototype description
The WECS consists of three parts: mechanical part,
electrical part and control part, whereas the mechanical
part include a wind turbine which has been emulated using
a DC motor with separate excitation, the electrical part
include a PMSG (6.6 kW, 220 V (wye three-phase stator
winding and 8 poles)) connected to the grid 50V/50Hz via
two back-to-back converters, both of them have six IGBTs
(SEMISTACK-IGBT, 1200 V, 30 A, 20 KHz) linked by a
2200µF, 1800-V capacitor, a transformer was used for
grid connection to allow the operation of the inverter with
unity power factor. The control part was implemented
with two real-time DSPACE1104 cards, the first card
contains the improved current vector control based on
fractional switched controller, with the wind turbine
model and wind profile with sampling time of 80 µs, the
fractional direct power control (FDPC) is implemented in
the second one, where the formulation is simple, the
sampling time is 50 µs. The rotor position is obtained
through an encoder giving 1500 pulses per revolution. The
experimental results are recorded using the Control Desk
interfaced with dSPACE 1104 in real time, whereas the
voltage and current waveforms are captured using
numerical oscilloscope.
In this section, the performances of the proposed
controllers are validated via experimental test for different
wind speed profiles. The WECS and controllers
parameters can be found in Appendix A

V.2 Results
First test-Emulator performances: In this test, a variable
wind speed profile is generated as shown in Figs. 9-11. it
is possible to observe that the DC motor current reach its
reference quickly, and the torque curve developed by the
DC motor take a similar shape as the wind profile curve
presented in Fig. 11, this means that the emulator drive the
PMSG in the same way as a real wind turbine and the
emulation is well achieved.

Fig. 9. Wind profile

Fig. 10. DC motor current

Fig. 11 Emulator Torque
Second test-Maximum power tracking: The MPPT-TSR
based on conventional PI controller and the proposed
fractional controller are implemented as represented in
Fig. 4 and evaluated in this test for variable wind profile,
this profile comprises low and high speeds and
positive/negative gradient which provide a real works
condition and fairly test the performance of controllers
when the wind speed is suddenly increased and decreased.
Conventional PI controller:
Fig. 8.

Experimental setup for WECS, 1: PC with first DSPACE, 2:
machine side converter, 3: PMSG, 4: DC motor, 5: separate excitation,
6: transformer, 7: DC/DC converter, 8: Grid side converter, 9: PC with
second DSPACE, 10: numerical scope, 11: speed sensor, 12: voltage and
currents sensors.

Figs. 12-14 Show the response of the system with MPPT
controller. It is noticed that the PMSG speed didn’t track
its optimal value perfectly. Which mean losses in the
power extraction as seen in Fig. 14 there is a difference
between the power coefficient Cp and its optimum value
when the conventional PI controller is used.
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Fig. 12. Wind speed profile for PI controller

Fig. 15. Wind speed profile: FO-IP controller

Fig. 13. PMSG speed: PI controller
Fig. 16. PMSG speed: FO-IP controller

Fig. 14. Power Coefficient CP: PI controller

Fig. 17. Power Coefficient CP: FO-IP controller

FO-IP controller:
Figs. 15-17 show the response of the system with MPPT
controller. It is noticed that the PMSG speed track
perfectly its optimal value for all value of wind speed.
Which mean maximum power extraction. As seen the Cp
is close to its optimum value using FO-IP Fig. 17 under
wide range of wind speed, these results confirms the
robustness of the FO-IP against sudden wind speed
variations.
Third test-Grid connection: The power extracted from the
wind is transferred to the grid via the DC link capacitor
voltage, Figs. 18-19 shows the current injected to the grid
for variable speed wind profile, it is clear that the DC link
voltage is stable and remain the same with minimal ripple
and the grid voltage is constant.

Fig. 18. Injected currents for variable wind speed
grid voltage, CH2-CH4: currents injected)

(CH1: phase1
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Fig. 22. Measurements: Currents THD

IV. Conclusion
Fig. 19.

Three phase Currents injected (CH1: DC bus voltage CH2CH4: phases currents)

A step transition of wind speed shifts from 2 m/s to 7m/s
is applied. In this case, the three phase currents are
sinuswidal and ther amplitude is increase with the wind
speed and observe that the DC link voltage are constantes
under the unexpected wind variation as shown in Fig. 20,
which prof the robustness of the FO-IP controller.
Moreover, in Fig. 21 can see that the generated PMSG
power shifts very quickly with the wind change and
transferred to the grid with minimum losses in the
converter, in which the grid-side power factor is about
0.972 and the THD of the grid current is approximately
3.8%, whish respect the standards imposed by IEEE as
shown in Fig. 22. The results illustrate that the grid-side
fractional control method can implement the unity power
factor operation.

Fig. 20.

In this paper, a modified fractional order IP controller
(FO-IP) for variable speed WECS is proposed. The FO-IP
combines fractional integral action and integer integral
action together with switching algorithm. The FO-IP
integrated to the current vector control algorithm for
maximum power extraction by controlling the PMSG
speed to track its optimal reference generated by the
MPPT. Moreover, the FO-IP controller integrated to
conventional direct power control (DPC) algorithm, which
designed to regulate the Dc-bus of the gird side inverter
by keeping the capacitor voltage oscillating around a
desired reference. The effectiveness of the proposed
control schemes have been tested experimentally in
laboratory, whereas a wind turbine emulator based on a
DC motor has been realized to drive an industrial PMSG
connected to the grid via two back-to-back converter
linked by a DC capacitor. The experimental results shown
that both improved vector control and DPC algorithms can
achieve fast response time, very good tracking and robust
performances, maximum power extraction, unity power
factor 0.97 and low currents THD 3.8 %.
APPENDIX A
Parameters of WTG system
C p _ max  0.47, opt  8.1, Rt  1.02m,   1.225kg / m3
PMSG parameters per-unit base values
Rs  1.6 pu, Ld  Lq  0.006365 pu,  f  0.1852 pu ,

p  8, J  18.54e 5 pu
FO-IP controller

Three phases current with DC voltage
(CH1: DC bus voltage, CH2-CH4: currents injected)

a) Machine side controller parameters

k p  4.8, ki  12.3,  =-0.8

b)

grid side controller parameters

k p  12.8, ki  12.3,  =-0.7
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Performance of some censoring CA-based CFAR detectors in
heterogeneous environments
B. Zattouta1, L. Messikh2
Abstract – In this paper, the authors analyze the performance of some automatic censoring CAbased CFAR detectors used in radar systems for detecting targets under investigation in
heterogeneous environments. The considered detection schemes are named: ACCA-odv(Automatic Censored Cell Averaging -ordered data variability-), ADCCA-(Automatic Dual
Censoring Cell Averaging-), ACGCA-(Automatic Censoring Greatest Cell Averaging-), and
GGDC- (Goodness-of-fit Generalized likelihood test with Dual Censoring-)-CFAR's. The assumed
heterogeneous environments are represented by three cases: first, the homogeneous situation,
second, the presence of interfering targets, and third case is the presence of clutter edges. In our
study, a Gaussian clutter and mono pulse processing are considered. The results are evaluated by
the probability of detection and the false alarm regulation.

Keywords: Adaptive CFAR detection, Automatic censoring, heterogeneous environments,
Probability of detection, Probability of false alarm.

I.

Introduction

The first Constant- False- Alarm- Rate detector
proposed in radar detection is the CA-CFAR (Cell
Averaging- ) [1]. This processor performs optimally in a
Gaussian clutter when the returns are assumed
independent and identically distributed (IID).
Otherwise, it suffers from poor detection in the presence
of interferers and /or clutter edges [2]. To circumvent
the problem in clutter regions, the GO-CFAR (Greatest
Of-) has been proposed [3]. Also, in order to prevent the
suppression of closely spaced targets, the SO-CFAR
(Smallest Of-) has been introduced [4]. The study of [5]
has shown that the detection probability of the GOdecreases intolerably when interfering targets appear in
the reference window and the SO- processor fails to
maintain a constant false alarm rate at clutter edges. It is
well known that the conventional CA-, GO-, and SOCFAR's are called mean level detectors. After that, a
family of Order Statistics-based CFAR using fixed
censoring points have been proposed [6]-[7]. However,
these censoring schemes need some a priori knowledge
about the environment in order to reject the unwanted
samples. To give more efficient solutions, many
automatic censoring techniques have been designed by
dynamically determining the optimal adaptive censoring
points [8]-[9]-[10]-[11]. These procedures do not
require any prior information about the environment. In
addition, the processors as in [8] and [10] provide a
modified versions of the GO- and the CA-CFAR
schemes respectively. Also, the approach as in [9]
presents an automatic scenario to switch to the CA-,
SO-, or the GO- CFAR's. Similarly, the other as in [11]
is programmed to switch to the CA-, CMLD- (Censored

Mean Level Detector-) [6], and TM- (Trimmed
Mean-) [2] CFAR's. All these detectors have a different
comportments in heterogeneous environments and they
designed to optimize the probability of detection Pd
under the assumption of a constant probability of false
alarm Pfa (Neyman- Pearson criterion).
In this work, we study the performance of some
censoring CA-based CFAR detectors in heterogeneous
environments. The considered detectors are named:
ACCA-odv- [12], ADCCA- [13], ACGCA- [14], and
GGDC- CFAR's [15]. The performance, to be analyzed,
is represented by the variation of the probability of
detection Pd and the false alarm rate control Pfa. We
evaluate and compare this performance in a
homogeneous Gaussian clutter, in closely spaced targets
of SWI (SWERLING I) model, and then in edge clutter
regions. Furthermore, the detection characteristics of the
studied processors are compared with those of the
classical CA-CFAR.
The paper is organized as follows. Section II is
devoted to the discussion of the basic assumptions and
problem formulation in a general CFAR detection. The
algorithms concerning the assumed processors
mentioned above are illustrated in section III, whereas
results and discussions using Monte-Carlo simulations
are considered in section IV. Finally, our conclusions
with a suggestions for future works are provided in
section V.
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II.

Problem formulation

In a CFAR processor, the square- low detected
received signal is sampled in range by the range
resolution cells. The resulting samples are stored in a
taped delay line, as shown in Fig. 1. The output of the
test cell (CUT) which is the one in the middle of the
taped delay line is denoted by X0 . The outputs of the
cells surrounding the test cell, Xi , (i=1,…,N), are
combined to yield an estimate Z of the noise level in the
test cell, that is,
𝑍 = 𝑓(𝑋1 , … , 𝑋𝑁 )

(1)

Where the operator f denotes the processing of the
received observations. The output of X0 is then
compared with the adaptive threshold TZ according to
the test of detection
>𝐻 1
<𝐻 0

𝑋0

𝑇𝑍

(2)

Where the scaling constant factor T is selected so
that the design probability of false alarm Pfa is
achieved. Hypothesis H1 denotes the presence of a
target in the test cell, while hypothesis H0 is the null
hypothesis. H1 and H0 form the so called "Detection
Decision".
The probabilities of detection Pd and of false alarm
Pfa, in general, are defined by
𝑃𝑓𝑎 = Probability[𝑋0 > 𝑇𝑍\𝐻0 ]

(3)

𝑃𝑑 = Probability[𝑋0 > 𝑇𝑍\𝐻1 ]

(4)

input signal

1

𝑥≥0

(5)

µ denotes the scale parameter of the exponential
distribution corresponding to the total noise power. The
value of µ depends on the content of the observed data.
When the ith reference cell is immersed in a Gaussian
clutter and contains an interfering target, µ may be
written as µt (1+INR) where INR denotes Interferenceto- Noise Ratio. On the other hand, if some cells are
embedded in clutter region, µ may be written as µt
(1+CNR), where CNR denotes Clutter- to- Noise Ratio.
If INR = 0 and CNR=0, this corresponds to the
homogenous situation with µ = µt , where µt denotes
the thermal noise power (normalized to unity).
In CA-CFAR detection, the sum of N reference cells
IID and exponentially distributed follows Gamma
distribution [16] with parameters (µ, N)
𝑓𝑍 𝑧 = 𝛤

𝑧 𝑁 −1
𝑁 .𝜇 𝑁

𝑧

. exp − 𝜇

𝑧≥0

(6)

Where, Γ denotes the Gamma function . In adaptive
CA-based censoring detection, and after rejecting the
unwanted samples located in the reference canal, the
size N became (N-î). Where î is the estimated number
of the censored cells from the reference window.
Consequently, the mean level background estimator Ž,
which is given by the sum of the rested samples, is also
Gamma distributed but with parameters (µ, (N- î))
Ž(𝑁 −î)−1

Ž

𝑁−î .𝜇 (𝑁 −î)

. exp − 𝜇

Ž≥0

(7)

III. Algorithms

CUT

X1 ....... XN/2

𝑥

𝑓𝑋𝑖 𝑥 = 𝜇 . exp − 𝜇

𝑓𝑍 Ž = 𝛤

SquareLow
Detector

XN/2+1 …... XN

X0

Signal processing
Compute
T

statistically independent and identically distributed
(IID) random variables. That is, the Probability Density
Function (PDF) of the output of the i th cell is given by

TZ

Detection
Decision

Design Pfa

Fig. 1. CFAR detector
We assume that the cell outputs are observations from

In this section, we present the algorithms of the
considered processors, with brief explications, as
follows.
CA-CFAR
Input: N, TCA (scaling constant factor) ,
Start: Xi =[X1, ...,XN/2 , XN/2+1 ,..., XN], X0 = CUT ,
* Calculate, 𝑍 = 𝑁
𝑖=1 𝑋𝑖
* Apply the test , 𝑋0

>𝐻 1
<𝐻 0

𝑇𝐶𝐴 . 𝑍

End
Decision: H1 or H0
ACCA-odv-CFAR
Input: N, Tî,odv (scaling factors) , p1 (chosen parameter )
, Sk,odv (censoring thresholds),
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Start: Xi =[X1 ,...,XN/2 , XN/2+1 ,... ,XN], X0 = CUT ,
*Form
the
ordered
powered
samples,
𝑋(1) ≤. . ≤ 𝑋(𝑃1 ) ≤. . ≤ 𝑋(𝑁)
*Assuming the homogeneity of the initial population
[𝑋(1), . . , 𝑋(𝑝1 ) ] of length p1 .
*To find the non homogeneity point in the rested
interval [𝑋 𝑝1 +1 ,…, 𝑋(𝑁) ]
form the subset
𝑋 1 , . . , 𝑋 𝑝1 , 𝑞 of length p1+1. With q=X(N-k) ,
k=0,1,.., N-p1-1.
*Apply the censoring test , 𝑂𝐷𝑉(𝑞)

>𝐻 𝑛 ℎ
<𝐻 ℎ

𝑆𝑘,𝑜𝑑𝑣

to

obtain îodv =k .
Note

𝜇 𝑝 1 +𝑞 2

𝑂𝐷𝑉 𝑞 = (𝜎

that,
𝑝1
2
𝑖=1 𝑋(𝑖)

𝜇𝑝1 =
and 𝜎𝑝1 =
* Select the corresponding Tî,odv
* Calculate, Ž = 𝑁−î
𝑖=1 𝑋(𝑖)
* Apply the test, 𝑋0

>𝐻 1
<𝐻 0

2
𝑝 1 +𝑞)
𝑝1
𝑖=1 𝑋(𝑖)

with

𝑇î,𝑜𝑑𝑣 . Ž

End
Decision: H1 or H0

𝑘

* Calculate the membership function,
𝑁!
−1
𝑉 𝑢𝑖 = 𝑁−𝑘 ! . ( 𝑘−1
𝑠=0 (𝑁 − 𝑠 + 𝑢𝑖 ))
*Apply the test of censoring large samples (of high
power),
𝐻
𝑙
𝑉 𝑢𝑖 <>𝐻𝑛 ℎ 𝑡𝑐𝑒
ℎ

* Apply the test of censoring small samples (of low
power),
𝑉 𝑢𝑖

>𝐻 𝑛 ℎ
𝑠
<𝐻 ℎ (1 − 𝑡𝑐𝑒 )

* Obtain the estimated number of censoring large and
small samples, î𝐷𝐶 = 𝑁
, where the weights
𝑖=1 𝑤𝑖
𝑙
𝑠
𝑡𝑐𝑒
≤ 𝑉 𝑢𝑖 ≤ (1 − 𝑡𝑐𝑒
)
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

* Select the corresponding Tî,DC .
* Calculate, Ž = 𝑁
𝑖=1 𝑤𝑖 . 𝑋𝑖
* Apply the test, 𝑋0

* Apply the test, 𝑋0

>𝐻 1
<𝐻 0

𝑇î,𝐷𝐶 . Ž

End
Decision: H1 or H0
ACGCA-CFAR
Input: N, Tî,G (scaling factors), p2 (chosen parameter),
Sk,odv ,
Start: Xi =[X1 ,...,XN/2 , XN/2+1 ,... ,XN], X0 = CUT ,
* Leading window ([X1 ,...,XN/2]): apply the ACCA-odv

>𝐻 1
<𝐻 0

𝑇î,𝐺 . Ž

End
Decision: H1 or H0 , then shift clock the controller.
This makes the powered samples can not enter in
lagging window .
GGDC-CFAR
Input: N, TGG (scaling factors) , and the inputs of
algorithms applied in tasks 1, 2, and 3.
- To search the homogeneous vector data, ℧ ⊂ 𝑋
Start: Xi =[X1 ,...,XN/2 ,XN/2+1 ,... ,XN], X0 = CUT,
1- Test of homogeneity: apply the HG-OF [15]
algorithm
if:

ADCCA-CFAR
Input: N, Tî,DC (scaling factors) , k ( the kth ordered
sample of OS- CFAR), tlce and tsce (censoring
thresholds of large and small samples respectively),
Start: Xi =[X1 ,...,XN/2 ,XN/2+1 ,... ,XN], X0 = CUT ,
𝑋
* Calculate the observation, 𝑢𝑖 = 𝑋 𝑖 , 𝑖 = 1, 2, … 𝑁

𝑤𝑖 = 1
0

(N/2, p2) algorithm to obtain Ž1 and îG .
* Lagging window ([XN/2+1 ,... ,XN]) : apply the CA(N/2)
algorithm to obtain Z2.
* Calculate, Ž =max( Ž 1 , Z2).
* Select the corresponding Tî,G .

𝑋, homogeneous go to 𝟒 with ℧ = 𝑋
otherwise,
go to 𝟐

2- Test of clutter edge: apply the GLR-based [15]
algorithm
clutter edge is confirmed in 𝑋, select the
corresponding new adaptive vector 𝑑 ⊂ 𝑋
if:
where, ℧ ⊂ 𝑑, and than go to 𝟑
clutter edge is not confirmed, than go to 𝟑
with 𝑑 = 𝑋
3- Test of interferers: apply the ADCCA algorithm
interferers are confirmed in 𝑋, select the
corresponding vector data 𝑑
than go to 𝟒
if:
interferers are not confirmed, select 𝑑
and go to 𝟒
℧

* Calculate, Ž = ñ𝑖=1 ñ𝑖
where ñ is the size of ℧
* Select the corresponding detection threshold TGG .
4-Apply the test, 𝑋0

>𝐻 1
<𝐻 0

𝑇𝐺𝐺 . Ž

End
Decision: H1 or H0
Among all these algorithms, Hnh and Hh correspond
to the censoring and the non-censoring hypotheses tests
respectively.

IV.

Results and discussions

In this section, different scenarios are realized by
Monte-Carlo simulations in order to present the
detection performance of the mentioned processors in
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IV. 1. Performance analysis in homogeneous
background
In the homogeneous background, the results of
detection probability Pd as a function of SNR for the
mentioned CFAR detectors are plotted in Fig. 2 with
Pfa =10-5 . Whereas, the regulation of the false alarm as
a function of the noise power is provided in Fig. 3 with
Pfa =10-4 . From Fig. 2, the ACCA-odv-, ADCCA-,
and GGDC- CFAR's perform the same as that of the
CA(N) and exhibit some CFAR loss relative to the ideal
detector of Neyman-Pearson (NP). On the other hand,
the ACGCA- performs likely the GO- and exhibits a
loss in detection greater than that presented by the other
processors. This is simply because this last exploits only
one half of the reference canal. The regulation of the
false alarm versus the noise power level is similar for all
detectors and appears clearly in Fig. 3. This confirms
the fact that the probability of false alarm is independent
of the noise power under the IID assumption which is
equivalent to the homogeneous situation.
1
0.9

N=32, Pfa=10E-5, Pfc=10E-2
Homogeneous clutter

0.8
0.7

Pd

0.6
0.5
0.4
opt
CA
ACCAodv
ACGCA
ADCCA
GGDC

0.3
0.2
0.1
0

0

5

Fig. 2.
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Pd in homogeneous clutter

30

8
6

N=32, DesignPfa=10E-4, Pfc=10E-2
Homogeneous clutter

4
2

Log10(Pfa)

heterogeneous environments . The performance is
showed by the probability of detection Pd and the false
alarm rate control Pfa. We take N=32 as a preferred size
of the reference window. According to [12]-[13]-[14][15], we relatively set the parameters, of all detectors at
hand, as follows: for ACCA-odv- and ACGCA-, p1=28
and p2 =12 , for both ADCCA- and GGDC-, tlce=0.001,
tsce=0.01, k=N/2 . Also, the thresholds of HG-OF and
GLR- based algorithms associated to the GGDCdetector are set greater than 1.75 and equal to 6 values
respectively. Through all tests, a Gaussian clutter
distribution and single pulse processing are considered
with taking Pfa = 10-3 , 10-4, 10-5, and Pfc =10-2
(Probability of false censoring). In addition, the
Swerling I (SWI) target model is used for the primary
target in the CUT and also for interferers to be presented
in the reference cells with assuming the same radar
section across SNR=INR.
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IV. 2. Performance analysis in multiple target
situations
To evaluate and compare the robustness of the
detectors in multiple target situations, we consider three
scenarios as follows. First, the number of interferers <
(N- p1), second, the number of interferers =(N- p1),
third, the number of interferers >(N- p1). Note that (Np1) is equivalent to (N/2- p2) . Thus, we choose one
interference in the range cell 5 for the first case, four
interferers in the range cells 1, 4, 7, 10, for the second
case and five interferers in the range cells 1, 4, 7, 10, 13
for the third scenario. Notice that, all the chosen
positions of the secondary targets are located in the
leading window. This is because the ACGCA- detector
is not applicable, according to the shift register, when
the interferers are presented in the lagging window [14].
The corresponding results are illustrated, respectively,
in Figs. 4. 5 and 6 for Pfa= 10-5. From Fig. 4 and Fig. 5,
we remark that all the censoring detectors present a
good performance and protect their robust comportment
against interferers whereas the ACCA-odv, under the
assumed value of p1, presents some CFAR loss relative
to the other CA(N-î )schemes. The curves of Fig. 6
show the capability of the ADCCA- and GGDC- to be
robust versus INR echoes while the ACGCA- and the
ACCA-odv- present a considerable degradation. Also,
the results of Fig. 6, mean that the performance of the
ACGCA- and ACCA-odv- is degraded in the case of the
third scenario in which the number of outliers is greater
than four. Through these figures, substantial and
successive performance degradation of the conventional
mean level detector CA- is observed.
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0< r <16 the ACGCA- is better than the ADCCA-. The
ACCA-odv- , for their part, presents a significant loss
of their Pfa at the two sides of the reference window.
However, the conventional CA-CFAR scheme suffers
from poor performance detection and presents the worst
controller in these two scenarios. The sharp spiky in
false alarm probability at r=0 is caused when the CUT
is in the heavy clutter with power µ=µt (1+CNR).
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IV. 3. Performance analysis at clutter edges
To control the false alarm rate of the studied
processors in the presence of clutter edges, we consider
two dynamic clutter transitions in the reference window:
10 dB and 30 dB for Pfa=10-3. We assume that there is
only one type of clutter in the reference canal. The
performance is plotted versus the distance r between
clutter edge position and that of the CUT and it is
provided in Figs. 7 and 8 respectively. The results of
Fig. 7 show that the GGDC- presents a good regulation
of the false alarm in all edge situations of 10dB whereas
the other censoring detectors suffer from excessive
number of false alarms, on particular the CA(N)
scheme, when -16< r <0 . From Fig. 8, when the clutter
edge power is equivalent to 30 dB, the GGDC- detector
controls perfectly their Pfa and also the ADCCAdetector. This last, performs better than the ACGCAprocessor when -16< r <0 , on the contrast, when

V.

Conclusion

In this paper, we have analyzed four censoring CAbased CFAR detectors and compared their performance
in heterogeneous environments. The considered
processors are named: ACCA-odv-, ADCCA-,
ACGCA-, and GGDC- CFAR's. The studied
performance, under the assumption of mono pulse
processing and Gaussian clutter distribution, has been
represented by the detection probability Pd and the false
alarm regulation Pfa. The results of simulations have
shown that the mentioned detectors perform like the
CA(N) in a homogeneous clutter apart the ACGCAdetector which switches to an GO-CFAR. In various
situations of closely spaced targets of SWI model
embedded in clear background, the CA(N-î) censoring
schemes perform perfectly. However, the performance
of the ACGCA- and the ACCA-odv- has been degraded
when the number of outliers exceeds their
corresponding parameters (N/2-p2) and (N-p1)
respectively . About the third case of the assumed
heterogeneous environments represented by the
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presence of clutter edges in the reference window, the
GGDC- is the better regulator of the false alarm. Also,
the ADCCA- and then the ACGCA- are relatively good
controllers. On the other hand, the ACCA-odv- exhibits
an excessive number of false alarms in both low and
high clutter boundaries. Finally, we not forget, the
comportment of the conventional CA-CFAR detector
which suffers from poor detection performance in all
non homogeneous situations. As a suggestion to a
perspective work, we propose the extension and
generalization of this study to Gaussian and nonGaussian environments for the case of non homogeneity
caused by the presence of both multiple outliers and
clutter transitions.
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Abstract – A simple design to compute accurate resonant frequencies and the electric fields of
rectangular microstrip antennas using artificial neural networks (ANN) is proposed. The ANN is
developed to calculate the frequency and antenna's field. ANN is designed using multilayer
perceptron networks (MLP). The results that were obtained accord the trained and tested data of
ANN models. As a result, the ANN model is presented as a substitutional method to the detailed
electromagnetic design of rectangular microstrip antenna.
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Frequencies, Electric Fields.

I.

Introduction

Nowadays, the systems of mobile communication need a
movable wireless antenna size so as to meet the
miniaturization needs of mobile units. One of the most
appropriate antennas for mobile communication is a
microstrip patch antenna owing to its attractive
characteristics: low profile, light weight and easy
fabrication. Currently, there are other governmental and
commercial applications like radio and wireless
communications which have identical specification. The
use of microstrip antennas then can fulfil the previous
requirements [1-2]. These antennas are low-profile with a
compatibility with plane and non-plane surfaces. They are
uncomplicated and do not cost much to build using the
technology of modern printed circuit. Moreover, these
antennas are mechanically strong when mounting on stiff
surfaces and conformable with MMIC designs. In addition
to that, they are very versatile in terms of resonant
frequency, polarization, pattern, and impedance when
selecting a specific patch shape and mode. Besides, the
adjustment of adaptive elements with variable resonant
frequency, impedance, polarization, and pattern can be
realised by adding loads, like pins and diodes, between the
patch and the ground plane [3]. Microstrip antennas are
also called patch antennas due to the radiating elements
(patches) photo engraved on the dielectric substrate. This
radiating patch may take different shapes: square, circular,
triangular, rectangular, elliptical or other shapes. This
work is concerned with the rectangular ones under
consideration “Figure 1”.
The increase demand of compactness of antenna size,
bandwidth, reconfigurable antennas etc., has lead to the
fast change in modern communication. As a consequence,
the ongoing change of antenna parameter makes the
design of antenna very difficult, cumbersome and time
consuming since parameters must be calculated by the use
of lengthy analysis and design cycles. According to

papers’ reviews, the use of neural network have become
very wide recently for wireless communication
engineering. As a result, there is an elimination of
complexity and time consumption of mathematical
procedures of designing antennas such as method of
moments (MOM) [4]. The ANN model, artificial neural
network, is designed to analyse microstrip antennas in
different forms: circular, rectangular, and equilateral
triangle patch antennas [5-6]. The emphasis here falls into
two points: the resonant frequency and the electric field of
antenna. Using ANN, an analysis is built to find out the
resonant frequency and electric filed immediately for a
given rectangular microstrip antenna system. These
models are characterized by simplicity, easiness of
application, and a very usefulness for antenna engineers.

II.

Rectangular Microstrip Antenna

The rectangular microstrip antennas are constructed of
a rectangular patch with dimensions, width, b, and length,
a, over a ground plane with a substrate thickness h and
dielectric constant (εr), as given in “Figure 1”. Dielectric
constant are usually used in the range of 1.2≤ εr ≤12.
However, the most desirable ones are the dielectric
constants in the lower end of this range together with the
thick substrates, because they provide better efficiency,
larger bandwidth, but at the expense of larger element size
[7].

Figure 1. Rectangular microstrip antenna
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III. Tables a Resonant frequency and
electric filed of rectangular microstrip
antenna
The formula for the resonant frequency of a rectangular
microstrip antenna is obtained from the moments method
(MOM). For the present paper, a simple formula was
given as
𝐸𝑥 (𝑥, 𝑦) =
(1)
𝐸𝑦 (𝑥, 𝑦) =
(2)

+∞+∞
[𝐺𝑥𝑥 . 𝐽̃𝑥
∬
4𝜋2 −∞−∞
1

+ 𝐺𝑥𝑦 . 𝐽̃𝑦 ]𝑒 𝑖(𝐾𝑥𝑥+𝐾𝑦𝑦) 𝑑𝐾𝑥 𝑑𝐾𝑦

1

∬−∞−∞ [𝐺𝑦𝑥 . 𝐽̃𝑥 + 𝐺𝑦𝑦 . 𝐽̃𝑦 ]𝑒 𝑖(𝐾𝑥𝑥+𝐾𝑦𝑦) 𝑑𝐾𝑥 𝑑𝐾𝑦

4𝜋2

is obtained as a function of patch length (a), width (b),
height of the dielectric substrate (h), the resonance
frequency (fr) and dielectric constants of the material (εr)
“Figure 3”. Therefore, the following subsections represent
the first and the second step of ANN model which will be
defined for the rectangular patch geometry.
IV.1. The First Step of ANN Model
The input quantities to the ANN “Figure 2” can be ordered
as:

+∞+∞

To solve the equation moment method, we used Galerkin
procedure
𝐽𝑥 (𝑥, 𝑦) = ∑𝑁
𝑛=1 𝑎𝑛 𝐽𝑥𝑛 (𝑥, 𝑦)

(3)

𝐽𝑦 (𝑥, 𝑦) = ∑𝑁
𝑚=1 𝑏𝑚 𝐽𝑥𝑚 (𝑥, 𝑦)
(4)

After some manipulation, we obtain this matrix:
[

1 )
(𝑍𝑘𝑛
𝑁𝑋𝑁
3 )
(𝑍𝑙𝑛
𝑀𝑋𝑁

2 )
(𝑍𝑘𝑚
(𝑎 )
𝑁𝑋𝑀
] [ 𝑛 𝑁𝑋1 ]
4 )
(𝑏
(𝑍𝑙𝑚
𝑚 )𝑀𝑋1
𝑀𝑋𝑀



h: height of the dielectric substrate.



a: length.



b: width.



εr: dielectric substrate.

The following quantities can be obtained from the output
of the black-box as functions of the input variables:
 fr: the real part of the resonant frequency.
 fi: the imaginary part of the resonance frequency.

(5)

Solving this system gives the resonance frequency
𝑓 = 𝑓𝑟 + 𝑖𝑓𝑖

(6)

fi: the imaginary part of the resonance frequency .
Figure 2. First step of ANN model

fr: the real part of the resonant frequency.

IV.2. The Second Step of ANN Model

The radiated electric field in the space is:

In the second step, we use a similar terminology of that in
the first one. The electric filed (E) of the antenna is
+∞+∞
obtained from the output for a chosen dielectric substrate,
1
=
∬ 𝐸̅̃𝑥 (𝐾𝑥 , 𝐾𝑦 , 𝑑). 𝑒 −𝑗𝑘𝑧0. (𝑧−𝑑) 𝑒 𝑗(𝐾𝑥𝑥+𝐾𝑦 𝑦) 𝑑𝐾𝑥 𝑑𝐾𝑦 height of the dielectric substrate, the real part of the
2
4𝜋
resonant frequency, the length (a) and width (b) the input
−∞−∞
side as shown in “Figure 3”.
(7)
𝐸̅̃ (𝑥, 𝑦, 𝑧)

By applying the stationary phase, we can calculate the
field in remote area of the space:
[

𝐸𝜃 (𝑟)
−cos∅
]= [
𝐸∅ (𝑟)
cos𝜃. sin∅

𝐸𝑥
−sin∅
] . [𝐸 ]
−cos𝜃. cos∅
𝑦

(8)

In the next section, a basic artificial neural network used
in this article is described briefly and the application of
neural networks to the calculation of the resonant
frequency and electric filed of a microstrip antenna is then
explained.

Figure 3. Second step of ANN model.

V.
IV.

Design Problem for the Microstrip
Antenna

In this work, we have developed two models. The
resonance frequency of the microstrip antenna is obtained
as a function of input variables, which are height of the
dielectric material (h), dielectric constants of the substrate
(εr), length (a) and width (b), using ANN techniques
“Figure 2”. Similarly, the electric filed (E) of the antenna

V.1.

Building Neural Network for the
Rectangular Microstrip Antenna and
Results

Multilayer Perceptron Networks

MLP are feedforward neural networks trained with the
standard backpropagation algorithm. These networks are
controlled, so they need a desired response to be trained.
They are largely used for pattern classification and they
are learning how to transform input data into a desired
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response. The networks can approximate virtually any
input-output map with one or two hidden layers. The goal
of presenting them is to approximate the performance of
optimal statistical classifiers in hard problems. The
majority of neural network applications include MLP. The
basic MLP building unit is a simple model of artificial
neuron. It calculates the weighted sum of the inputs plus
the weight of the threshold and transmitting this sum
through the activation function (usually sigmoid).
In a multilayer perception, the inputs to the next layer are
formed by the outputs of the units in one layer. The
compute of the network’s weights is done by training the
network using the back propagation algorithm [8].
V.2.

MLP Modeling

V.2. MLP Modeling
We have obtained the training and test data of the ANN
model from the method of moments (MOM) and the
stationary phase. We have used 1000 examples for the
training and 185 examples for the test. The data are in a

matrix form. They consist of inputs and target values and
arranged according to the problem’s definitions. The MLP
network that was used for the first step of the ANN model
has a configuration of, 4 inputs, 12 and 8 neurons in two
hidden layers and 2 outputs. In the second model, the MLP
has a configuration of 5 inputs, 12 and 5 neurons in two
hidden layers and 1 output. The sigmoid functions, linear
are assigned respectively to the hidden and output layer.
MLP trained with the standard back propagation
algorithm.
V.3.

Results

MLP network is the one which was given the best
approximation to the target values in the first and the
second step of the ANN model. Table 1 and 3 show the
results of this model for an isotropic material and its
comparison with the targets. The Comparison of
measured, calculated frequencies [9-10-11] and our results
is given in table 2. A good agreement with these
frequencies can be noticed and the corresponding
percentage error values are slight in the most cases.

Table 1: Results of the first step of ANN model and comparison with the targets
a
(cm)
4.00
2.25
3.50
3.50
3.25

b
(cm)
2.75
1.50
2.75
2.50
2.25

h
(cm)
0.15
0.05
0.35
0.25
0.35

εr
3.00
4.00
3.25
1.50
3.50

frTarget(GHz)
4.8315
4.2415
5.1490
5.1430
5.2631

frMLP(GHz)
4.8789
4.1730
5.1169
5.1746
5.1639

Errors
0.04
0.06
0.03
0.03
0.09

fiTarget(GHz)
0.0931
0.0790
0.0399
0.1148
0.0437

fiMLP(GHz)
0.0940
0.0680
0.0388
0.1134
0.0596

Errors
0.0009
0.0100
0.0011
0.0014
0.0159

Table 2: Comparison of measured, calculated frequencies and our results
a
(cm)

b
(cm)

h
(cm)

εr

3.00
1.50
3.00
4.00
2.00

2.00
0.95
1.90
2.50
1.25

0.127
0.127
0.254
0.079
0.079

10.2
10.2
10.2
2.22
2.22

Our
Results
(Ghz)
2.25
4.40
2.33
3.91
5.58

fr(Ghz)
Mesured[9]

fr(Ghz)
Calculated[10]

fr(Ghz)
Calculated[11]

2.26
4.43
2.18
3.92
7.56

2.20
4.35
2.18
3.84
7.42

2.23
4.45
2.23
3.91
7.64

Table 3: Results of the second step of ANN model and comparison with the targets
a(cm)
2.50
4.50
3.75
3.00
3.00

b(cm)
2.00
3.00
3.00
2.25
2.50

h(cm)
0.25
0.05
0.15
0.25
0.25

εr
2.50
3.00
3.25
2.50
2.70

fr(GHz)
4.2600
2.8466
2.6810
3.8185
3.4809

VI. Conclusion
The purpose of this study is to suggest a general
design procedure for the microstrip antennas with the
use of artificial neural networks. All this is shown
through the use of the rectangular patch geometry. A

E-Target
0.3248
0.1153
0.2726
0.3918
0.3959

E-MLP
0.3235
0.1280
0.2583
0.3871
0.3921

Errors
0.0013
0.0127
0.0143
0.0047
0.0038

multilayer perceptron based neural network model is
presented in the aim of optimizing the design parameters
of a microstrip antenna with better accuracy and less
delay time. We can obtain the resonant frequency and
the electric field with high accuracy.
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A 2nd Image Derivative-based Markov Random Field for Edge
Detection Enhancement in Range Images
F. Zouad ,S. Mazouzi

Abstract – In this paper we deal with the bayesian regularization in three-dimensional vision
systems. This aspect comes to mitigate the problems associated with classical approaches for
segmentation of range images, containing polyhedral objects. In this context we propose a new
Markov Random Field model using the second derivatives of the image. Using this model has
allowed improving edge detection in range images

Keywords: Image segmentation, Range Image, Bayesian estimation, Markov Random Field,
Robotic Vision, Energy Minimization.

I.

Introduction

The interpretation of images in robotic vision is a
critical task. The robot must be equipped with a vision
system enabling it to both the acquisition of images,
representing the observed scenes, and image content
interpretation and understanding.
Interpreting an image is generally carried out by
segmentation. Segmenting an image consists affecting
its pixels to homogeneous and disjoint subsets, forming
a partition of the image. Segmentation methods fall into
two categories: edge based methods, region based
methods. For the first methods, pixels that correspond to
discontinuities in visual or geometric information are
selected and chained in order to delimit the regions of
the image. These methods are well known for their lowcost computing.
The region based methods use the properties of
homogeneity for grouping pixels having the same
properties, in related parts. In the various image
segmentation approaches, most of the developed
methods model the local properties of surfaces based on
the calculation derived from different levels of the
image function. This leads to a highly sensitive
detection to noise. So, it is necessary to carry out
preprocessing tasks, which consist mainly of an image
smoothing or noise filtering. However, in the case of
highly noisy images such as range images, unfortunately
strong noise smoothing can results in the deletion of
contours. For this, these contours are therefore corrected
using several approaches of regularization.
In this work, we use a Markov model to improve the
surface quality, especially near contour, so that the
subsequent segmentation produces reliable results.

We focus specifically on range images containing
polyhedral objects. This leads us to propose a Markov
model using the second derivatives of the image.
Indeed, given that these derivatives are nulls in the
interior of surfaces.
This paper is organized as fellow: Section II
introduce some related works, having proposed MRF
models for image segmentation. Section III is devoted
to our approach. We introduce the proposed MRF, and
we show how the minimization of the obtained energy
allows better edge detection. We present our
experimentation in Section IV, and we conclude our
paper in Section V.

II. Related Work
Few authors have integrated Bayesian inference in
range image segmentation. Jain and Nadabar et al. [2]
have proposed a Bayesian method for edge detection in
range images. Authors use the Line Process (LP)
Markov random field (MRF) model [1] to label image
pixels as EDGE or NON-EDGE pixels. Wang and
Wang and Wang [7] have presented a hybrid scheme for
range image segmentation. First, they proposed a joint
Bayesian estimation of both pixel labels, and surface
patches. Next, the solution is improved by combining
the Scan Line algorithm [3], and the Multi-Level
Logistic (MLL) MRF model [5]. Mazouzi et al. [6] have
used the smoothness of edges in order to enhance a
region-based segmentation in range images.
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In spite of various contributions of the works
previously cited, some aspects inherent to range image
segmentation were omitted. Indeed, most of the works
use markovian models that are based exclusively on the
surface smoothness prior. Moreover, the proposed
methods proceed by assigning pixels to clusters without
ensuring the continuity of the resulting clusters.
Typically, in the approach proposed by Wang and Wang
[7], pixels belonging to coplanar regions may be labeled
equally in any of these regions. The spatial continuity
constraint of resulting regions seems that it was not
taken into account.
Recently, some authors have turned back to
accelerating methods for range image segmentation. X.
Jin et al. [8] have used LEGION (Locally Excitatory
Globally Inhibitory Oscillator Networks) to accelerate
the segmentation on a GPU, motivating their approach,
on one hand, that the LEGION network operates locally
using a small neighborhood, and then parallelism
offered by GPUs on the other hand. The advantage of
the method is its potential parallelization; However, its
disadvantage consists in the weakness of LEGION
network to perform complex operations such as edge
detection, given that it operates in a very small
neighborhood (8-connected).
Aiming for geodesic application, the authors in [9]
have proposed a method for the segmentation in planes
of range images of terrestrial scans, using the
unsupervised classification method, called "Iso Cluster
unsupervised classification method ". Each point of the
image is represented by four variables respectively
representing the normal vector to the plane, and its
distance from the origin of the referential. The method
is robust, because the used clustering method takes into
account large sets of image pixels. However, its
parallelization is difficult to achieve, because of it is
sequential nature.

A surfaces in a range image is represented by a plane
with equation
𝑧 = 𝑎𝑥 + 𝑏𝑦 + 𝑐

(a, b, c) are obtained by minimizing a ф function, given
by:
2
ф(𝑎, 𝑏, 𝑐) = ∑𝑁
𝑖=1 (𝑍𝑖 − 𝑎𝑥𝑖 + 𝑏𝑥𝑖 + 𝑐)

(2)

The minimization is calculated using the partial
derivatives
∂ф/∂a = 0 , ∂ф/∂b=0, ∂ф/∂c=0;

(3)

After calculating the determinants ∆ ,∆𝒂 , ∆𝒃 , ∆𝒄 we
obtain:
𝑎=

∆𝑎
∆𝑏
∆𝑐
,𝑏 =
,𝑐 =
∆
∆
∆

(4)

III.2. The Proposed MRF Model
Our model is based on the compilation of the second
derivatives of the range image function.
Let S be the image, for each pixel (x, y), D (x, y) is the
range of that pixel and its equation of the plane is given
by (1)
Our model expresses the energy U in both axes X and
Y.
III.3. Calculation Of The A priori Energy
The a priori energy U(𝒇⁄𝒅) is calculated according
to the X-axis and Y-axis:
𝑈(𝑓) = 𝑈𝑥 (𝑓) + 𝑈𝑦 (𝑓)
= ∫ [𝑓 ′′ (𝑥)] ². 𝑑𝑥

𝑈𝑥 (𝑓)

III.

(1)

(5)
(6)

The proposed approch

Our approach consists in performing a bayesian
regularization of range images using a proposed Markov
model and a MAP- MRF decision. After regularization
we perform an edge detection using the regularized
Image.
III.1. Range Image
A range image is a particular set of geometry data
obtained from measurement of the physical world. At
each pixel (x, y) is stored the distance Z (x, y) between
the plane of the range sensor and the corresponding
point of the scene.

𝑈𝑦 (𝑓) = ∫[𝑓 ′′ (𝑦)]² . 𝑑𝑦

(7)

So, the partial derivatives are given by the following
equations:
𝑓’’(x)=

𝜕2 𝑓
𝜕𝑥 2

𝑓’’(y)=

𝜕²𝑓
𝜕𝑦²

𝑓’’(x)=

𝜕²𝑓
𝜕𝑥²

𝜕𝑥 = (𝜕𝑥)2 = 1
𝜕𝑦 = (𝜕𝑦)2 = 1

= 𝑓𝑖+1 − 2𝑓𝑖 + 𝑓𝑖−1

(8)
(9)

(10)
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𝑓’’(y)=

𝜕²𝑓

=𝑓𝑗+1 − 2𝑓𝑗 + 𝑓𝑗−1

(11)

𝑈𝑥 (𝑓) = ∑𝑖 [𝑓𝑖+1 − 2𝑓𝑖 + 𝑓𝑖−1 ]²

(12)

𝑈𝑦 (𝑓) = ∑𝑗[𝑓𝑗+1 − 2𝑓𝑗 + 𝑓𝑗−1 ]²

(13)

𝜕𝑦²

𝑈(𝑓) = ∑𝑖 [𝑓𝑖+1 − 2𝑓𝑖 + 𝑓𝑖−1 ]² + ∑𝑗 [𝑓𝑗+1 −
2𝑓𝑗 + 𝑓𝑗−1 ]²

(14)

III.4. Data Energy

𝑑𝑖𝑗 =𝑓𝑖𝑗+ 𝑒𝑖𝑗

(15)
(16)

The distribution function d of knowing f is given by
equation (14):
𝑃(𝑓⁄𝑑 ) = ∏

1

(𝑖,𝑗)∈𝑆 √2𝜋𝜎²𝑖𝑗

𝑒 −𝑈(𝑑⁄𝑓)

(17)

And energy of likelihood is as follows:
U(𝑑 ⁄𝑓)=∑(𝑖,𝑗)∈𝑆( 𝑎𝑓(𝑖,𝑗) 𝑖 + 𝑏𝑓(𝑖,𝑗) 𝑗 + 𝑐𝑓(𝑖,𝑗) -𝑑𝑖𝑗 )² /
(2𝜎𝑖𝑗 ²)

The initial temperature T0 must be quite high because
it is what determines the probability to accept or reject
unfavorable solutions to optimize the function.
The temperature at iteration i+1 is calculated as follow:

The distribution function of f is obtained considering
that data measurements are degraded by noise:
𝑑𝑖𝑗 =𝑎𝑓(𝑖,𝑗) 𝑖 + 𝑏𝑓(𝑖,𝑗) 𝑗 + 𝑐𝑓(𝑖,𝑗) +𝑒𝑖𝑗

a state of thermodynamic equilibrium. This steady state
(where energy is minimal) is the optimal solution to
several optimization problems. The energy of the
system will be calculated by the cost (or objective
function) specific to each problem.
The method will therefore try to find the optimal
solution by optimizing an objective function. For this, a
temperature parameter was added.

Ti + 1 = α.Ti

: α <1

(21)

With α is usually equal to 0.9 or 0.99.
The first step is to calculate the total energy of the
range image for both X and Y axes. In the second step
we choose a random pixel, and calculate its energy
according the two axes. After, we perform a small
alteration in the pixel range and we recalculate the new
energy.
The new total energy of the image is equal to the last
total energy less the gap between the new and the last
energy at the altered pixel. This allow us to avoid the
calculation of the energy of the whole image. That
consists of an important optimization of computation
time.

(18)

IV. Experimentation
III.5. The Posteriori Energy
IV.1. Implementation
The a posteriori energy is the sum of a priory energy
and data energy:
U(𝑓⁄𝑑) = 𝑈(𝑑 ⁄𝑓) + 𝑈(𝑓)

(19)

We have implemented our approach as simulated
annealing algorithm, with instantiation of the objective
function as the image energy according the proposed
Markov Random Field (Fig. 1).

So,
U (𝑓⁄𝑑) = ∑(𝑖,𝑗)∈𝑆( 𝑓𝑖𝑗 − 𝑑𝑖𝑗 )²/ (2𝜎𝑖𝑗 ²) +
∑𝑖[𝑓𝑖+1 − 2𝑓𝑖 + 𝑓𝑖−1 ]² + ∑𝑗 [𝑓𝑗+1 − 2𝑓𝑗 + 𝑓𝑗−1 ]² (20)

III.6. Energy Minimization
The minimization of the a posteriori energy U ( f / d)
is performed by an meta-heuristic optimization method.
In our work, we chose the simulated annealing method.
The main idea of simulated annealing [4] is to
simulate the behavior of a material in the annealing
process. Widely used in metallurgy, the goal is to reach

Edge detection is performed by a gradient-based like
operator. Indeed, in range images, there is an edge at
transition between surfaces. So, range data are
continuous, but the normal vector to the surface is not
(Fig. 2.)
Let S1 and S2 two adjacent surfaces having respectively
the two equations:
Z1 = a1 x + b1 y + c1
(22)
Z2 = a2 x + b2 y + c2
Normal vectors are then V1 = (a1, b1, -1) and
V2=(a2, b2, -1).
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The angle  between V1 and V2 is calculated as follows:
⃗⃗⃗⃗⃗ ‖. 𝑠𝑖𝑛𝜃
⃗ ∗ ⃗⃗⃗⃗⃗
⃗ ‖. ‖𝑉1
‖𝑉
𝑉1‖ = ‖𝑉

(20)

So, an edge pixel is detected if there is a discontinuity of
 when stepping this pixel (according X and Y
directions).

𝑈𝑥,𝑈𝑦 : energies
accorging 𝑋 and 𝑌 ,
𝑈𝑑𝑓 : data energy

VI.2. Edge Detection And Comparison

𝑈 = 𝑈𝑥 + 𝑈𝑦 + 𝑈𝑑𝑓

For our experimentation purpose, we have used real
images from ABW database of real range images [6].
To illustrate our approach, we use a typical image from
ABW database, to show how regularization according
our model, allows enhancing edge detection in range
images.

K=0

Fig.3. shows edge detection in a real range image.
Fig. 3 (a)and(d) show the range image illustrated as a
gray level image. Fig.3 (b),(e) and (c),(f) show the
results of edge detection using respectively gradientbased detector without regularization (b),(e) and with
regularization (c)and(f)
We can see that in the case of direct detection
(without regularization), there is less noise; however,
several edges were not detected.
In opposite, detection with regularization has provided
results where all the edges were detected, despite that
they are noisy. This can be explained by the fact that
pixel regularization has altered several pixels, especially
those near edges.

Select a random pixel (x,y)
Calculate energies 𝑢𝑥0 , 𝑢𝑦0 at (x,y)
Calculate the data energy 𝑢𝑑𝑓0

Calculate 𝑈𝑥1 , 𝑈𝑦1 Udf1 energies
after alteration
of the pixel (x,y)
ce point

𝑈𝑛𝑒𝑤 =𝑈- [𝑈𝑥1 + 𝑈𝑦1 + 𝑈𝑑𝑓1]
+[𝑈𝑥0 +𝑈𝑦0 +𝑈𝑑𝑓0 ]

𝑈𝑛𝑒𝑤 <𝑈 or
(random>exp(
-(𝑈𝑛𝑒𝑤 -𝑈))/𝑇)

𝑈:=𝑈𝑛𝑒𝑤 ;
𝑇 =𝑇∗𝛼

Keep pixel
changes

K=k+1

K=Kmax

End

Fig.1. Image regularization by energy minimization
using simulated annealing.
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V1
S1
V2

S2

(d)

(e)

Fig .2.Gradient-like detector

(f)
(a)

(b)
Fig.3.edge detection before and after regularization

V.

(c)

Conclusion

In this paper we have proposed a new Markov
Random Field model for range image regularization. It
is based on second derivatives of the image according X
and Y directions. We have also adapted the simulated
annealing meta-heuristic to minimizing the resulted
energy. The obtained regularized image has allowed
better detection in terms that no edges were lost,
contrary to detection without regularization. We have
tested our approach on real range image, where results
show that the proposed method detects all the edges in
tested images. In future works, we project to enhance
our method by dealing with local deformation especially
near edges, due to the range alteration during
regularization.
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A Compact Reconfigurable Ultra Large Band Antenna for Breast
Cancer Detection Systems
H. Medkour1 and A. Zegadi2
Abstract – The objective of this research paper is to design a small compact and efficient ultra
wide band antenna suitable for integration in breast cancer microwave imaging systems. The
proposed structure consists of a coplanar waveguide monopole Ultra Wide Band antenna printed
on Rogers RT5870 substrate of volume 24 x 30 x 1.5 mm3. It is designed and simulated using
Computer Simulation Technology Micro wave Studio. The Simulation results show very large
operating impedance bandwidth from 3.1 GHz to 18 GHz. The proposed configuration is able to
cope with the WLAN interferences which may exist in the surrounding environment particularly
around hospitals and policlinics so it is able to be reconfigured to ignore WLAN narrow bands
5.15-5.35 GHz/5.72-5.82 GHz. The small size and low cost of the antenna may contribute to
reduce the size and mainly the high cost of breast cancer system detection which could help in
turn to make it available in the large scale.

Keywords: Ultra Wide Band Technology, Small Antenna, Reconfigurability, WLAN, Medical
Application, Breast Cancer detection system

I.

Introduction

Breast cancer is one of the most widespread,
dangerous diseases in the world. It may hit both human
ganders’. Every year, the health care organizations reveal
a huge number of deaths particularly in female mediums.
Woman breast actually comprises in addition to fat, blood
vessels and skin tissues, lobules cells which produce milk
and ducts cells to transport the milk from lobules into
nipples.
As any natural cells in the human body, the breast cells
are renewing periodically and regularly where new cells
replace the dead cells. However and in many cases the
breast cells (lobules/ducts) may reproduce in unnatural
way. The useful cells could transform to malignant lumps
and tumors which could grow and spread over the whole
breast tissues and finish to death.
Hopefully, expert in medical care have proclaimed
that an early detection of breast cancer tumors followed
by an immediate treatment could barely help to save the
cancerous woman life. However, the danger of breast
cancer resides in its no external symptoms which make it
hard to be diagnosed by doctors and even by the patient
itself. When human’s life becomes to an uncertainty, a
real panic is subtracted, therefore, how to identify
whether a woman is already affected by the breast breast
or not? How to minimize the breast cancer risks? How to
provide a cheap, largely available and confortable breast
cancer diagnostic system for everybody and in
everywhere over the world? Yet, all those interrogations
have been addressed since long time ago in huge number
of research and still do nowadays.

Eventually, several technologies have been adapted to
identify the existence of cancer tumors in woman’s
breast.
X-Ray mammography and Magnetic Resonance
Imaging (MRI) [1] are the most commonly applied
techniques in breast cancer detection. Nevertheless, they
possess several weaknesses like some of them are
inaccurate and expensive which made them less available
in large scale where some others are unsafe and cause
negative effects on human body like heart and brain. All
those miscellaneous problems pushed research towards to
look after smarter and more accurate techniques.
Microwave Imaging (MI) [2] technique have been
solicited as the newest technique for breast cancer
detection. Recently, it has been received a great research
interest as it is more sensitive to cancer lumps and it has
low deployment cost, high accuracy and high resolution,
less magnetic field radiation risks and also it shows
confortable utility in comparison with the two precedents.
MI technique is based on Ultra wide band technology
which is known involved in many medical applications
nowadays [3, 4 and 5]. After characterising the breast
contents, an UWB transmitting antennas highlight the
breast with low power signals when others receive the
scattered signals. After an accurate analysing, the tumors
cells responses will be distinguished from the other breast
cells responses. Since UWB antennas are focal elements
in breast cancer microwave imaging systems, they
received a progressive development in the last years [1].
In [6], an UWB antenna with multiple ring slots is
proposed for breast cancer detection systems. Another
UWB balance antipodal Vivaldi antenna is proposed in
[7]; however it has relatively large size. Also in [8],
R.V.S. Ram Krishna and R. Kumar have been designed
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an UWB antenna with dual polarized squire ring slot for
medical imaging systems. As well, just very recently, D.
Shukla and al in [9] have addressed an UWB antenna for
microwave imaging. All those designs possess relatively
large size which makes the system larger and less
efficient although small, Low-cost and efficient UWB
antenna may contribute to increase the MI system
efficiency and reduced its size and cost. As cheap BC
diagnostic system would be available for everybody
particularly poor people.
Therefore, this paper aims to design a small size, low
cost and efficient UWB antenna applicable in breast
cancer detection systems. It focuses one designing an
UWB antenna with an ultra large impedance band width.
It aims to produce an UWB antenna with the ability to
ignore the interference of WLAN networks in somehow
the operationally of the imaging system will not be
disturbed if it is founded within WLAN environments.

As design constraints, a small volume (less than
30x25x1.5 mm3) and ease of fabrication is targeted.
Therefore, after exhaustive simulations using CST MS,
the final structure is shown in Fig 1. It has a simple
configuration with a global volume of 29 x 24 x 1.5 mm3.
It consists mainly of patch and ground plan printed on
one face Rogers RT5870 substrate with dielectric
constant ɛr= 2.33. The patch is made of semi-elliptic
shape of radiuses (Rx =9 mm, Ry= 7 mm) and a
rectangular shape of dimensions (Rx, 2Ry). A rectangular
coplanar waveguide line of dimensions (Ws= 3 mm, Lg +
d =15 mm) is used to feed the patch. The ground plane is
made of two rectangular symmetrical wings having
curved edges.

II.2.

(c)

WLAN Rejection and Optimization

Since present antenna is designed for breast cancer
detection systems and operates in UWB spectrum, it will
certainly troubled by other narrow bands systems
frequencies which operate also within the UWB spectrum
(3.1 to 10.6 GHz). Particularly, WLAN bands 5.155.35/5.72-5.82 GHz exists mostly in everywhere which
would cause a realistic problem to UWB medical systems
operations.
0
-10

S11 (dB)

The proposed structure

(b)

(d)
Fig. 2 Slot insertion (a) basic structure (b) structure with slot (c)
structure with slot and switch (d) slot dimensions

Design and Simulation

The antenna is designed and simulated using CST
microwave studio. This section deals with the
methodology how the proposed structure has been chosen
along with the dimensions and also the operational mode.
Moreover, the parametric optimization of such critical
parameters in the design is discussed and presented as
well.
II.1.

(a)
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(a) Slot length effect Le mm
0
-10

S11 (dB)

II.

between the ground plane wings and the CPW feed when
d=1 mm is the space between the ground plane and the
patch.
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(b) Slot width effect Wi in mm
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Fig. 1 Basic structure of the antenna

Each wing has dimensions (Lg=14 mm, Wg= 10 mm).
Each wing has dimensions (Lg=14 mm, Wg= 10 mm).
Moreover, a small air gap g = 0.44 mm is inserted
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(c) Slot position effect P in mm
Fig.3 Le , Wi and P control the rejection of WLAN band
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Fig. 5 S11 of the antenna with and without stub
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m
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P
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VSWR (dB)

L
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1
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Table1. Antenna dimensions in mm

W
24
Wg
10

With stub

-10

S11(dB)

Hence, this problem is well investigated in the present
design. A slot insertion approach is used in order to
create WLAN rejection A rectangular shaped slot of
width m= 0.3 mm is inserted into the patch when low
rejection is obtained. In order to enhance the rejection
around the spectrum portion from 5.10 GHz to 5.90 GHz
which convey the WLAN bands, an exhaustive
optimization were carried on the dimensions (Wi, Le) and
the position (P) of the slot on the patch surface. As
observed in Fig 3 the three parameters show a large effect
on the rejected band.

III. Results and Validation
The final dimensions of the proposed antenna are
presented in table 1, it is aimed to integrate
reconfigurable functionality in to the geometry in order to
increase the efficiency of the proposed antenna.
Therefore, an ideal stub is introduced to in the middle of
the slot to control the effect of the later.
In this way, the antenna is able to operate in two
distinct cases. For case 1 as shown in figure 2.b, the
ideal stub is absent when the slot affects the antenna
behavior by rejecting the WLAN band. Whilst in case 2
(figure 2.c), the ideal stub is present which will eliminate
the effect of the slot.
The reflection coefficient (S11) and voltage standing
wave ratio (VSWR) are important parameters used to
visualize the matching impedance of the antenna. Figure
5 and figure 6 represents the simulated reflection
coefficient (S11) and voltage standing wave ratio
(VSWR) of the proposed antenna, respectively. It is
observed that the reconfigurability function of the
antenna is achieved through the present and the absence
of the ideal stub. In practice, the ideals stub could be
replaced by a real RF switch.
The effect of the slot is very clear in figure 4, where
the electric current on the patch surface takes longer path
in case the stub is absent than in case of the stub is
present which led to WLAN rejection.

With stub
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Fig. 6 VSWR of the the antenna with and without stub

In case the stub is present, the proposed antenna
exhibits a reflection coefficient less than 10 dB over a
large impedance bandwidth from 3 GHz to 18 GHz
against, Figure. 5. However, in case the stub is absent,
narrow band from 5 GHz to 6 GHz is rejected from the
UWB spectrum which was one of the objectives in this
work.
In figure 6, high VSWR is observed with the absence
of the stub between 5 GHz and 6 GHz which gives
another argument to prove the successful rejection of
WLAN band while low VSWR of about 2 dB is obtained
along the UWB spectrum in case the stub is present.
It is crucial to visualize the gain of the proposed
antenna in both reconfigured cases because it reveals how
much power the antenna is able to transmit or to receive
over all the operational bandwidth. Thus, the realized
gain of the proposed antenna against frequency is
presented in Figure 7.
In case of the stub is present, a variable gain between
2 dB and 5 dB is obtained from 3 GHz to 20 GHz. In
contrary, the gain decreases monotonically from 5 GHz
to 6 GHz in case the stub is absent and this gives another
evidence that the proposed antenna do not work in this
narrow band which corresponds to WLAN band 5.1-5.80
GHz.
8
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Fig.7 The realized gain of the proposed antenna
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IV. Conclusion
In this paper, an UWB antenna is designed and
simulated. It possesses a small size and low-cost of
fabrication. The antenna can be reconfigured in order to
reject the WLAN networks interferences which would
increase the efficiency of the whole system. The
proposed antenna is designed for application in breast
cancer detection systems since it can serve to reduce the
high cost of health care medical instruments and make
them available for everybody. From future point of view,
the present work is just a starting point of a real project.
Fabrication and measurements of the prototype is the
future steps of this work.
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Abstract— Sleep apnea events as obstructive, central, mixed
or hypopnea is characterized by frequent breathing cessations or
reduction in upper airflow during sleep. An advanced method for
analyzing the patterning of biomedical signals to recognize
obstructive sleep apnea and Hypopnea is presented. In the aim to
extract characteristic parameters, which will be used for
classifying the above stated (obstructive, central, mixed) sleep
apnea and Hypopnea, the proposed method is based first on the
analysis of polysomnopraphy signals such as electrocardiogram
signal (ECG) and electromyogram (EMG), then classification of
the (obstructive, central, mixed) sleep apnea and Hypopnea. The
analysis is carried out using the wavelet transform technique in
order to extract characteristic parameters whereas classification
is carried out by applying the SVM (support vector machine)
technique. The obtained results show good recognition rates
using characteristic parameters.
Keywords—Obstructive; central; mixed; sleep apnea;
hypopnea; ECG; EMG; Wavelet transform; SVM classifier

I. INTRODUCTION
Sleep-related breathing disorders have a high prevalence in
the adult population. Epidemiological studies indicate a high
prevalence of 4% in males and 2% in females in the general
population [1]. Obstructive sleep apnea (OSA), the most
common of the different types of sleep-related breathing
disorders with about 84% of the total cases [2], is
characterized by repetitive cessations of respiratory flow
during sleep.
There are different types of respiratory abnormalities,
namely obstructive apnea, central apnea, mixed apnea, and
hypopnea. Distinguishing obstructive hypopnea from
apnea can be clinically important because different
types
of respiratory events may require different treatment
approaches [3]. Furthermore, for research purposes, this
distinction is important for investigating the pathological
mechanism of different types of sleep apnea. Conventional
full-night polysomnography (PSG) with recording of chest and
abdominal movement may overestimate the frequency of
hypopnea and thus the severity of the disease, leading to
inappropriate treatment of sleep-disordered breathing [4].
Polysomnography (PSG) is a test commonly ordered for some

sleep disorders. It records the breath airflow, respiratory
movement,
oxygen
saturation,
body
position,
electroencephalogram (EEG), electrooculogram (EOG),
electromyogram (EMG), and electrocardiogram (ECG) [5].
Several studies in this domain have been made:
Indeed Huseyin GURULER et al [6] presents a
classification scheme for Obstructive sleep apnea (OSA) using
common features belonging to the time domain, frequency
domain, and nonlinear calculations of heart rate variability
analysis, and then proposes a method of feature selection
based on correlation matrices (CMs). The results show that the
CMs can be utilized in minimizing the feature sets used for
any type of diagnosis.
In another work presented by A. Khandoker et al [7],
Obstructive Sleep Apnea and Hypopnea Events Using ShortTerm Electrocardiogram Recordings. They have applied
neural network model and achieved accuracy as 94.84% for
sadness and 76.82% for anger.
Onur Kocak et al [8], described in their paper an sleep
apnea recognition approach using physiological signals such
as ECG, and EEG, selected to extract features for recognition
and achieved accuracy such as 82%.
In the present paper, we are interested in the recognition,
using polysomnopraphy signals, of three situations:
obstructive apnea, mixed, central, hypopnea and normal. The
signals of interests are Electrocardiogram signals (ECG),
Electromyogram signals (EMG). These are analyzed and
combined in order to extract parameters which may
characterize each obstructive apnea, central apnea, mixed
apnea, and hypopnea events.
II. METHODS
A. Database Description
Throughout this paper, we use the St. Vincent’s University
Hospital/University College Dublin Sleep Apnea Database
(UCD database) [9] available online from PhysioNet [10]
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which provides a variety of physiological signals for
biomedical research. The availability of the UCD database
offers easy validation and assessment of our approach. Twentyfive (21 males and 4 females) sleep disordered breathing
suspects’ full overnight PSG recordings are recorded in the
database. Each recording contains 5.9- to 7.7-h ECG and EMG
signals as well as an annotation file with detailed onset time
and duration of every apnea/hypopnea event. Polysomnograms
were obtained using the Jaeger–Toennies system (Erich Jaeger
GmbH, Germany). General physiological properties of the
subjects are listed in Table I while a more detailed description
can be found online [9].

which describe each model sleep apnea. These pertinent
parameters are then used by the SVM (support vector
machine) multiclass technique to recognize the corresponding
sleep apnea. The figure 1below illustrates the bloc diagram of
methodology carried out in this paper.

TABLE I
PHYSIOLOGICAL PROPERTIES OF SUBJECTS IN UCD DATABASE

Fig 1.Bloc diagram
1) Physiological signals Analysis by Wavelet

B. Signal Polysomnography
1) Electrocardiogram (ECG): An electrocardiogram
measures the electrical activity of the heart and has a close
relationship with the activity of the Autonomic Nervous
System (ANS). An ECG has many advantages, in that it can
be easily measured in a non-invasive way and with a high
signal to noise power ratio [11]. Hence, an ECG is considered
as one of the most efficient features to detect sleep disorders.
Cyclic variations in the duration of a heartbeat, also known as
RR intervals (time interval from one R wave to next R wave)
of ECG have been reported to be associated with sleep apnea
episodes. This consists of bradycardia during apnea followed
by tachycardia upon its cessation [12].

The wavelet transform decomposes the signals through the
dilated and translated wavelet. A wavelet is a function (mother
wavelet) with zero mean value.
(1)
It is also normalised and centered.
||Ψ||=1 and centered at t=0
A time-frequency atom family is obtained by dilatation by a
and translation by b.
(2)

2) Electromyogram (EMG): The Electromyogram EMG
signal (also known as the myoelectric signal) is a biomedical
signal that measures electric currents generated in muscles
during contraction, and represent neuromuscular activities
[13]. The nervous system always controls the muscle activity
(contraction/relaxation). Therefore, an EMG signal is a
complicated signal which is controlled by the nervous system
and depends on the anatomical and physiological properties of
muscles. The application of EMG signals in predicting sleep
apnea appeared in several works, and in these studies the
EMG signals were mainly extracted from the chin [14].
C. Feature extraction

The wavelet transform of the function f(t) is given by the
equation[18] :
(3)
Applying window Daubechis level 8 (db8), the two signals
ECG, EMG are decomposed into approximations A8 and
details (D1-D8) [10]. After extracting coefficients D (D1 to
D8) and A (A8), maximum and minimum for each coefficient
is calculated. The input of the network was formed by 45
feature vectors. Then, Shannon entropy, mean, variance,
skewness, and kurtosis of the wavelet coefficients (presented
in fig 2 to fig 7) are relevant parameters that we want to
classify using the SVM technique (see Table II).

After collecting and filtering these biomedical signals, they
are analysed in order to extract some pertinent parameters
Table II. RESULTS OF THE FEATURE EXTRACTION
level

Frequency Range (Hz)

Shannon

Mean

Variance

Skewness

Kurtosis

International Conference on Technological Advances in Electrical Engineering (ICTAEE’16.), October 2016

entropy
0.633
0.624
0.612
0.638
0.613
0.601
0.672
0.629
0.638
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Fig. 2 Detail coefficients for 5-s ECG epochs during apnea (obstructive, Central, Mixed) and hypopnea with
corresponding levels 1–8 details coefficients
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Fig. 2 Detail coefficients for 5-s EMG epochs during apnea (obstructive, Central, Mixed) and hypopnea with
corresponding levels 1–8 details coefficients
(5)

III. SLEEP APNEA CLASSIFICATION METHOD
The support vector machine (SVM) method is a binary
classification technique by supervised learning [15]. The
aim is to learn the h(x) function through a training set given
below:
(4)
Where lk are the labels, xk are input vectors, being in a
space RN and p is the size of the training set. The technique
seeks a separating hyperplane
h(x) = wx + w0 which
minimises the number of errors through the introduction of
variable spring ξk, which can relax the constraints on the
training vectors [16].

With the previous constraints, the optimization problem is
modified by a penalty term which penalises high variables,
spring ξk:
(6)
Where C is a constant that controls the compromise
between the number of classifications errors and the margin
width.
The Gaussian kernel function and its parameter are
mentioned below [17].
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(7)
The SVM method is applicable for binary classification
tasks, but there are extensions to the multiclass
classification [18].
Formally, the training and testing samples can be
ordered here in M classes {C1, C2,...,CM}
The one against all method consist of constructingM
binary classifiers by assigning the label 1 to samples of one
class and the label -1 to all others [18]. In the test phase, the
classifier, which gives the highest margin, wins the vote.
(8)
Data classification is done using one against all SVM
multiclass programs, which will be adapted to our
application and considering the Gaussian kernel.
In this evaluation, for each emotion considered, eight
samples are used for training and two samples for test.
IV. RESULTS AND DISCUSSIONS
First, each signal is used alone to recognize the four
classes of sleep apnea: Obstructive, Central, Mixed and
Hypopnea. All the obtained results are presented in the
figures below.

Recognition
rate
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Hypopnea
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75%

80%

63%

76%

88%

Table 7.Recognition rates for subject 5
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49%

70%

39%

22%
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Table 8.Recognition rates for subject 6
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B. Electromyogram (EMG)
Table 9.Recognition rates for subject 1
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Table 10.Recognition rates for subject 2
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Table 3.Recognition rates for subject 1
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Table 11.Recognition rates for subject 3
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Table 4.Recognition rates for subject 2
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Table 12.Recognition rates for subject 4
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Table 5.Recognition rates for subject 3
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Table 13.Recognition rates for subject 5
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Table 14.Recognition rates for subject 6

Table 6.Recognition rates for subject 4
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Fig.1 Recognition rates after merging ECG and EMG signals for all subjects

Using EMG, observe that relevant parameters give
improve recognition rates, especially for sleep apnea
obstructive central and mixed. And for ECG signals, we can
remark easily that relevant parameters provide good
recognition rates for sleep apnea, hypopnea and healthy.
V. CONCLUSION
The presented research work focused on sleep apnea
(Obstructive, Central, Mixed) and Hypopnea events
recognition by polysomnography, using the wavelet
transform technique. First, physiological signal feature
detection of sleep apnea (Obstructive, Central, Mixed) and
Hypopnea events was described. Then we conducted an
experiment to sleep disorder, measure physiological data
and extract relevant parameters from biomedical signals, by

the use of wavelet transform method. The SVM pattern
recognition algorithm was used to analyze the extracted
feature from the Wavelet analysis. Improved recognition
results were obtained, especially when the two biomedical
signals ECG, EMG were merged, and for intense
classification sleep apnea and Hypopnea events.
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False Alarms Rate Reduction Using Filtered Monitoring Indexes
M.AMMICHE1* and A.KOUADRI1
Abstract – False alarms in statistical process monitoring are the major problem that affects the
detection accuracy of a fault. In this work, filtering the monitoring indexes, of principal
component analysis, is proposed in order to reduce the number of wrong detections. Three types
of filters were used: standard median Filter (SMF), improved median Filter (IMF) and fuzzy logic
based filter. These filters have been applied to remove spikes and outliers in the monitoring
indexes, then the filtered signals were used to supervise a cement rotary kiln; moreover, signal to
noise ratio (SNR), false alarms rate as well as the detection time of the fault were used to compare
their performance and their influence on monitoring. The results are presented and discussed, in
which the fuzzy logic based filter showed a quite good performance.

Keywords: False Alarms Rate, Fault Detection and Diagnosis, Fuzzy Logic Based Filter, Median
Filter, Principal Component Analysis (PCA).

I.

Introduction

Faults may occur when a process is operating and they
will be dangerous unless they are detected, they may lead
to fatal accident, economic losses as well as
environmental damages. To void these undesirable
consequences, process monitoring can be used to indicate
the occurrence of any malfunction; furthermore, it helps
to know the operation status of the system.
Industrial systems are high dimensional data
processes; hence, multivariate statistical process control
(MSPC) is appropriate technique to supervise them.
Principal component analysis (PCA) has a reputation for
its usefulness in multivariate statistical techniques for
reducing the dimensionality of the process data [1]; this
dimensionality reduction is achieved by projecting the
data into a lower-dimensional space that accurately
characterizes the state of the process [2].
PCA model is obtained by using measured data, these
data may be corrupted by noise or affected by sensors
errors, and if they are used with PCA, they will generate
outliers in the monitoring indexes, these outliers are seen,
in a healthy case, as false alarms. There are many filters
that have been applied to remove noise from measured
signals, the two simplest ones are the mean and the
standard median filters (SMF); however, filters are rarely
applied with PCA because they can decrease its
sensitivity. The mean filter is not robust; this can be seen
with intermittent and abrupt faults in which the fault
recovery takes time equals to the size of the window used
whereas with SMF, there is not such a problem.

The objective of this work is to apply three chosen
filters: Standard median filter (SMF), improved median
Filter (IMF) and fuzzy based filter in the purpose of
reducing the false alarms rate without influencing too
much the sensitivity; The IMF and the fuzzy based filter
are based on SMF. The monitoring indexes Q and T2
were filtered using these filters to remove outliers;
moreover, they have been compared according to their
filtering process, the reduction of the false alarms rate
and the detection time of a fault.
The rest of this paper is organized as follows: In
section II, principal component analysis is introduced and
described how it can be used in monitoring, then, in
section III, standard median filter (SMF) is presented.
Next, improved median filter algorithm is explained in
section IV, after that, section V is about the fuzzy based
filter, afterward, an application of these filters, results and
discussion are shown in section VI, finally, some
conclusions and future works are exposed at the end of
this paper.

II.

Principal Component Analysis
II.1.

Definition and Concepts

Principal component analysis (PCA) is a linear
dimensionality reduction technique, optimal in terms of
capturing the variability in the data [2]. PCA is defined a
linear transformation of the original correlated variable
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into a new set of variables that are uncorrelated with each
other [3].
In general, given an n by m data matrix X where n is
the number of observations and m is the number of
variables:

II.2.

Finding the Number of Principal Components

The criterion that is used in this work is the
cumulative percent variance (CPV), which is a measure
of the percent variance, captured by the first a principal
component. It is defined as [6]:
(10)

(1)
is the jth nonzero element of the matrix .
Assuming that columns of
have been normalized to
zero mean and unity variance, the covariance matrix is
defined as [4]:

In general, the value of CPV is chosen between (90%
and 95%).
II.3. Fault Detection Using PCA

(2)
By means of singular value decomposition, the
covariance matrix can be rewritten as:
(3)
In which is by matrix consists of eigen vectors
of the covariance matrix satisfying:

PCA based fault detection consists of defining two
different thresholds, one for the Hotelling T 2 and the
other for the sum of square predicted error SPE know
also as Q statistic. The T2 statistic is a measure of the
variations captured by the principal components at
different time samples, while the Q statistic is a measure
of the amount of variations in the residuals, which are not
captured by the PCA model [5].

(4)
is
by
diagonal matrix containing the eigen
values of the covariance matrix sorted in descending
order.
)
Once the number of principal components
selected, and matrices can be decomposed into:

T2 and Q can be computed by [4]:

(11)

is
(12)
(5)

The T2 threshold is provided by [2]:

(6)

(13)

(7)
(8)
Where

and

Such that n is the number of observations and a is the
number of retained principal components.
is
an F-distribution of a, n-a degree of freedom evaluated
at given confidence level .
The Q threshold is given by [7]:

is the ith eigen value of the covariance matrix.
The original data matrix can be then expressed as:

(14)
(9)
T is called the principal component matrix whereas P
is called loading matrix [5].

Where:
(15)
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And

(16)

adaptive way. By simple modifications, this filter can be
used to filter a vector of data.

is the normal deviate corresponding to
percentile.

Fig. 2 represents the schematic diagram of the
modified switching filters.

is the jth element of the matrix .
A fault is detected whenever one or both monitoring
indexes exceed their corresponding threshold. Since T2
and Q measure variations in different spaces, they may
detect different faults, it means that an abnormal behavior
can be detected by one or by both monitoring indexes;
therefore, it is preferable to use both of them in the
monitoring.
Fig. 1: Block Diagram of modified IMF

III. Standard Median Filter
Standard median filter is one of the most popular and
robust nonlinear filter [8]. It is simple to be implemented.
If one wishes to filter the vector of data Z which an 1 by n
vector:
(17)
The necessary steps are:
1. Define a window (Wi) of size k, k is chosen to be 5
in all the three filters, for the ith iteration that will
slide over the vector Z.
(18)

The output of the switching mechanism based on
noise detection is a binary value that indicates whether a
sample is affected by noise or not. Using the same vector
of data defined by equation (17), the algorithm can be
summarized in the following steps:
1. Initiation window of size k that will slide over the
vector, same as the one in equation (18). Initiate
the binary flag f ri to Zero where r is the sample
number in the window; r=1, 2…k.
2. Find the median mi value in the window Wi.
3. Compute the absolute difference between
, then assign:

and

Where i is the number of iterations (i=1,2….n-k+1).
(20)
2. Compute the output of the filter at the ith iteration
which is just the median value of the window
(19)
3. Exclude the first element in the window and include
the next element. Repeat from 2.

Where T is predefined threshold.
4. If the rth sample is detected to be outlier or
affected by noise, the sample zr will be modified
as :
(21)

The step 3 is repeated until the last element in the
vector Z is reached.

IV.

Improved Median Filter

The standard median filter filters all the samples, in
other words, even uncorrupted samples are filtered. The
objective of the improved median filter is to restrict the
filtrating action only to those samples which are
classified as outliers or corrupted by noise. The authors
in [8] proposed this filter to remove noise in images in an

V.

Fuzzy Based Filter

Fuzzy logic is a branch of fuzzy set theory that
attempts to human reasoning with simple fuzzy IF-THEN
rules [9]. Fuzzy set theory was first proposed by Zadeh in
1965, and was first used in control by Mamdani [10].
The Filter scheme proposed in [9] was used to remove
spike noise from 2 dimensional electrical resistivity data.
Again, by simple modifications to this filter, it will be
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useful to remove spikes from a vector of data. Assuming
that one wish to filter the vector of data define by
equation (17).
1 by 5 window will slide over this vector:

Always the central value
in the window is
filtered. The filtering methodology is the same as the one
proposed in [9], the following absolute differences will
be fuzzified (i.e., transformed to a linguistic value):
(22)
(23)
Fig. 2: Schematic Diagram of cement plant
(24)
(25)
FL stands for far left, NL for near left, NR for near
right and FR for far right.
Reference [9] contains more details about the filter
description, the membership functions and the rules used.

VI.

For monitoring purpose, 51 measured signals are used
to monitor the rotary kiln by static PCA with fixed
threshold after filtering the monitoring indexes; these
signals were measured in different locations on the rotary
kiln, they include power, temperature and pressure,
15344 observations were collected when the process is in
the normal operation (no fault) with sampling time of one
second. Data pre-processing has been done to remove
outliers and corrupted observations, because it is
necessary to construct PCA model using clean data. After
pre-processing, a total of 14730 samples are used to
construct the PCA model.

Application
VI.2. Algorithms Application

VI.1. Rotary Kiln Description
Rotary kilns are usually considered to be most
important part of any cement manufacturing plant. They
are used by industry to heat the solid material to the point
where chemical reactions can take place. Fig. 1 shows
schematic diagram of cement plant in which rotary kiln is
the rotating sloped cylinder. The size of rotary kiln
depends on the type of process and production rate. The
data used in this work are obtained from rotary kiln
which has 80 m as length and 5 m in its diameter, it is
being rotated at a speed of 2 r.pm using two 250 kW
squirrel cage induction motors. Cement production goes
through several phases: first, raw materials are fed at the
upper end of the kiln after they were preheated to 900 C°.
The rotation makes the mixture to move gradually to the
other end. After that, with some additives and at 1450C°,
the chemical reactions take place to produce cement. As
last phase, the kiln output material is fed to a post-kiln
called the cooler. It consists of many fans that below the
stream of matter moving on a mobile grid so as to cool it
down to less than 100C°.

The unfiltered monitoring indexes (i.e.; Q and T2) and
the filtered ones by different filters are shown in the
following figures:
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Fig. 3: Thresholds, Unfiltered and Filtered Signals Using SMF
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leads to the signal distortion and it leads to decrease the
sensitivity.

Unfiltered T2

3

10

Filtered T2
T2th for 99% CI

Fig. 5 and Fig 6 represent the unfiltered and the
filtered monitoring indexes of PCA with standard
improved median filter and fuzzy based filter respectively
where the problem of uncontaminated samples filtering
has been solved, in these two figures, only the outliers
were concerned in the filtering action.
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To compare the performance of these filters, signal to
noise ratio (SNR) and the false alarms rate (FAR) were
used. SNR is computed using the equation below [9]:

1

(26)

0

The higher value of SNR indicates a better filtering
action and smaller FAR will increase the accuracy of
fault detection.
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The computed SNR and FAR values for the filtered
signals are tabulated in the following table:

Fig. 4: Thresholds, Unfiltered and Filtered Signals Using IMF
Type of Filter

3

10

Unfiltered signals

Unfiltered T2

SMF

Filtered T2
2

T th for 99% CI

IMF

2

Fuzzy
filter

10

1

10

0

2000

4000

6000
8000
Samples

10000

12000

14000

12000

14000

Unfiltered Q
Filtered Q
Qth for 99% CI
1

10

0

10

0

2000

4000

6000
8000
Samples

10000

Fig. 5: Thresholds, Unfiltered and Filtered Signals Using Fuzzy
Based Filter

Fig. 4 shows the unfiltered and the filtered monitoring
indexes of PCA with standard median filter, in which it
can be seen clearly that not only the outliers that have
been filtered, but even those uncontaminated samples
have been modified, this seems to be good; however, it

logic

based

TABLE I
SNR AND FAR VALUES
FAR(%)
FAR
SNR (dB)
of Q
(%)
of Q
of T2
0.46
0.79
8.1208

SNR(dB)
of T2
-1.2923

0.11

0.19

10.2521

13.0327

0.27
0.22

0.52
0.48

8.3584
8.4294

11.2086
11.3496

The SNR values of the SMF are greater than those of
IMF and fuzzy based filter, also the FAR of Q and T 2 are
smaller compared to those obtained with the other filters;
this is due to the filtering process. Since the objective of
using a filter, in this case, is just remove outliers, correct
the corrupted samples and leave the unaffected samples
unchanged without influencing the monitoring indexes
sensitivity, too small FAR values decrease the sensitivity
that is undesirable in fault detection. From this table, one
can conclude that the IMF and the fuzzy based filter have
shown good performance to reach that goal; furthermore,
fuzzy based filter is better that the IMF in terms of both
SNR and FAR values.
New measured data were collected and concontunated
with the previouse ones. The filtered signals are used to
to monitor the process with fixed threholds, further
comparision between the filters is done to see their effect
on the time detection of the fault.
The figures below represent the monitoring results of
the filtered signals:
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Fig. 6: fault detection using filtered monitoring indexes

Fig. 8: fault detection using filtered monitoring indexes with

with SMF

fuzzy logic based filter

The filtering of the monitoring indexes does not affect
the fault detection; in other words, the fault can be
detected even when using filters. Form Fig. 7, it can be
seen that the sensitivity has been decreased.
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The detection time of the fault based on fault decision
rule is shown in table II:
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This table show that the detection time based on fault
decision rule for the unfiltered signals, the detection time
of the fault by filtered signals using IMF and fuzzy based
filter is the same as the detection time using the unfiltered
signal which ensure that filters do not affect introduce a
delay; whereas, for the filtered signals using SMF the
fault has been detected after three samples delay (delay
time is 3 seconds).
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Fig. 7: fault detection using filtered monitoring indexes
with IMF

TABLE II
DETECTION TIME
Signals
Detection time of the fault
Unfiltered signals
14737
Filtered signals using SMF
14738
Filtered signals using IMF
14737
Filtered signals using fuzzy based filter
14737

CONCLUSION
The filtering action does not affect fault detection, but
it enhances it by reducing the false alarms rate.
When using SMF to remove spikes, even the pure
samples are filtered, this affects the sensitivity of the
monitoring indexes; however, with IMF or fuzzy based
filter only outliers are removed.
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Fuzzy based filter gave quite satisfactory results, but it
needs some other modifications, one can introduce an
adjusting parameter to control the filtering action,
because, some times, only a partial scaling of the spike is
needed. Also, applying filters on moving window PCA
will enhance the false alarms rate reduction and the
sensitivity since the thresholds are varying.
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Abstract— the proposed scheme in this paper used human visual system (texture masking) and
fuzzy interference system for response to the three terms of watermarking algorithm;
impermeability, capacity and robustness. This scheme tested against several attacks such as
noising, filtering and geometrics attacks to assure the robustness, the insertion in the singular
value of HL3 and HH3 sub-bands of discrete wavelet transform (DWT) permitted to add the
imperceptibility of watermark. Evaluate the robustness against attacks with the results obtained to
later by the parameters peaks signal to noise ratio (PSNR) permit to calculate the quality of
perceptual of watermarked image, whereas the extracted watermark’s quality is measured using
normalized correlation (NC).
Keywords— fizzy interference system, SVD, DWT, watermarking scheme.
I.

INTRODUCTION

The world becomes a small town with the
evolution of communication technology as service web
and multimedia applications. This last as image
acquisition, digital audio and capture video are amazing;
however, this has given rise to problems of security and
authentication of digital multimedia contents. Therefore,
it is important to employ algorithms that provide enough
security for multimedia contents while providing
protection against piracy and duplicate of the original
work. Nowadays, the domain of the watermarking more
specially in the image processing has been interested by
mostly of researchers because motive to the
confirmation of copyright of data information [1].
The digital watermarking is the operations of
embedding information called the watermark image for
ensure the protection of the original image such that this
watermark can be extracted to later [2, 3].
The level of the watermarking scheme
decomposed in two domains considered by the method
to insert the watermark spatial domain and frequency
domain. In the spatial domain the watermark is
embedded in the cover image, the insertion done in the
LSB bit (Last Significant Bit) [4, 5], however the major
disadvantage of this process is the fragility against
geometrical and image processing attacks [6].
Moreover, it is less robust on the insertion in frequency
domain, because this last are embed the watermark
image in the frequency coefficients of original image
[7]. The recent frequency transform are: Discrete Cosine
Transform (DCT), Discrete Wavelet Transform (DWT)

and Discrete Fourier Transform (DFT). Consequently,
the application of these transforms is given more
robustness, impermeability and impressibility.
The design of an effective watermarking scheme
consists in finding a trade-off among three factors:
quality (the watermarked data should be as close as
possible to the original one), robustness (it should be
possible to detect or extract the watermark even if
wanted or unwanted modifications, noise, compression,
errors, or attacks, affect the watermarked data), and
capacity (the amount of bit embedded in the data that is
depending from the particular application). For this
reason the modeling mathematical in the domain of
image processing has come to give more of techniques
as SVD [8]; the impact of this technique is perfect, the
researchers have combined SVD technique with other
technique to create hybrid techniques, and this last have
given higher impressibility and robustness as noted in
[9], where Rajesh Mehta and al. have proposed the
concept of watermarking image based on DWT-SVD, in
this design the authors embed the watermark image in
low frequency of DWT after applied the SVD
technique. Musrrat Ali and al. in [10] have proposed the
watermarking scheme in DWT-SVD domain using the
technique of differential evolution. The step of insertion
of the watermark used the singular value 𝑆𝑘 of LL, HL,
LH and HH of the cover image with adding the
component 𝑃𝐶𝑘 the multiplication of components 𝑈𝑤𝑘
and 𝑆𝑤𝑘 of SVD technique to the sub-bands of
watermark image after apply the DWT, but the key 𝑦𝑘
obtained by the SDE is different for each sub-band. A.
Manjunath and al. [11] have presented the method of
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watermarking based into the stationary wavelet
transform (SWT), this system performed the high
frequency component are omitted and the low frequency
are kept with few alternations, in the stage of insertion
the watermark . O. jane and al. in [12] have explained in
their paper a robust watermarking method based on the
DWT-SVD and LU decomposition are used a perfect
algorithm for ensure the robustness. In addition, HungHsu Tsai and al. in [13] have projected the scheme of
watermarking based a blind SVD in wavelet domain
using SVR and PSO technique. The algorithm of
embedding is complicated. Finally, the algorithm of
differential evolution which is presented in the article of
Musrrat Ali and al. [6] with insertion method has been
used the DC components of the transforms of DCT to
embed the watermark after the applying the SVD on this
last.
Subsequently, in our paper we present model of
watermarking image use the Hybrid transform DWTSVD with fuzzy interference system in step of embed the
watermark image, the insertion have in two sub-band of
DWT level by using the singular value technique for
hiding.
In this paper, we propose a Watermarking Scheme
used Human Visual System with Fuzzy Inference
System. The rest of the paper is organized as follows.
Section two describes technique and transform used in
watermarking scheme in detail. Section three provides
the performance and our proposed method. We present
the robustness of our method in section result and
discussion in section four. Finally, Section five
concludes this paper.
II.

make SVD to significant transformation in image
processing analysis [16].
B. Discrete wavelet transform
The discrete wavelet transform is one of the
adaptable mathematical transform having many
applications in diverse areas. Wavelet transform has
become an essential tool in image processing and
watermarking due to its good energy compaction
properties.
For that reason, the basic idea of discrete wavelet
transform (DWT) is to divide the frequency is based on
small waves, called wavelets, of changeable frequency
and limited period. Each level of decomposition of
(DWT) divide an image into four sub-bands namely a
lower resolution approximation component (LL) and
three other corresponding to horizontal (HL), vertical
(LH) and diagonal (HH) detail components. The LL subband is the result of low-pass filtering both the rows and
columns and contains a rough description of the image.
The HH sub-band is high-pass filtered in both directions
and contains the high-frequency components along the
diagonals. The HL and LH images are the results of lowpass filtering in one direction and high-pass filtering in
another direction.

LL

HL

LH

HH

TECHNIQUE AND TRANSFORM

A. Singular value decomposition
Singular value decomposition is a significant
technique in linear algebra to analyze the matrices and
has been applied to many image processing applications
like image compression [14], face recognition, image
enhancement [15], watermarking etc. SVD factorize a
matrix of size M*N into three new matrices, U, S and V
respectively, such that:
[𝑈 𝑆 𝑉] = 𝑠𝑣𝑑 (𝐴)

(1)

Where U of size M * M and V of size N * N are
unitary and orthogonal matrices i.e. sum of square of
each column is unity and the entire column is
uncorrelated and S is an M*M orthogonal matrix.
The S is a diagonal matrix of size M*M whose
diagonal elements are singular values are arranged in
descending order represents the luminance of an image,
the U, V components are called left and right singular
vectors of A and eigenvector of AA' specifies the
geometry of image. Due to the unitary, Ortho-normality
and energy preservation property in few coefficients

Figure 1.

The DWT one level of image.

After the image is processed by the wavelet
transform, most of the information contained in the
original image is concentrated into the LL image. LH
contains mostly the vertical detail information which
corresponds to horizontal edges. HL represents the
horizontal detail information from the vertical edges. The
low pass sub-band can further be decomposed to obtain
another level of decomposition [16].
III.

THE PROPOSED SCHEME

The proposed scheme used a hybrid transform DWTSVD and fuzzy interference system (texture masking)
this application of idea give more than of robustness and
invisibility in domain human visual system with the
parameter of fuzzy interference.
Texture masking and FIS are the processes required
for adaptive weight (scaling factor) calculation. These
weights are used in watermark embedding process and as
a key for watermark extraction. Therefore, in this section
we brief cover texture masking and FIS, prior to
watermark embedding and extraction processes [17].
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 Using singular value decomposition (SVD),
decompose HL3, HH3 sub-bands and watermark w
as follows:

A. Texture masking
Given an image I the texture masking TM is
calculated as follows:
𝑇𝑀 =∥ 𝐼(𝑖, 𝑗) − 𝐼 (̅ 𝑖, 𝑗)
𝐼 (̅ 𝑖, 𝑗) =

1
(2×𝐿+1)2

∑𝐿𝑘=−𝐿 ∑𝐿𝑙=−𝐿 𝐼(𝑖 + 𝑘, 𝑗 + 𝑙)

(2)

[𝑈2 𝑆2 𝑉2 ] = 𝑠𝑣𝑑(𝐻𝐿3)

(3)

[𝑈3 𝑆3 𝑉3 ] = 𝑠𝑣𝑑(𝐻𝐻3)
[𝑈𝑤 𝑆𝑤 𝑉𝑤 ] = 𝑠𝑣𝑑(𝑤)

𝐼 (𝑖, 𝑗) is the pixel value, and 𝐼 ̅ (𝑖, 𝑗) is the means at
location (𝑖, 𝑗) . (2𝐿 + 1)2 represents the pixels in the
image block.

Where 𝑆2 , and 𝑆3 are diagonal matrices and contains
singular values in descending order, 𝑈2 , 𝑈3 and 𝑉2 , 𝑉3
are orthogonal matrices and contain right and left
singular vectors respectively.

B. Fuzzy interference system
Fuzzy inference system [17] is used to ﬁnd the
adaptive scaling factor γ for (LH, and HL) bands using
texture masking (using eq. 2). The membership function
for texture masking is A, B, C, D and E are calculated as
follows
𝐴 = min min 𝑇𝑀(𝑖, 𝑗)
1
𝑀×𝑁

𝑁
∑𝑀
𝑖=1 ∑𝑗=1 𝑇𝑀(𝑖, 𝑗)

𝐸 = max max 𝑇𝑀(𝑖, 𝑗)
𝑖=1

𝑆𝑤2 = 𝑆2 + ( 𝛼 ∗ 𝛾 ∗ 𝑆𝑤 )
𝑆𝑤3 = 𝑆3 + ( 𝛼 ∗ 𝛾 ∗ 𝑆𝑤 )

(4)

𝑖=1 𝑗=1

𝐶=

 Let the singular values of HL, and HH sub-bands be
modiﬁed and corresponding SVD’s obtained as
follows:

Where𝑆𝑤2 , and 𝑆𝑤3 are diagonal matrices and contain
singular values in descending order, W is the
watermark, α is the constant scaling factor, and γ is
the adaptive scaling factor obtained from FIS using
texture masking.

(5)
(6)

𝑗=1

The values of B and D are calculated in such a way
that following condition must be satisﬁed: 𝐶 − 𝐵 =
𝐷−𝐶
The membership function for adaptive strength factor γ
is shown in Fig. 2.

 Let the modify DWT coefficients as obtained as
follows:
𝐻𝐿3𝑊 = 𝑈2 𝑆𝑤2 𝑉2𝑇
𝐻𝐻3𝑊 = 𝑈3 𝑆𝑤3 𝑉3𝑇

Degree of
Memberships

 Obtain watermarked image 𝐼𝑊 as follows.
𝐼𝑊 = 2𝐷 𝐼𝐷𝑊𝑇(𝐿𝐿3, 𝐻𝐿3𝑊 , 𝐿𝐻3, 𝐻𝐻3𝑊

Small

Medium

Large

, 𝐻𝐿2, 𝐿𝐻2, 𝐻𝐻2, 𝐻𝐿, 𝐿𝐻, 𝐻𝐻)

1

D. Algorithm of extraction watermark
 Let three-level DWT to decompose the watermarked
image 𝐼̂𝑊 into four sub-bands (LL3, HL3, LH3, HH3,
HL2, LH2, HH2, HL, LH, HH)
 Let the SVD to LH and HL sub-bands as follows:
0

0.34

0.69

0.84

Strength factor γ
Figure 2.

Membership Function for γ

C. Algorithm of insertion watermark
Algorithm of embedding of watermark image in
cover image as to follow:
 Let three-level of 2D DWT to decompose the cover
image I into four sub-bands (LL3, HL3, LH3, HH3,
HL2, LH2, HH2, HL, LH, HH).

1

̂ 𝐿3𝑊 = 𝑈
̂2 𝑆̂𝑤2 𝑉̂2𝑇
𝐻
̂ 𝐻3𝑊 = 𝑈
̂3 𝑆̂𝑤3 𝑉̂3𝑇
𝐻
 Extract the watermark image from LH and HL subband as follows:
𝑆̂𝑤2 − 𝑆2
𝑊2 = (
)
𝛼𝛾
𝑆̂𝑤3 − 𝑆3
𝑊3 = (
)
𝛼𝛾
 Add these two watermarks to get the watermark
obtained from HL3 and HH3 band.
𝑊𝑒 = 𝑊2 + 𝑊3
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 We obtained the watermarked extracted.
IV.

GN

RESULT AND DISCUSSION

In this section, we present our results of
watermarking image with fuzzy interference system and
Human visual system. We give the results after various
attacks and the values of PSNR between cover image
and watermarked image and NC between original
watermark and extracted watermark.
We use the tests images Lena and Airplane of size
512*512 pixels and the watermark image of size 64*64
as to show:

0.9460
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0.9992
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0.9585

0.9237
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(c)

(d)
RO
15°

(e)

(f)

(g)

(h)

(a) cover image lena of size 512*512 pixels,
(b) watermark image of size 64*64 pixels, (c)
watermarked image lena with PSNR 38.97 dB, (d)
watermark image extracted (NC= 0.9949), (e) cover
image airplane of size 512*512 pixels, (f) watermark
image of size 64*64 pixels, (g) watermarked image
airplane with PSNR 37.81 dB, (h) watermark image
lena extracted (NC= 0.9971).
Figure 3.

This section validates the performance of the
proposed watermarking scheme for the numerous
experiments. Watermarked image is distorted taken
various attacks, like (1) salt and pepper with 0.01
variance (2) Gaussian noise (GN) with zero mean
and 0.01 variance, (3) median ﬁltering (MF) using 3
× 3 pixel’s neighborhood, (4) rotation (RO) with 15◦
anticlockwise, (5) histogram equalization (HE), (6)
average ﬁltering (AF) using 3 × 3 pixel’s
neighborhood, (7) translation (TR) with 40 × 40
pixels , (8) cropping (CR) one fourth from left side,
(9) gamma correction (GC) with 0.8.
TABLE I.

Att
ack
s
SP
1%

REPRESENTATION OF VARIOUS ATTACKS.

Watermarked
image Lena

Mark
extracted

Watermarke
d image
Airplane

Mark
extracted

TR
40*
40

CR

GC
0.8

TABLE II.

attacks

SP

GN

MF

GF
0.9856

0.9615

1%
3%
5%
1%
3%
5%
3*3
5*5
7*7
3*3
5*5

REPRISENTATION OF PSNR AND NC

Lena image
PSNR
36.11
34.14
33.14
33.90
31.80
30.87
38.85
38.48
38.04
38.04
38.90

NC
0.9867
0.9590
0.9292
0.9484
0.8436
0.8295
0.9992
0.9826
0.9454
0.9992
0.9913

Airplane image
PSNR
35.63
33.76
32.82
33.87
32.00
31.14
37.76
37.47
37.08
38.11
38.01

NC
0.9615
0.9457
0.9290
0.9402
0.8890
0.8363
0.9786
0.9711
0.9589
0.9882
0.9860
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RO

TR

7*7
15°
20°
25°
40*40
60*60
80*80

38.90
29.85
29.70
29.60
29.26
28.92
28.88

0.9888
0.9281
0.9094
0.8535
0.9733
0.9771
0.9737

38.03
28.90
28.82
28.69
28.78
28.37
28.19

0.9868
0.9505
0.8025
0.8612
0.9729
0.9735
0.9781

In the table 1 we represent the watermarked image
after the attacks, we obtain the watermark extracted its
degraded but it’s visible so the value of PSNR are not
diminution to 28.80 dB. In the table 2 we represent the
values of PSNR and NC after the attacks and we obtain
the watermark extracted its degraded but it’s visible so
the value of NC are not diminution to 0.8.
V.

CONCLUSION

In the proposed scheme, the effect of using Human
Visual System is investigated and it is practical that
using HVS not only significantly improves the PSNR but
also make the scheme robust against many attacks.
The texture masking and fuzzy interference system
given more of invisibility and robustness against various
attacks with the advantage of hybrid system DWT-SVD
our results determine this, impermeability, security,
robustness and immobility given in our algorithm.
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Abstract – Current wireless communication networks and technologies are being pushed to their
limits by the massive growth in demands for mobile wireless data services. We now stand at a
turning point in the wireless communication domain where the technologies are being driven by
applications and expected use cases. This paper presents an overview on the drivers behind the
5G evolution and presents the new waveform candidate for future generation network, the FBMC
for filter bank multicarrier is a potential concept for 5G and replacing the famous multicarrier
modulation OFDM used in different technologies 4G. So there is a new way for the 5G transition
envisioned beyond 2020.

Keywords: 5G, FBMC, OQAM, multicarrier modulations, beyond OFDM

I.

Introduction

Multicarrier modulation has marked its importance
over the past several decades for the realization of
broadband communication systems. Based on sending
parallel streams of information in the frequency domain
on different center frequencies, multicarrier modulation
has exhibited its potential to transmit large amounts of
data across a channel while improving the robustness of
communication system against various impairments.
Among the existing multicarrier modulation systems,
the orthogonal frequency division multiplexing (OFDM)
technique is used widely in the mobile communication
with the good performance in multipath fading channel
and the high utilization of the frequency spectrum.
However, the OFDM technique has some limitations:
the cyclic-prefix (CP) is necessary to guarantee the
orthogonality of the subcarriers which reduces the
spectrum efficiency; the system uses the rectangular
filters, which leads to the high leakage of sidelobe and
gets better time domain performance with the sacrifice of
the frequency domain performance. The FBMC decreases
the leakage of sidelobe by designing the prototype filter.
Meanwhile, the symbols overlap in the time domain. The
balance of the performance in time and frequency domain
makes FBMC system more flexible in the complicated
communication environment. The feature of prototype
filter reduces the demand of orthogonality which makes
the CP unnecessary and raises the data rate [1], [2]. In the
face of diverse service and the typical technical scenarios

in 5G, FBMC could be an effective auxiliary method for
OFDM [3]. In FBMC, a set of synthesis and analysis
filters are designed such that they have both adequate
spectral selectivity and bandwidth efficiency. Although
each filter could be designed on an individual basis, a
more efficient approach is to design a single prototype
low pass filter and modulate it to several specified center
frequencies to generate the synthesis and analysis filters
𝑔(𝑘) (𝑛) and 𝑓 (𝑘) (𝑛) , k = 0, ..., N-1.

This paper is organized as follows: Fundamental
blocks for wireless communication systems based on
filter bank multicarrier FBMC in 5G are explained in
Section II, including architecture design and system
components for next generation waveforms. In Section
III, we will discuss about results for FBMC systems
compared to OFDM systems.

II.

FBMC System model

FBMC system realizes the modulation and
demodulation of signal though filter banks [4], which are
the frequency shift of the prototype filter. FBMC chooses
the Nyquist filter (such as classical raised cosine filter) to
reduce the out-of-band radiation. Actually, modulation
and demodulation are coupled in the network. Consider

International Conference on Technological Advances in Electrical Engineering (ICTAEE’16.), October 2016

the normalization of data, we often use half-Nyquist filter
(such as the square root raised cosine filter). In this
paper, we use PHYDYAS filter [5]. Table 1 shows the
frequency coefficients of prototype filter when K=4,
where K denotes the overlapping factor.

TABLE I
THE FREQUENCY COEFFICIENTS OF PROTOTYPE FILTER
WHEN K=4
H0

H1

H2

H3

1

0.971960

√2 /2

0.235147

Fig. 2. FBMC system model with PPN
The computational complexity of system increases
greatly because of the prototype filter [7], Polyphase
network (PPN) can simplify the calculation [8], [9]. Let
hi be the pulse response of prototype filter with length of
L=KM. H (Z) is the Z-transform version of hi, divide the
sequence into M sub-sequences with length of K, we can
get

The frequency response of the prototype filter is

𝐾−1

𝐻(𝑓) =

∑
𝑘=−(𝐾−1)

𝐻𝑘

sin(𝜋 (𝑓 −

𝑘
𝑀𝐾

) 𝑀𝐾)

𝑀𝐾 sin(𝜋 (𝑓 −

𝑘
𝑀𝐾

))
(1)

M denotes the number of subcarriers. The time
response of the prototype filter is

𝐾−1

ℎ(𝑡) = 1 + 2 ∑ 𝐻𝑘 cos (2𝜋
𝑘=1

𝑘𝑡
)
𝐾𝑇

(2)

The filter banks are the frequency shifts of the
prototype filter. Figure 1 shows the filter banks in the
frequency domain. The horizontal axis denotes the index
of subcarriers. The adjacent subcarriers don’t overlap in
the frequency domain because of the raised cosine filter,
which results in the interference. But the sub-channels
with even (odd) index don’t overlap. The system can use
OQAM modulation to guarantee the orthogonality of
adjacent subcarriers and demodulate the data perfectly at
the receiving end [6].

𝑀−1

𝐾−1

𝐻(𝑍) = ∑ 𝐻𝑝 (𝑍 𝑀 )𝑍 −𝑝 , 𝐻𝑝 (𝑍 𝑀 ) = ∑ ℎ𝑘𝑀+𝑝 𝑍 −𝑘𝑀
𝑝=0

(3)

𝑘=0

The filter banks at the transmitting end are frequency
shift of prototype filter. Let M be the numbers of
subcarriers, 1/M be the sub-carrier spacing, and
W= exp (–j2 𝜋/M), we can get all the Z-transform verison
of the pulse response of filters in the bank by polyphase
decomposition

Figure 2 shows the system model of FBMC with
iFFT-PPN structure. The system can use iFFT-PPN to
modulate the data, and use FFT-PPN to demodulate the
signal at receiving end. Comparing with OFDM, FBMC
only adds PPN, which reduces the computational
complexity and enhance the compatibility with OFDM.

III. Discussion and Results

Fig. 1. Filter banks based on the prototype with K=4

Fig. 3 shows the magnitude response of prototype
filter in OFDM and FBMC system .When carriers where
modulated in an OFDM system, side lobes spread out
either side, with a filter bank system, the filter s are used
to remove these and therefore a much cleaner carrier
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results.
FBMC has a much better usage of the available
capacity and is able to offer higher data rates within a
given radio spectrum.
Cyclic prefix is not required in FBMC; his usage
reduces the overall data rate and causes loss in spectral
efficiency.
A further disadvantage of OFDM is that spectral
localization of the subcarriers is weak and this results in
spectral leakage and interference issues with
unsynchronized signals

Fig. 3. Magnitude response of prototype filter in OFDM and FBMC
system

Fig. 4. Frequency responses for OFDM and FBMC

IV. Conclusion
FBMC is a new waveform technique having few
advantages over OFDM a contender for 5G. The only
fundamental change is the replacement of the OFDM
with a multicarrier system based on filter banks at the Tx
and Rx.
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Conception et implémentation sur FPGA d'un décodeur Viterbi pour
un système de transmission OFDM
Youcef GUIBECH, Atef BENHAOUES, Slami SAADI
Résumé–Le codage convolutionnel avec le décodage par l'algorithme de Viterbi est
généralement employé dans les systèmes de communication numériques OFDM (Orthogonal
Frequency Division Multiplexing) actuels à fin d’améliorer leurs performances. L'objectif de ce
travail est de concevoir et de mettre en œuvre un modèle VHDL (Hardware Description
Language) synthétisable du décodeur de Viterbi visant la technologie FPGA (FieldProgrammable Gate Array) de type Virtex 5. La disponibilité d'un modèle synthétisable donne
plus de flexibilité quant à la mise en œuvre des systèmes. La conception a été décrite par VHDL en
utilisant l’ISE (Integrated Software Environment) de Xilinx. Le rapport donné par ISE a montré la
faible consommation de l’unité BMC (Branch Metric Calculation) et ACS (Add Compare Select)
dans le FPGA. La fréquence de fonctionnement maximale est de 250 MHz, qui se trouve suffisante
pour notre application.
Mots clés : Algorithme de Viterbi; OFDM; VHDL; FPGA

I.

Introduction

Ces dernières années ont été l’objet d’une évolution
rapide et profonde des technologies de communications
sans fils. Cette évolution est inspirée par la nécessité
permanente de débits de données croissants sur un
spectre de fréquences déjà bien encombré et non
extensible. Cela n’est faisable que par l’emploi de
nouvelles techniques de transmission tel que les systèmes
OFDM ainsi l’emploi des techniques de codage de canal
particulièrement
sophistiquées.
Les
contraintes
correspondantes en termes de capacité de traitement
temps réel, de flexibilité et versatilité, de faible
consommation, d’indépendance envers les technologies
matérielles employées, ainsi que l’orientation vers la «
radio logicielle » constituent de réels défis que seules de
nouvelles approches architecturales sont en mesure de
relever. Nous avons sans cesse besoin d’augmenter les
débits de transmission tout en gardant ou en améliorant la
qualité de ceux-ci. Mais sans un souci de fiabilité, tous
les efforts d’amélioration seraient ridicules car cela
impliquerait forcément à ce que certaines données soient
retransmises. Il y a donc nécessité de « sécuriser » la
transmission : c’est le rôle des codes correcteurs
d’erreurs. On rajoute au message à transmettre des
informations supplémentaires, qui permettent de
reconstituer le message au niveau du récepteur. Un code
correcteur d’erreur permet de corriger une ou plusieurs
erreurs dans un mot de code en ajoutant aux informations
des symboles redondants, autrement dits, des symboles
de contrôle. Les systèmes numériques présentent de
nombreux avantages dans le domaine de la transmission
de l’information. Plus particulièrement, les circuits
reconfigurables de type FPGA sont séduisants, par leur
faible coût, leurs possibilités d’évolution importantes et

leur intérêt économique pour les productions en petite
série. Il est nécessaire donc de concevoir de nouvelles
architectures entièrement numériques, celles-ci devront,
en outre, être suffisamment flexibles pour supporter des
normes de transmission multiples et pour s’adapter
facilement évolutions futures. Dans ce travail, nous
traiterons l’implémentation d’un décodeur de Viterbi dans
le FPGA en utilisant l’environnement ISE de Xilinx.
Dans [1] une nouvelle méthode a été utilisée pour
améliorer les capacités de correction des erreurs de
transmission à deux bits avec moins de besoin matériel et
un temps de calcul réduit. Les auteurs de [2] donnent une
conception avec implémentation moins complexe d’un
décodeur en utilisant les circuits FPGA avec une
consommation réduite d’énergie pour la sécurité des
communications mobiles. L’article [3] présente une
architecture hardware sur Xilinx FPGA Virtex-4 du
décodeur Viterbi pour un système de communication
OFDM multi et ultra large bandes. Une description des
procédures de conception en utilisant le langage VHDL
avec simulation, synthèse et implémentation sur FPGA
d’un algorithme de décodage basé sur Viterbi est donnée
dans [4]. Les auteurs de [5] ont implémenté le décodeur
de Viterbi modifié sur FPGA en utilisant le langage
Verilog àfin de l’utiliser pour un récepteur wi-fi (Wireless
Fidelity). Un décodeur convolutional Viterbi est conçu et
implémenté sur FPGA [6] avec un polynôme de
génération (561,753), ils ont montré l’amélioration des
performances de ce décodeur avec une configuration
matérielle moins.
Dans notre travail, on essai de concevoir et mettre en
œuvre un décodeur convolutionnel sur carte FPGA
destiné pour les systèmes de communication numérique
OFDM à fin d’améliorer leurs performances. On
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remarque que la consommation reste toujours faible ce
qui nous autorise à intégrer d’autres étages de calcul en
parallèle, ce qui conduit à l’augmentation de la fréquence
de traitement et ainsi le débit. Le besoin d’une plus
grande flexibilité, ré-configurabilité et time-to-market
plus courte donnent les FPGA de nouvelles opportunités
pour l'insertion efficace dans le SDR.

II.

Système de transmission OFDM

Fig. 3. Schéma de principe d’un modulateur [8]

L'OFDM est l'une des techniques qui trouve son
application dans des standards comme ETSI HiperLAN
II et IEEE802.11a/g de la famille Wi-Fi (Wireless
Fidelity) [7]. Le diagramme en bloc de la chaîne de
transmission OFDM est représenté en Fig. 1.
Fig. 4. Modulateur OFDM numérique [9]

Fig. II. Diagramme en bloc de la chaîne de transmission OFDM
Le principe de l'OFDM consiste à diviser sur un grand
nombre de sous-porteuses le signal numérique à
transmettre. Comme si l'on combinait le signal à
transmettre sur un grand nombre de systèmes de
transmission indépendants de fréquences porteuses
différentes. La Fig. 1 montre comment les sous-porteuses
sont multiplexées par la FDM (Frequency Division
Multiplexing).
Chaque
porteuse
est
modulée
indépendamment en utilisant des modulations
numériques: BPSK (Binary Phase Shift Keying), QPSK
(Quadrature Phase Shift Keying), QAM-16 (Quadrature
Amplitude Modulation), QAM-64.

Fig. 2. Schéma de principe du démodulateur OFDM

Fig.6. Démodulateur OFDM numérique [9]
The paper should be written in A4 (210mm by
297mm) size. Your manuscript should be on two side of a
sheet, with margins of 2.5 cm on left and 1.5 cm on right
side and 2.44 cm on top and3 cm bottom side,
respectively, of each page. Distance from edge must be
0.55 cm from header and 2 cm from footer. The
suggested length of a regular paper would be 4~10 pages
not numbered and in this style. The subsequent
headingsare calledsubsection. All fonts are Times New
Roman.

III. Codeur convolutif et Algorithmes de
décodage Viterbi

Fig.1. Modulation Multi-Porteuses

Les codes convolutionnels avec l'algorithme de Viterbi
sont de plus en plus utilisés dans les systèmes de
communication numérique comme code correcteur
d'erreur de la catégorie FEC (Forward Error Correction).
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On utilise l’algorithme de Viterbi pour décoder cette
séquence.

Fig. III7. Système de décodage de Viterbi

Fig. III8. Structure d'un codeur convolutionnel
L’algorithme de Viterbi est basé sur le principe du
maximum de vraisemblance. Cet algorithme est une
méthode optimale de décodage pour les codes
convolutifs, ses performances dépendant de la qualité du
canal de transmission utilisé.
A partir du treillis du code convolutif, on réalise les
étapes suivantes :
1. On démarre le treillis à l’état 0;
2. On calcul le métrique de branche γk de toutes les
branches et pour chaque état du treillis;
3. Pour chaque branche, on additionne le métrique
de branche γk au métrique d’état précédent ce
qui donne le métrique cumulée;
4. Pour chaque état, on sélectionne le chemin qui
possède le métrique cumulé le plus faible
(appelé survivant) et on élimine les autres
chemins. En cas d’égalité, on tire au sort le
survivant;
5. On revient à l’étape 2 jusqu’à la fin de la
séquence à décoder;
6. A la fin du treillis, on sélectionne la branche de
plus faible métrique et on remonte le treillis en
passant par le chemin de plus faible métrique ;
chaque branche traversée donne la valeur des
bits d’information.
On donne :
N
2
(1)
Dr , s   r  s 
m


k 1

k

IV. Conception et implémentation du
décodeur Viterbi en VHDL
Les traitements effectués par l’algorithme de Viterbi
peuvent être scindés en trois blocs différents. Fig.9. Le
premier module BMC (Branch Metric Calculation)
effectue le calcul des métriques de branche pour chaque
état du treillis. Le deuxième module ACS (Add Compare
Select) effectue le calcul des métriques de chemin et la
sélection du chemin survivant, pour chaque état du
treillis. Il comporte une rétroaction puisque le calcul des
métriques de chemin à un instant t nécessite de connaitre
les métriques de chemin à l’instant t−1. Le troisième
module SMM (Survivor Memory Management)
mémorise les choix effectués à propos des chemins
survivants, pour chaque état du treillis afin de restituer le
résultat de décodage en fin de trame.

Fig. 9. Structure globale d’un décodeur de Viterbi
Pour bien illustrer le fonctionnement de ces différents
modules, nous considérons un décodeur de Viterbi (k,
1/r) où k est la longueur de contrainte et 1/r est le
rendement du code. Les principales étapes de
l’algorithme peuvent être illustrées par un graphe en
treillis comme le montre la Fig. 10. Les éléments à la
verticale du treillis sont nommés états (nombre d’états =
2k−1). On leur associe des valeurs numériques pm
(métriques de chemin) et les poids des arêtes sont donnés
par les métriques de branche bm. Le schéma partiel du
treillis de la Fig. 10 est appelé papillon.

mk

Les D(r, sm), [m = 1, 2, …, M] sont appelés les
métriques de distance, (sm) représente l’ensemble des (M)
signaux qu’il est possible de transmettre et (r) l’ensemble
des (N) signaux qu’il est possible de recevoir (rk = smk –
nk).
Exemple de codage et de décodage par l’algorithme de
Viterbi du codeur de Fig.8.
- On considère la séquence d’information suivante:
[1, 0, 0, 1];
- La séquence codée est donc : [11, 10, 11, 11];
- Une erreur survient dans la transmission du 3ème
bit;
- La séquence reçue est donc : [11, 00, 11, 11];

Fig.10. Le papillon Viterbi et l’actualisation des métriques de chemin
Les performances d’un code convolutif sont liées à sa
distance libre. On la définit à l’aide de la distance de
Hamming, qui correspond au nombre de bits qui différent
entre deux mots binaires. La distance libre est égale à la
plus petite distance de Hamming qui existe entre deux
chemins quelconques du treillis. Le choix de cette
distance pour effectuer le calcul des métriques de branche
est conditionné par le format des entrées du décodeur.
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Lorsque les entrées du décodeur sont binaires, on parle
dans ce cas d’entrées dures ou de décodage ferme. La
distance de Hamming, qui consiste à compter le nombre
de différences entre des éléments binaires, est bien
adaptée à ce cas de figure. Mais il est également possible
de réaliser un décodage pondéré. L’entrée du décodeur
est alors constituée par une suite d’échantillons
analogiques. Pour une implémentation matérielle, ces
échantillons sont en réalité quantifiés sur un certain
nombre de bits. On parle alors d’entrées souples. La
distance pertinente à utiliser dans ce cas est la distance
euclidienne. Le décodage à entrées souples fournit de
meilleurs résultats que le décodage à entrées dures.
Soit (x1t, x2t,..., xrt) le r-uplet d’échantillons
quantifies à rentrée du décodeur à l’instant t (où 1/r est le
rendement du code). Soit (b1,b2, ...,br) le r-uplet
d’éléments binaires associe à une branche donnée du
treillis. Le carré de la distance euclidienne entre
l’échantillon reçu et la valeur théorique associée à la
transition est :
r
r
2
2
(2)
d t  x t  b t   x t  2  x t b t  b t 
2


i 1

i



i

i 1

i2

i

i

i2

Or, en utilisant une modulation de phase, les valeurs
théoriques (b1,b2,..., br) associées à une transition
donnée sont alors a valeur dans {-1; +1}.
Donc dans l’expression de la distance, les termes au
carré sont identiques pour toutes les transitions à une
instante donne. Or, dans l’algorithme de Viterbi, le
résultat de décodage ne dépend que de la différence entre
les métriques. Ainsi, l’expression de la distance se
simplifie considérablement en éliminant les termes au
carré et le facteur -2 du double produit. Au lieu de
chercher a minimiser l’expression précédente, il est donc
plus simple de chercher à maximiser l’expression
suivante, où bm([j], [j’])t représente la métrique de
branche associée a la transition entre l’état j à l’instant t 1 et l’état j' à l’instant t :
r

bm j ,  j '   xit  bit
t

du décodeur de Viterbi. Fig.11 montre les dépendances
entre les états au cours du processus d’actualisation des
métriques de chemin.

Fig.11. La représentation du treillis Viterbi (pour k = 4)
IV.1. Unité de calcul des métriques de branche BMU
Pour chaque itération du treillis, l'unité BMU reçoit S
symboles et produit 2s métriques de branche
correspondantes aux 2s combinaisons possibles de sorties
de l'encodeur. Pour le calcul des métriques de branche,
plusieurs types de métriques peuvent être utilisés. Les
trois métriques les plus utilisées sont la métrique de
Hamming pour un canal BSC (Binary Symmetric
Channel), la métrique Euclidienne et la métrique de
corrélation pour un canal à décision douce. La métrique
de Hamming est le nombre de bits différents entre le
symbole reçu et un symbole possible. La métrique
Euclidienne est la distance géométrique entre ces deux
symboles. La métrique de corrélation est le produit de
corrélation entre ces deux mêmes symboles. Le schéma
fonctionnel de l'unité de calcul de branche métrique est
représenté sur Fig.12.

(3)

i 1

On remarque que le calcul des distances ci-dessus se
réduit à de simples sommes ou soustractions entre les
entrées souples du décodeur, étant donne que les
éléments (b1,b2, ...,br) sont a valeur dans {-1; +1}.
On peut également noter que le choix de la distance à
utiliser intervient uniquement dans le calcul des
métriques de branche et reste donc totalement
indépendant des autres traitements effectues par le
décodeur. Ainsi, il est possible de modifier la distance
utilisée pour ce calcul sans aucune conséquence sur le
reste du décodeur.
Le décodeur de Viterbi met à jour ses métriques de
chemins à partir des métriques de branche selon les
équations 4 et 5 pour i= 0,…,2k-2-1.
(4)
pm2i  Max pmi  bm1 , pm
 bm3 



i  2k  2

pm2i1  Max pmi  bm2 , pmi2k 2  bm4



(5)

Les équations 4 et 5 décrivent les opérations
effectuées dans la fonction ACS (Add-Compare-Select)

Fig. IV12. Schéma fonctionnels de l'unité de calcul de branche
métrique

Selon la figure l'unité BMC utilise de simples
opérations d'addition / soustraction et leurs opposé.
IV.2. Unité du Add-Compare-Select ACSU
L'unité ACSU calcule et sélectionne le chemin le plus
court des 2w chemins entrants dans chaque état. Elle
fournit aussi W bits de décision indiquant quel chemin a
été choisi. Ces bits de décision sont sauvegardés pour
ensuite être utilisés par l'unité du SMMU (Survivor
Memory Management Unit) pour le décodage de la
séquence estimée.
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V.

Fig.13. L'architecture matérielle du module ACS
De même avec l'unité ACS qui nécessite deux
additionneurs et un soustracteur comme illustré dans la
figure.
IV.3. Unité de la gestion de la mémoire des chemins
survivants SMMU
Pour la réalisation de l'unité SMMU, les deux
approches les plus utilisées pour le décodage de la
séquence estimée sont le RE (Registre Exchange) et le
TB (Trace Back).
L'approche du RE assigne un registre à chaque état.
Ces registres s'échangent les bits décodés le long de tous
les chemins survivants. Cette approche n'est pas très
efficace en consommation d'énergie car le contenu de
tous les registres bascule à la fois à chaque itération
donnant lieu à une grande activité de commutation. De
plus, la complexité du module SMMU utilisant cette
approche augmente exponentiellement avec la mémoire
du code, car le diagramme du RE reflète l'image d'une
fenêtre de longueur finie du treillis. La longueur de cette
fenêtre est la longueur du chemin survivant. Cette
méthode est utilisée pour des petites mémoires m et des
petites longueurs du chemin survivant.
L'autre approche, TB, utilise la propriété de
l'algorithme de Viterbi voulant que tous les chemins
survivants de tous les états possibles, à un instant t,
convergent avec haute probabilité au temps t-L en arrière.
L est appelé la longueur du Trace Back. Elle doit être au
moins cinq fois la mémoire du code m [10]. En pratique,
on prend souvent L = 5m.
Les bits de décision sont divisés en blocs et
sauvegardés dans une mémoire partitionnée appelée
mémoire du TB. Dès qu'un bloc de longueur L est
disponible, le processus du TB est lancé. Il remonte en
arrière un des chemins survivants en partant d'un état
choisit au hasard. À la fin de ce processus, qui dure L
itération, tous les chemins survivants convergent vers un
seul état. Cet état initialise le TB et décodage du bloc de
L décisions suivantes. Cette approche nécessite moins de
connections et provoque moins d'activités de
commutation. Cependant, son majeur inconvénient est la
latence qu'elle cause. L'état au temps t-L est décodé au
temps t avec une latence de L itérations.

Implémentation et résultats

Les différentes architectures décrites dans la section
précédente sont ici implantées sur circuit FPGA. Les
architectures sont modélisé en VHDL au niveau RTL
(Register Transfer Level), en utilisant l’outil de
conception Xilinx ISE Design Suite 10.1 on Virtex-5
family. Les résultats sont donnés dans le tableau 1 et le
tableau 2 pour le l’unité BMC et ACS respectivement.
La conception (top level design) pour l’unité BMC et
ACS sont montrés dans les figures respectivement.
V.1.

Implémentation de l’unité BMC en FPGA

L'unité BMU reçoit 2 symboles Ev1 et Ev2 et produit
4 combinaisons possibles de sorties tel que :
Bm00 = Ev1 + Ev2;
Bm01 = Ev1 – Ev2 ;
Bm10 = – Ev1 – Ev2;
Bm11 = – Ev1 + Ev2;

Fig.14. Top level de l’unité BMC en logique RTL

Fig. 15. Les différents composants de l’unité BMC

Fig.16. Les additionneurs et soustracteurs de l’unité BMC
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calcul en parallèle, ce qui conduit à l’augmentation de la
fréquence de traitement et ainsi le débit.

VI. Conclusion

TABLE I
CONSOMMATION DE RESSOURCE DE L’UNITE BMC MODEL

Les systèmes de type OFDM nécessite des techniques
de protection très efficace; c’est pour cela il apparait que
les codeurs de type convolutif constitue le bon choix. Le
besoin d’une plus grande flexibilité, re-configurabilité et
time-to-market plus courte donnent les FPGA de
nouvelles opportunités pour l'insertion efficace dans le
SDR. Dans ce travail, une conception d’un décodeur de
Viterbi pour un récepteur OFDM a été proposée. La
conception a été décrite par VHDL en utilisant l’ISE de
Xilinx. Le rapport offert par ISE a montré la faible
consommation de l’unité BMC et ACS dans le FPGA. La
fréquence de fonctionnement maximale est de 250 MHz,
qui se trouve suffisante pour notre application.

On remarque que le nombre utilisé du LUT (Look Up
Table) est 32 c'est presque négligeable par rapport au
28800 existants, on peut dire dans ce cas que la
consommation est très faible.
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Development of an Intelligent System Based on Least Squares Support
Vector Machine with Particle Swarm Optimization Algorithm
B. Sadou1 , T. Bouden2 , A. Lahoulou3 .
Abstract – The aim of this work is to apply least squares support vector machine combined with
particle swarm optimization (LS-SVM-PSO) as a regression technique using five image databases
for predicting the subjective quality (one output) from the objective quality (multiple entries). In
order to train the LS-SVM and to test its performance, the LS-SVM regression model, with Radial
Basis Function (RBF) kernel, is established, then a global optimizer, PSO is employed to optimize
the hyper parameters needed in LS-SVM regression.

Keywords: Image Quality Assessment (IQA), Least Squares Support Vector (LS-SVM), Particle
Swarm Optimization (PSO), Regression, Support Vector Machine (SVM).

I.

Introduction

Visual image quality assessment method plays
important role in numerous image processing
applications. There are mainly two types of image quality
measures. First is subjective image quality measure in
which Mean Opinion Score (MOS) or Difference Mean
Opinion Score (DMOS) is estimated with the help of
human observers. Second is objective image quality
measure in which mathematical expression is provided to
estimate the quality of an image. However, later
technique is proved to be better than previous because of
two reasons. First, they are easy to assess due to its low
computational complexity. Second, they are independent
of human visual perception [1].
In the last decade, a lot of image quality assessment
(IQA) algorithms have been introduced for automatic and
intelligent quality measurement [2]. The simplest and
most widely used image quality metrics are mean square
error (MSE) and peak signal-to-noise ratio (PSNR) since
they are easy to calculate and are also mathematically
convenient in the context of optimization. However, they
often correlate poorly with subjective visual quality.
In order to develop more an accurate evaluation model
that agrees well with subjective viewing results,
substantial Human Visual System (HVS) based IQA
metrics have been proposed over the years. The wellknown algorithms and used in our evaluation are : the
noise quality measure (NQM) index [3], the universal
quality index (UQI) [4], the structural similarity (SSIM)
index [5], the information fidelity criterion (IFC) index
[6], the visual information fidelity (VIF) index [5], the
visual signal to noise ratio (VSNR) index [7],and Rieszbased feature Similarity (RFSIM) [8].

NQM and VSNR are two representative human visual
system based IQA models. The UQI index and its famous
extension known as Structural Similarity (SSIM)
proposed about 10 years ago based on the structural
information are better correlated with human perception.
This metric has been also further modified, some recent
examples may be Riesz-based Feature Similarity
(RFSIM) [9]. Some other types of metrics are based on
information theory (IFC, VIF). Some other quite popular
older metrics, e.g. Visual Signal-to- Noise Ratio (VSNR).
Vapnik and Chervonenkis theory of statistical learning
[10] has led to the development of a class of algorithms
known as Support Vector Machines. Generally speaking,
SVM can be applied into classification and regression,
i.e., support vector classification (SVC) and support
vector regression (SVR). The rapid development of
SVMs in statistical learning theory encourages
researchers to actively apply SVM to various research
fields such as object classification, time series prediction,
regression analysis and pattern recognition [11].
Nevertheless, SVM training is a time consuming process
when analyzing huge data. For this purpose, least squares
support vector machine (LS-SVM) is proposed to
overcome these shortcomings [12].
The Least Squares Support Vector Machine (LS-SVM)
is a least square version of SVM which considers the
inequalities for classical SVM. As a result, the solution of
LS-SVM follows directly from solving a system of linear
equations instead of quadratic programming, which
makes LS-SVM faster than SVM with reduced
computational time [13].
The parametric problem is a main issue for the
application of LSSVM. At the same time, people are
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greatly interested in the methods about how to get proper
parameters. Various optimization techniques, such as
genetic algorithms (GA), Artificial Bee Colony (ABC)
algorithm, simulated annealing (SA) and particle swarm
optimization (PSO) can be utilized for fine tuning of the
LS-SVM's parameters. In this paper, PSO algorithms, due
to the speed of convergence, simplicity of
implementation are preferred [14].
In this work, we developed an intelligent system based
on LS-SVMs applied to the evaluation of images quality.
The data used in this study are from five image databases.
Network inputs are the objective quality estimates of the
desired images and outputs learned by the network are
the subjective quality values of each of these images
(MOS: Mean Opinion Score or DMOS: Difference Mean
Opinion Score).

II.

The above convex optimization problem is feasible in
cases where 𝑓 actually exists and approximates all pairs
(𝑥𝑖 , 𝑦𝑖 ) with 𝜀 precision. Sometimes, some errors are
allowed. Introducing slack variables ξi , ξ∗i to cope with
otherwise infeasible constraints of the optimization
problem (3), the formulation becomes:
min

1

∥ 𝑤 ∥2 + 𝐶 ∑𝑛𝑖=1( 𝜉𝑖 + 𝜉𝑖∗ )

(4)

𝑦𝑖 − 〈𝑤, 𝑥𝑖 〉 − 𝑏 ≤ 𝜀 + 𝜉𝑖
∗
{ 〈𝑤, 𝑥𝑖 〉 + 𝑏−𝑦𝑖 ≤ 𝜀 + 𝜉𝑖
∗
𝜉 , 𝜉𝑖 ≥ 0

(5)

𝑤,𝑏, 𝜉𝑖 ,𝜉𝑖∗ 2

subject to

𝑖

where 𝐶 is a fixed regularization constant determining the
trade-off between the model complexity and the training
error. 𝜀 -intensive loss function has been described by:

Support Vector Machines (SVM)

0 si |𝜉| ≤ 𝜀
|𝜉|𝜀 = {

SVM for regression

(6)
|𝜉| − 𝜀 sinon

In their origin, SVMs were used for classification
purposes, but their principles can be extended easily to
the task of regression, where the goal is to estimate a
function 𝑓(𝑥) that is as “close” as possible to the target
𝑦𝑖 values for every xi [15]. In ε − SV regression, the goal
has been to find a function 𝑓(x) that has at most ε
deviation from the actually obtained targets 𝑦𝑖 for all the
training data and at the same time as flat as possible [16].
In other words, we do not care about errors as long as
they are less than ε, but will not accept any deviation
larger than this.

Fig. 1. depicts the situation graphically.

The theory of Support Vector Regression has been
extensively described in literature [17], [18]. Hence, only
a basic comprehensive description of the concept
underlying SVR modeling will be given here.

Finally, by introducing Lagrange multipliers
(αi , α∗i , ηi , η∗i ≥ 0) the Lagrangian associated with the
new optimization problem becomes:

Fig. 1. Graphical depiction of an 𝜀 -tube and slack variables 𝜉𝑖 , 𝜉𝑖∗

1

Considering the problem of approximating the set of
data {(𝑥1 , 𝑦1 ), … , (𝑥𝑛 , 𝑦𝑛 )} with 𝑥 ∈ Rd (d dimensional
input space) and 𝑦 ∈ R, the simplest linear SVR
algorithm tries to find the function 𝑓(x), which relates the
measured input object to the desired output property of
this object. In formula this reads as:
𝑓(𝑥) = 〈𝑤, 𝑥〉 + 𝑏 with 𝑤 ∈ Rd , 𝑏 ∈ R

(1)

where 〈. , . 〉 denotes the dot product in Rd and 𝑏 denotes
the bias.
We can write this problem as a convex optimization
problem:

subject to

1

∥ 𝑤 ∥2

(2)

𝑦 − 〈𝑤, 𝑥𝑖 〉 − 𝑏 ≤ 𝜀
{ 𝑖
〈𝑤, 𝑥𝑖 〉+𝑏 − 𝑦𝑖 ≤ 𝜀

(3)

min

2

L = ∥ 𝑤 ∥2 + 𝐶 ∑𝑛𝑖=1( 𝜉𝑖 + 𝜉𝑖∗ ) − ∑𝑛𝑖=1 𝛼𝑖 (𝜀 + 𝜉𝑖 −
2
𝑦𝑖 + 〈𝑤, 𝑥𝑖 〉 + 𝑏) − ∑𝑛𝑖=1 𝛼𝑖∗ (𝜀 + 𝜉𝑖∗ − 𝑦𝑖 − 〈𝑤, 𝑥𝑖 〉 −
𝑏) − ∑𝑛𝑖=1(𝜂𝑖 𝜉𝑖 + 𝜂𝑖∗ 𝜉𝑖∗
(7)
The problem can be solved by the use of dual
Lagrangian leading to:
𝑓(𝑥) = ∑𝑛𝑖=1(𝛼𝑖 − 𝛼𝑖∗ ) 〈𝑥𝑖 , 𝑥〉 + 𝑏

(8)

Only support vector has one of two coefficients 𝛼𝑖 or
𝛼𝑖∗ nonzero. Thus, only the support vectors are used for
the reconstruction of the parameter vector 𝑤.
For non-linear case the basic idea of SVM is to map the
training data from the input space into a higher
dimensional feature space via function Φ and then
construct a separating hyperplane with maximum margin
in the feature space. The generic SVR estimating function
takes the form
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𝑓(𝑥) = (𝑤. Φ(𝑥)) + 𝑏

(9)

where 𝑤 ⊂ Rd , 𝑏 ⊂ R, and Φ denotes a nonlinear
transformation from Rd to high-dimensional space.
Vector w can be written in terms of data points as:
𝑤 = ∑𝑛𝑖=1(𝛼𝑖 − 𝛼𝑖∗ )Φ(𝑥𝑖 )

(10)

By substituting (10) into (9), the generic equation can
be rewritten as
𝑓(𝑥) = ∑𝑛𝑖=1(𝛼𝑖 − 𝛼𝑖∗ )(Φ(𝑥𝑖 ). Φ(𝑥)) + 𝑏

to be optimized which depends on the weight vector 𝑤 ∈
Rd , γ is a regularization factor, and ei is the error
committed when approximating the ith sample.
The problem can be solved using Lagrange
multipliers, and Lagrange function is in the following:
𝐿(𝑤, 𝑏, 𝑒, 𝛼) = J(𝑤, 𝑒) − ∑𝑛𝑖=1 𝛼𝑖 {𝑤 𝑇 Φ(𝑥𝑖 ) + 𝑏 + 𝑒𝑖 −
𝑦i }
(17)
with Lagrange multipliers 𝛼𝑖 . The conditions for the
optimality are:

(11)
∂L
∂𝑤

The dot product can be replaced with function K(𝑥𝑖 , 𝑥)
known as the kernel function, the regression function is
given by,
𝑓(𝑥) = ∑𝑛𝑖=1(𝛼𝑖 − 𝛼𝑖∗ ) 𝐾(𝑥𝑖 , 𝑥) + 𝑏

(12)

The most commonly used kernel functions are the
Gaussian radial basis functions (RBF) kernel function,
namely
𝐾(𝑥𝑖 , 𝑥𝑗 ) = exp(−

‖𝑥𝑖 −𝑥𝑗‖
2σ2

According to [14], [20], [21], let us consider a given
training set of n data points {(𝑥1 , 𝑦1 ), … , (𝑥𝑛 , 𝑦𝑛 )} with
(𝑥𝑖 , 𝑦𝑖 ) ∈ Rd × R and d is the dimensionality of the input
data, the aim of support vector machine model is to
construct the regression function takes the form:
𝑓(𝑥, 𝑤) = 𝑤 T Φ(𝑥) + 𝑏

(14)

In least squares support machine for function
regression the following optimization problem is
formulated:
1
min J(𝑤, 𝑒) = 𝑤 T 𝑤 + γ ∑𝑛𝑖=1(𝑒𝑖 2 )
(15)
2

subject to the equality constraints
𝑦𝑖 = 𝑤 𝑇 Φ(𝑥𝑖 ) + 𝑏 + 𝑒𝑖 ,

𝑖 = 1, … , 𝑛

(16)

where 𝑤 denotes adjustable weighted vector, b denotes
the bias, and Φ (x) denotes non-linear mapping from an
input space to a high-dimensional space. J is the function

(18)

= 0 → αi = γ𝑒𝑖

∂L

𝑇
)
{ ∂𝛼𝑖 = 0 → 𝑤 Φ(𝑥𝑖 + 𝑏 + 𝑒𝑖 = 0

For i=1,…,n. After eliminating 𝑒𝑖 and 𝑤 , we could
have the solution by the following linear equations:

(13)

Least Squares Support Vector Machines (LS-SVM) is
a reformulation of the principles of SVM, which involves
equality instead of inequality constraints. Furthermore, in
LS- SVM formulation for regression instead of slack
variables for the constraints used in the ordinary SVM
formulation, Suykens et al proposed to use the target
values ei [19].

= 0 → ∑ni=1 𝛼𝑖 = 0

∂𝑒𝑖

[

III. Least Squares Support Vector Machine

𝑤,𝑒

∂L

∂𝑏
∂L

2

)

= 0 → 𝑤 = ∑ni=1 𝛼𝑖 Φ(𝑥𝑖 )

0
⃗
1

⃗𝑇
0
1
𝑏
][ ] = [ ]
𝑦
Ω + γ −1 I 𝛼

(19)

where y=[ y1, y2,…, yn]T, ⃗1=[1,1,…,1]T, α=[α1,α2,…,αn]T,
and the Mercer condition
Ωij = Φ(𝑥𝑖 )T Φ(𝑥𝑗 ) = 𝑘(𝑥𝑖 , 𝑥𝑗 ) 𝑖, 𝑗 = 1, … , n

(20)

is applied.
Set A= Ω + γ −1 I . For A is a symmetric and positive
definite matrix, A−1 exists. Solving the linear equations
(19) we obtain the solution
⃗)
𝛼 = 𝐴−1 (𝑦 − 𝑏1

𝑏=

⃗ 𝑇 𝐴−1 𝑦
1
⃗ 𝑇𝐴−1 1
⃗
1

(21)

Substituting w in Eq. (14) with the first equation of
Eqs. (18) and using Eq. (20) we have
𝑓(𝑥, 𝑤) = 𝑦(𝑥) = ∑𝑛𝑖=1 𝛼𝑖 𝐾(𝑥, 𝑥𝑖 ) + 𝑏

(22)

where 𝛼𝑖 and 𝑏 are the solution to Equation (19).
A Large number of imitation tests have shown that
Radial Basis Function (RBF) kernel function is more
effective than others as a whole, so in this paper RBF
kernel is selected as the kernel of LS-SVM.
‖𝑥−𝑥𝑖 ‖2

),σ > 0
(23)
σ2
Consequently, there are two parameters that need to be
chosen in the LSSVM model, which are the bandwidth of
the Gaussian RBF kernel “σ” and the regularization
𝐾(𝑥, 𝑥𝑖 ) = exp (−
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parameter “C”. In this paper, the PSO is used to
determine the optimal values of these two parameters.
The difference between SVR and LS-SVR is shown by
figure 2.

𝑋𝑖𝑑 (𝑡 + 1) = 𝑋𝑖𝑑 (𝑡) + 𝑉𝑖𝑑 (𝑡 + 1)

(25)

in which W represents the inertia weight and is employed
to control the impact of the previous history of velocities
on the current particle, 𝐶1 is the cognition learning factor,
𝐶2 denotes the social learning factor, 𝑟1 and 𝑟2 are two
independently and uniformly distributed random
variables with range [0, 1]. The PSO algorithm is as
follows:
1) Load dataset
2) Initialize the parameters of PSO: population size,
positions and velocities of agents, acceleration factors c1,
c2, number of iterations.

Fig. 2. Left, regression function of SVR is present with a ε tube
and slack variables ξi . Right, regression function of LS-SVR is
present. In case of LS-SVR the ε tube and slack variables are replaced
by error variables ei ∈ {e1 , … . , e7 }

3) Evaluate the desired optimization fitness function fp
for each particle as the Mean Square Error (MSE) over a
given data set.

IV. Particle Swarm Optimization (PSO)

4) For each particle, compare the fitness value with the
fitness value of pbest, if current value is better, then
renew the position with current position, and update the
fitness value simultaneously;

Particle Swarm Optimization is an evolutionary
computation technique proposed by Kennedy and
Eberhart. It is a population based stochastic search
process, modeled after the social behavior of a bird flock
[22, 23]. PSO algorithms make use of particles moving in
an n dimensional space to search for solutions for nvariable function optimization problem. All particles
have fitness values which are evaluated by the fitness
function to be optimized, and have velocities which direct
the flying of the particles. The particles fly through the
problem space by following the particles with the best
solutions so far [24].
fundamental Principle
The basic algorithm of the PSO working on a
population called swarm (particles) of possible solutions.
These particles are randomly placed in the search space
of the objective function.
At each iteration, the particles move, taking into
account their best position but also the best position of
the neighborhood.
Assume that the search space is of dimension d and the
position of the ith particle of the swarm is represented by
a vector 𝑋𝑖 = 𝑋𝑖1 , … . . , 𝑋𝑖𝑑 , the fly velocity is represented
by another vector 𝑉𝑖 = 𝑉𝑖1 , … . . , 𝑉𝑖𝑑 . The best previously
visited position of the ith particle is denoted as 𝑃𝑖 =
𝑃𝑖1 , … . . , 𝑃𝑖𝑑 , and the best previously visited position of
the swarm that gives the best fitness is denoted as

5) Determine the best particle of group with the best
fitness value, if the fitness value is better than the fitness
value of gbest, then update the gbest and its fitness value
with the position;
6) Velocity and position of particles should be adjusted
by formula 24 and 25.
7) If it cannot meet the end conditions, jump to 3.

V.

Applications and Results

In order to test the performance of our quality
assessment algorithm, we considered publicly available
databases:
TID image database (2008)
TID2008 (Tampere Image Database) version 1.0 was
published in 2008 [25]. This database uses 25 reference
images and contains 17 types of degradations with 100
images per distortion including JPEG, JPEG2000
compression, Additive Gaussian noise and Gaussian blur.
This has resulted in 1700 test versions of the reference
images.
The MOS was obtained from the subjective scores
collected from 838 observers from three countries
including 251 in Finland, 150 in Italy and 437 in Ukraine.
Part of the experiments has been carried out via Internet.

𝑃𝑔𝑏𝑒𝑠𝑡 = 𝑃𝑔𝑏𝑒𝑠𝑡1 , … . . , 𝑃𝑔𝑏𝑒𝑠𝑡𝑑 .

CSIQ image database (2009)

The movement of particles between iterations t and t+1
are calculated using the equations “(24),” and “(25),”.

The Categorical Subjective Image Quality (CSIQ)
database was developed at the Image Coding Analysis
Laboratory at Oklahoma State University, USA [26]. It
contains 866 images based on 30 reference images
corrupted by 6 types of distortions: JPEG compression,

𝑉𝑖𝑑 (𝑡 + 1) = 𝑊 ∗ 𝑉𝑖𝑑 (𝑡) + 𝐶1 ∗ 𝑟1 ∗ (𝑝𝑏𝑒𝑠𝑡𝑖𝑑 −
𝑋𝑖𝑑 (𝑡)) + 𝐶2 ∗ 𝑟2 (𝑔𝑏𝑒𝑠𝑡𝑖𝑑 − 𝑋𝑖𝑑 (𝑡))

(24)

International Conference on Technological Advances in Electrical Engineering (ICTAEE’16.), October 2016

JPEG-2000 compression, global contrast decrements,
additive pink noise, Gaussian noise and Gaussian
blurring at 4 to 5 different levels, resulting in 866
distorted images. The score ratings (0 to 1) are reported
in the form of DMOS.

the computational flow of PSO technique can be
described in
the following steps.

IVC image database (2006)

In many real applications, the observed input data,
which contains distinct numerical variables having
different dimensions, cannot be measured precisely and
should be normalized first. In order to improve the
accuracy of prediction, all data samples are standardized
and normalized to the interval of [-1, 1] by the
mapminmax function.

The IVC database has been released by the Image,
Video and Communication Laboratory at the University
of Nantes, France [27]. It has 10 original images of
dimension 512×512 pixels were selected to create a total
of 235 test images using JPEG coding, JPEG2000
coding, locally adaptive resolution coding, and blurring.
The subjective quality scores provided in this database
are MOS, ranging from 1 to 5.
A57 image database (2007)
The A57 database freely available on [28] was built
from 3 grayscale reference images, and 54 distorted
images, including 6 distortion types: quantization of the
LH sub bands of a 5-level DWT of the image using the
9/7 filters, additive Gaussian white noise, baseline JPEG
compression of the image (using the standard
quantization matrix), JPEG-2000 compression of the
image (using the 9/7 filters and no visual frequency
weighting), JPEG-2000 compression (using the 9/7
filters) with the dynamic contrast-based quantization
algorithm, blurring by using a Gaussian filter. The
subjective quality scores used for this database are
DOMS, ranging from 0 to 1.
Toyama image database (2000)
Toyama image database was published in 2000 by
the Multimedia Information and Communication
Technology (MICT) Laboratory at University of Toyama,
Japan [29]. The database contains 182 images of
768×512 pixels. Out of all, 14 were original images (24
bit/pixel RGB) in each group. The rest of the images
were JPEG and JPEG2000 coded images (i.e. 84
compressed images for each type of distortion). Six
quality scales and six compression ratios were
respectively selected for the JPEG and JPEG2000
encoders.
In this experiment, we select these eight characteristic
values PSNR, RFSIM, SSIM, VIF, VSNR, NQM, IFC,
UQI of sample images as the input of PSO-LS-SVM, and
use the MOS(DMOS) corresponding with database as the
output of PSO-LS-SVM.
Dataset and Parameter Settings
The data is stored in an Excel file, 80% of data for
learning and the rest for the test, this file contains the
input data (each entry consists of eight objective values),
and a subjective value that represents the output.

 Normalisation of data :

 PSO Initialization
 Determine the ranges of penalty coefficient C
and kernel parameter σ of the least squares
support vector regression model. Where
penalty parameter ranges [100,1010], kernel
parameters σ of radial basis function ranges
[101,106].
 Set the best position of each particle with its
initial
position.
 Set PSO learning factors C1=C2=2, w=0.5,
number of iterations=10. The MSE for the
training data was selected as the fitness
function in PSO.
 Settings Selection :
For the nonlinear LS-SVM regression, its
generalization performance depends on the proper setting
of parameters C and kernel parameter σ of RBF-kernel
function, which are two attributes of each particle.
The steps can be summarized as follows:
1- Input the sample data, set a group of parameters {C,σ}
randomly as the initial position of particles;
2- Implement LS-SVM training based on the parameters
{C,σ}, then calculate the mean-squared error of all the
training samples.
3- Take the training mean-squared error as the fitness
value and record the best positions of the individual
particles and group samples corresponding to the best
fitness value: pbest and gbest, and search for better
parameters {C,σ} based on the PSO optimization
equation.
4- Repeat step 2 until the largest iteration number is
reached or the ending conditions are met.
The framework of the proposed forecast approach is
shown in “Fig. 3,”. This figure illustrates how the LSSVM model is optimized by PSO algorithm through
training data and the optimized model is employed for
prediction of the test data.
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A comparison between performance of the proposed
method and the LSSVM model is conducted with three
common performance measures: the Pearson’s correlation
coefficient (CC), the Spearman rank order correlation
coefficient (RHO) and the Kendall rank correlation
coefficient (TAU) is shown in Table III.
TABLE III
PERFORMANCE COMPARISON BETWEEN PSO-LS-SVM AND
LS-SVM

PSO_LS_SVM

Fig. 3. Systems’ block diagram
Through the simulation in MATLAB, we got the
parameters as follows:
TABLE I
THE VALUES OF C AND σ FOR USED IMAGE DATABASE
CSIQ
IVC
A57
TOY

TID

C=2.74×108

C=2.70×106

C=4.89×108

C=4.64×109

C=3.67×108

σ=2.27×10

σ=2.65×10

σ=5.91×10

σ=3.94×10

σ=5.27×101

1

2

3

4

In order to analyze and evaluate the prediction
performance of PSO-LS-SVM regression, the Pearson’s
correlation coefficient (CC) as an indication on the
correlation, Spearman’s and
Kendall’s rank order
correlation coefficients, denoted by (RHO) and (TAU)
respectively to indicate the monotonicity measure, mean
squared error (MSE), root mean square error (RMSE),
and mean absolute error (MAE) to quantify the prediction
accuracy, were employed as performance indicators to
evaluate prediction capability (table II).
TABLE II
THE VALUES OF CC, RHO, TAU, MSE, RMSE AND MAE FOR
PSO_LS_SVM

PSO_LS_SVM

TID

CSIQ

IVC

A57

TOY

CC

0,9492

0,9763

0,9454

0,9621

0,9635

RHO

0,9467

0,9645

0,9494

0,9545

0,9615

TAU

0,8101

0,8424

0,8123

0,8545

0,8351

CC

0,9273

0,9762

0,9406

0,9380

0,9538

RHO

0,9309

0,9647

0,9413

0,9090

0,9589

TAU

0,7854

0,8436

0,7912

0,7818

0,8460

LS_SVM

Table III results show that the LS-SVM model based
on PSO provide good results in terms of correlation and
monotonicity on the TID, IVC, A57, and TOY image
quality databases. Also, PSO-LS-SVM and LS-SVM
gives approximately same result on the CSIQ image
quality database.
VI. CONCLUSION
LS-SVM networks have been used for predicting the
evaluation of data for image quality by using the
regression method. In this paper we showed that LSSVM networks have been able to properly predict and
identify such data so that subjective values must converge
to objective values.
The LS-SVM require an adjustment of certain
parameters (C, σ). Setting these parameters was carried
out by the particle swarm optimization method (PSO).

TID

CSIQ

IVC

A57

TOY

CC

0,9492

0,9763

0,9454

0,9621

0,9635

RHO

0,9467

0,9645

0,9494

0,9545

0,9615

TAU

0,8101

0,8424

0,8123

0,8545

0,8351
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Modeling and Power Control of Wind Turbine Driving DFIG
Connected to the Power Grid
Y.BAHA1, F. BOUCHAFAA2, E.M.BERKOUK3, A.Degla4.
Abstract –This paper deals the integration of renewable energy sources in the electrical
network. In fact, the main impacts on electrical systems, for transmission operators, are
variations of the voltage and changes of the power flows. The purpose of this work is the
modeling and simulation of a doubly fed induction generator (DFIG) for a wind turbine of 1.5
MW. Maximum power from the wind is extracted by controlling power converters in the
auxiliary winding of the machine. The objective of this paper is to control a wind string from a
variable wind in order to provide a fixed amplitude and frequency to the network and it
is also for exploiting the quality of the electric power, by controlling rotoric power
from converters exchanged with the network.

Keywords: Doubly Fed Induction Generator (DFIG), grid integration, Maximum Power Point
Tracking (MPPT), power quality, wind turbine.

I.

INTRODUCTION

Renewable energy has the potential to generate electricity
cleanly and especially to a lesser dependence on
resources provided to accept their natural fluctuations
and sometimes random. Today, after the hydraulics, the
great wind becomes competitive in terms of production and
Costs. Actually, most of wind turbines above the MW are
variable speed ones, based on a doubly fed induction
generators (DFIG). This technique has proved its efficiency
to control high power thanks to reduced rated power
converters in comparison with other same power [1].
In this context, a doubly fed induction generator based
wind conversion system is considered. We proceed in this
paper to the modeling and the control of all parts of the
studied structure. In fact, this work is organized as follows.
Firstly, the description, the modeling of the wind turbine,
DFIG and the power electronic converter has been
presented. Subsequently, a Maximum Power Point
Tracking (MPPT) technique for extracting the maximum
power is presented. The control principal of a DFIG is
recalled. Then, the control of both Rotor Side Converter
(RSC) and Grid Side Converter (GSC) is studied. After
that, the Phase Locked Loop (PLL) basis for a safe grid
connection operation is presented. Finally, the wind system
dynamic performance and the operating scenarios of these
systems is analyzed by simulations in Matlab/Simulink
package. The simulation results and their interpretation are
provided.

II.

WIND CONVERSION SYSTEM
DESCRIPTION

The configuration adopted in this paper is illustrated in
Fig .1. It consists of a wind turbine, a gearbox, a DFIG, and
two back-to-back converters connected via a DC link. The
stator of the DFIG is connected directly to the grid and the
rotor is fed by two back-to-back converters that are also
connected to the grid. Using vector control techniques [2],
the bidirectional converters assure energy generation at
nominal grid frequency and nominal grid voltage
independently of the rotor speed.
The rotor side converter is controlled to extract the
maximum energy from the wind by varying the speed of the
turbine for changing wind conditions [2]. The grid side
converter is controlled to keep the DC link voltage constant
regardless of the magnitude and the direction of the rotor
power. This converter is connected to the grid via three
chokes to improve the harmonic distortion of currents.
In consequence, the extracted power is made variable and
two regions are defined: the hyper synchronized operation
and the hypo synchronized operation (see Fig. 2).

International Conference on Technological Advances in Electrical Engineering (ICTAEE’16.), October 2016

Fig. 1. Global configuration and the control strategy based on DFIG.

Fixing the ratio  and the pitch blades  to their
optimum values, the wind system will provide optimum
electrical power.
III.2. Dynamic model of the DFIG

Fig. 2. Operating regions of the generated power.

III.

VARIABLE SPEED WIND
GENERATOR MODEL
III.1. Model of the turbine

The aerodynamic power (extracted from the wind)
appears in the rotor of the turbine is given by [4]:
1
(1)
Paero  C p ( ,  ) R 2v 3
2
Where:  is the air density, R is the radius of the blade,
v is the wind velocity, C is the power coefficient, it
p
depends on the ratio  and the pitch angle  . This ratio,
called also the tip speed ratio:
Rt
(2)

v
Where Ωt is the speed of turbine.
For the used turbine, the power coefficient is
approximated by the following formula:

Cp  (0.5  0.00167.(  2)).

(3)
  .(  0.1) 
sin 
-0.00184( λ  3).(  2)

18.5  0.3(  2) 

The electrical equations of DFIG in Park frame are given
by [4]:
d sd

 vsd  Rs isd  dt  ssq

 v  R i  d sq   
s sq
s sd
 sq
dt
(4)

 v  R i  d rd   
r rd
r rq
 rd
dt

d
 vrq  Rr irq  rq  rrd
dt

With:

sd  Ls .isd  M .ird
   L .i  M .i
s sq
rq
 sq

(5)

rd  Lr .ird  M .isd
   L .i  M .i
r rq
sq
 rq

(6)

The active and reactive power stator and rotor are
defined by:
 Ps  vsd .isd  vsq .isq

Qs  vsq .isd  vsd .isq

(7)

 Pr  vrd .ird  vrq .irq

Qr  vrq .ird  vrd .irq

(8)

Rs, Rr, Ls and Lr are the resistance and inductances
of the stator and rotor windings, M is the mutual

inductance.

vsd , vsq , vrd , vrq , isd , isq , ird , irq , sd , sq , rd , rq are the d
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and q components of the stator and rotor voltages,
currents and flux, and 𝜔𝑟 is the rotor speed In
electrical degree.

The electromagnetic torque is given by:



Tem  p. sd .isq  sq .isd
Where 𝑝



Tem  ref  K .2mec

(13)

With:

K

(9)

C p  max 
R5
.
.

.
3
2 G3
opt

(14)

This last expression leads to the controller illustrated in
Fig. 3.

is the number of pole pairs.

III.3. Equivalent continuous model of the Converters
The dynamic of this wind generation system is slower
than the switching frequency of power converters.
Moreover, the high frequency of voltages and currents
may be neglected due to the presence of the rotor
windings and filter inductors, and the high commutation
frequency used by PWM converters. Therefore, only the
low frequency spectrum of the various quantities of the
model requires to be calculated. An equivalent continuous
model of the converter has been established with the
voltage and current balancing condition.
In the d, q reference frame, the rotor voltages are linked
to the DC bus voltage Vdc and the equivalent d,q
component control modulation signals ( mr dq  ref ) [6],
as:

vdc
(10)
2
Similarly, for the grid side converter the relations between
vr dq  mr dq  ref .

the equivalent d, q component control signals  m g dq  ref



and the d, q components of the actual voltages can be
given as follows :
v
v g dq  mg dq  ref . dc
(11)
2
The evolution of the DC voltage Vdc is given by the
following equation:
dV
C dc  img  imr
(12)
dt
C is the total capacitor value of the DC-bus.

IV.

VARIABLE SPEED WIND
GENERATOR CONTROL
STRATEGY

IV.1. Maximum Power Point Tracking (MPPT)
A simple strategy consists in tracking the maximum
power by varying the mechanical speed.
When the turbine is working on the maximum power
Rt
point : C p  C p  max and opt 
.
v
As example, for   2 , the tip speed ratio is kept
constant and equal to opt  9 [4]. The obtained control
law for the reference of the electromagnetic torque is:

Fig. 3. Block scheme of MPPT strategy.

IV.2. Vector Control of DFIG
Stator and rotor variables are both referred to the stator
frame. Therefore, the simplified expression of the electromagnetic torque is obtained by setting the following
conditions:
 ds   s and qs  0
(15)
Hence, it yields:
Tem   p.

M
. s .irq
Ls

(16)

In consequence, the Park frame has to be synchronized
with the stator flux (see Fig.4).

Fig. 4. Orientation of the d, q frame.

Neglecting the stator resistance Rs, the voltage
equations and the flux equations of the stator windings
can be simplified in steady state as:
Vsd  0

(17)

Vsq  Vs  ss

s  Ls isd  Mird

 0  Ls isq  Mirq

(18)
From (18), the equations linking the stator currents to
the rotor currents are deduced below:
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s M

isd  L  L ird

s
s

M
 i  i
rq
 sq
Ls
The electromagnetic torque is as follows:
Tem

M
  ps
irq
Ls

(19)

1
 dird
 dt  L . Vrd  Rr .ird  eq

r

 dirq  1 V  R .i  e  e
rq
r rq
d

 dt
Lr .



(21)

IV.3. Control of the rotor side converter and the grid side
converter





(20)

Replacing the stator current by their expressions given
in (19), the stator active and reactive powers are
expressed:

M

 Ps  Vs L irq

s

V

V
Q  s s  s M i
rd
 s
Ls
Ls

Hence, the electromagnetic torque and the reactive
power are controlled through the rotor currents, which can
be expressed by the following equations:



(24)

With:
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The control of the DFIG rotor currents is ensured by
two PI controllers as shown in Fig 6.

The general control strategy of a variable speed wind
turbine regulates the power flow between the grid and the
electrical generator. This control strategy can be divided
into two control levels [7], as depicted in Fig.1.
IV.3.1. Rotor side converter (RSC) control
The RSC is controlled in such a way that it provides
independent control of the electromagnetic torque of the
generator and the stator reactive power. Fig. 5. shows the
control bloc diagram of the complete RSC control.

Fig. 6. Current controller.

IV.3.2. Grid side converter (GSC) control
The purpose of the grid side converter is to regulate the
DC voltage and to transfer the rest of the power, which is
generated by the wind generator, and it is not transferred
by the rotor side of the DFIG to the grid [7]. Fig. 7
illustrates the whole bloc diagram of the GSC control.

Fig. 5. Bloc diagram of the RSC control.

From equation (16), it is clear that the torque can be
controlled by a regulation of the quadrature component of
the rotor current 𝑖𝑞𝑟 if the stator flux is constant.
Ls
irq _ ref  
Tem _ ref
(22)
pM  s
Moreover, the direct component of the rotor current can
be used to control the generated reactive power (Equation
21.1).

L
ird  ref  s  s Qs _ ref
(23)
M Vs M

Fig. 7. Bloc diagram of the GSC control.

A. DC bus control
The DC reference voltage 𝑉𝑑𝑐_𝑟𝑒𝑓 is compared with the
sensed DC voltage across the capacitor 𝑉𝑑𝑐 (see Fig. 8).
The DC voltage corrector regulates the DC bus and sets
the active power 𝑃𝑐_𝑟𝑒𝑓, which is necessary to charge the
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capacitor to the desired value. The reference active power
𝑃𝑡_𝑟𝑒𝑓 of the GSC is obtained after being added to the
𝑃𝑐_𝑟𝑒𝑓 the power generated by the DFIG (𝑃𝑚 =
𝑖𝑚 . 𝑉𝑑𝑐 ).

Fig. 9. bloc diagram of the current control in Park reference frame.
Fig. 8.Bloc diagram of the DC bus control.

V.

Phase Locked Loop (PLL) for the grid
angle estimation

B. Power control
Both active and reactive powers Pt and Qt can be
expressed by using Park components of supply voltage
Vtd ,Vtq and line current itd , itq as follows:









 Pt  vtd .itd  vtq .itq

Qt  vtq .itd  vtd .itq

(26)

By inverting these equations, we can find the reference
currents as follows:
Pt _ ref .vtd _ mes  Qt _ ref .vtq _ mes

itd _ ref 
vtd2 _ mes  vtq2 _ mes

(27)

Pt _ ref .vtq _ mes  Qt _ ref .vtd _ mes
i
 tq _ ref 
vtd2 _ mes  vtq2 _ mes

Since vtq  0 and vtd is constant, the active power and
reactive power can be respectively controlled by 𝑖𝑡𝑑
and 𝑖𝑡𝑞 .

A PLL is used to estimate the angle of the grid voltage
𝜃𝑔 for a safe grid connection operation. Many different
PLL structures have been proposed in the specialized
literature; however, the PLL scheme developed in [8] is
adopted for this study since it performs a robust way for
calculating the grid angle.

VI.

Simulation Results

In order to verify the performance of the grid connected
DFIG wind turbines application, the simulation work has
been done by using MATLAB/Simulink package. All
simulation results are obtained with the parameters given
in appendix.
A random wind profile is applied to the system (see Fig.
10) [7]. Fig. 11 illustrates the DFIG mechanical speed
profile. This profile allows showing the DFIG behavior in
hypo synchronous and hyper synchronous as well.
15

C. Current control

Fig. 9 presents the bloc diagram of the current control in
the Park reference frame.

14

13

wind speed (m/s)

The vector current control in Park reference frame is
carried out by using a synchronized Park frame with the
grid voltage. The electric equations of the filter (𝑅𝑡 , 𝐿𝑡 )
connected to the grid are given bellow:
ditd

 vtd  Rt .itd  Lt . dt  s .Lt .itq  v gd
(28)

 v  R .i  L . ditq   .L .i  v
tq
t tq
t
s t td
gq
dt
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11
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9
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Fig. 10. Random wind speed profile.
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opposition, meaning that the DFIG inject the active power
to the grid.

2000

1500
grid voltage
current to grid
1000
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mechanical speed (tr/min)

1500

500

0

-500

0

0

50

100

150

200

-1000

250

t (s)

Fig. 11. Mechanical speed.

-1500
82

Fig. 12 and 13 shows that the electromagnetic torque
and the reactive power provided by the DFIG follow its
references. This is due to the control of the dq rotor
current (Equation (22) and (23)).
0
Tem

82.01

82.02

82.03
t(s)

82.04

82.05

82.06

Fig. 14. Grid voltage and current to grid.

Fig. 15 presents the evolution of the filter current. We
notice that the filter current tends to vanish when the
mechanical speed approaching of the synchronism speed
(1500tr/min), illustrating the fact that in this speed the
active powers sent by the rotor of the DFIG is zero.

Tem-ref
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filtre current
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0
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Fig. 12. Electromagnetic torque.
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Fig. 15. Filter current evolution.

Reactive power
Reactive power reference

Fig. 16 displays the zoom of the grid voltage and the
filter current. It is clear that in the hyper synchronous
mode the filter current and the grid voltage are in phase
opposition explained that the rotor of the DFIG supplied
an active power to the grid.
However, during the hypo synchronous mode that the
filter current and the grid voltage are in phase; so the rotor
of the DFIG absorbs active power (see Fig. 17).

Qs(VAR)

50

0

-50

-100

0

50

100

150

200

250

t(s)

Fig. 13. Reactive power.

Fig. 14 shows the zoom of the waveform of the grid
voltage and current delivered by the wind power system.
We can see that the current and voltage are in phase
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Fig. 16. Zoom of the grid voltage and the filter current in the hyper
synchronous mode.
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Fig. 17. Zoom of the grid voltage and the filter current in the hypo
synchronous mode.

Fig. 18 and 19 shows the rotor current and the
mechanical speed during a transition from hyper
synchronous mode to hypo synchronous mode and
conversely. This result confirms that the DFIG can work
in both modes while enabling a smooth transition during
the change in mode.
hyper synchronous

hypo synchronous
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VII.
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Fig. 19. Zoom of the rotoric current and mechnical speed from the hypo
to hyper synchronous operating.

2500
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170

102

Fig. 18. Zoom of the rotoric current and mechnical speed from the hyper
to hypo synchronous operating.

Conclusion

This article has been devoted to modeling, simulation
and analysis of a wind turbine operating at variable speed.
Stable operation of the wind system was obtained with the
application of the vector control. The overall operation of
the wind turbine system and its control were illustrated by
the responses to electromagnetic torque and reactive powers control. The DFIG operates in two quadrants. Hypo
synchronous operation and a hyper synchronous operation. The generator supplied active power to the grid
regardless to the mode of operation. The wind system has
been modeled and tested with a 1.5 MW generator. Simulation results show that the proposed wind system is feasible and has many benefits.

Appendix
TABLE I
SIMULATION PARAMETERS

Wind turbine parameters
parameter
value
Nominal power
P=1.5MW
Nominal speed
N=1950tr/min
Pairs of pole number
P=2
Inertial
J=1000kg.m2
viscous coefficient
f=0.0024N.m.s-1
Diameter of blade
R=35.25m
Gain of the multiplier
G=90
Stator resistance
R 𝑠 = 12𝑚Ω
Stator inductance
L𝑠 = 13.7mH
Rotor resistance
R 𝑟 = 21𝑚Ω
Rotor inductance
L𝑟 = 13.67mH
Mutual inductance
M = 13.5mH
Grid parameters
parameter
value
voltage
Vg= 690V
Filter resistance
R f = 2mΩ
Filter inductance
Lf=5mH
DC capacitor
C = 4400µF
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Modeling and operation of PV/Fuel cell standalone Hybrid system with
Battery resource

A.Saidi 1, C.Benachaiba2, C.Banoudjafer3
Abstract –In the last decade, the use of renewable energy resources instead of fossil fuels pollutants has
increased exponentially because future energy demands and global warming. The main challenge in replacing
legacy systems with the newer alternatives is to capture maximum energy and deliver maximum power at
minimum cost for the given load. Solar energy which is free and abundant in most parts of the world has
proven to be an economical source of energy in many applications. Among the renewable energy
technologies, the solar energy coupling with fuel cell technology will be the promising possibilities for the
future green energy solutions. The new efficient photovoltaic array (PVA) has emerged as an alternative
measure of renewable green power, energy conservation and demand-side management. However in
photovoltaic power generation system the control problems arise due to large variances of output under
different insulation.
This problem can be overcome by hybrid photovoltaic generation system i.e. use of photovoltaic arrays
with fuel cells and power storage such as battery bank. In this work Modeling and operation of performance
analysis of standalone hybrid PV-SOFC-Battery generation system is done.
.
Keywords: PV, SOFC, MPPT, Battery resource, hybrid system

I.

Introduction

From the first AC power system - Niagra Falls, 1895until about four decades ago, the electrical energy
generation systems were developed based on the
traditional nonrenewable sources - oil, gas, coal and
nuclear - in order to attend the society needs, whose
consumption was guided by the large-scale economy [1].
This scenario remained unchanged until the world
energy crisis, 1973, when the employment of Renewable
Energy Sources (RES) became a world trend [2].
Moreover, the policy for the pollutant emission and the
environment impact reductions, strongly contributed for a
complementary green energy matrix establishment [3].
From 2000 to now, many works referring gridconnected systems were published, relating aspects as
power converters design, control strategies, PV and WT
maximum power point tracker (MPPT), reactive
compensation, active filtering and so on. In addition,
important institutions as IEEE and IAS have developed
standards and recommendations to guide the designers.
Solar power source is one of the most promising
renewable power generation technology [4], [5]. FCs also
shows great potential to be green power sources of the
near future because of many advances they have (such as
low emission of pollutant gases, high efficiency, and
flexible modular structure) [6]. However, each source has

its own drawbacks. For instance, solar power is highly
dependent on climate while FCs needs hydrogen-rich
fuel. FCs are good energy sources to provide reliable
power at a steady rate, but they cannot respond to the
electrical load transients as fast as desired. This is mainly
due to their slow internal electrochemical and
thermodynamic responses [7], [8], [9].
Because different alternative energy sources can
complement each other, the multisource hybrid
alternative energy systems (with proper control) have
great potential to provide higher quality and more reliable
power to customers than a system based on a single
resource[10]. Moreover, to overcome the PV and FC
drawbacks, the system can be combined with other
energy storage devices with fast dynamics, such as
battery or SC, to form a hybrid power generation system
[11].
Use of fuel cells (FC) in combination with a PV
generator may ensure an uninterruptible power supply as
long as the fuel cell power can meet the power deficit.
Fuel cells show a particular promise as they can operate
on hydrogen with zero emissions, have a relative high
efficiency (30-60%), and have a limited number of
moving parts with a flexible modular structure [12],[13].
The fuel cell can either be supplied with hydrogen
from purchased gas containers or be produced from water
in an electrolyzer which is supplied with surplus power
from the PV system. In fuel cells, the power and energy is
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decoupled, which is opposite to when secondary batteries
are used as energy storage [14].
In this paper the case with fuel cell supplied from a
hydrogen container is considered.
The proposed system is designed to operate in standalone
, both, PV and FC generators provide the maximum
available power to the dc bus, thus, the dc-dc converters
associated with PV sources are controlled by Maximum
Power Point Tracking (MPPT) algorithms.
The photo voltaic MPPT algorithm is based incremental
conductance algorithm [15],
In this paper, a hybrid alternative energy system
consisting of PV, FC is proposed. . The remainder of the
paper is structured as follows: the section II details the
PV system modelling and I-V, P-V characteristics. In
section III, a Solid oxide fuel cell system modelling and
presented with your simulation. In section IV, the
modelling of battery characteristics and Simulation of
Battery model and electrolyze controller, the test bench
results for the proposed system are presented. Finally,
this paper ends with concluding remarks for further study
in section VII.

II.

PV system modelling

Fig. 1 shows a simplified scheme of a standalone PV
system with DC–DC buck converter.
This section is devoted to PV module modelling which
is a matrix of elementary cells that are the heart of PV
systems. The modelling of PV systems starts from the
model of the elementary PV cell that is derived from that
of the P–N junction [16].

second term, the diode current, expresses the non-linear
relationship between the PV cell current and voltage. A
practical PV cell, shown in Fig. 1, includes series and
parallel resistances [17]. The series resistance represents
the contact resistance of the elements constituting the PV
cell while the parallel resistance models the leakage
current of the P–N junction.
This model is known as the single diode equivalent
circuit of the PV cell. The larger number of diodes the
equivalent circuit contains, the more accurate is the
modelling of the PV cell behavior, however, at the
expense of more computation complexity. The single
diode model is shown in Fig. 2 is adopted for this study,
due to its simplicity.

Fig.2.The Equivalent circuit of an ideal and practical PV
cell.
II.2.

Commercially photovoltaic devices are available as
sets of series and/or parallel-connected PV cells
combined into one item, the PV module, to produce a
higher voltage, current and power, as shown in Fig. 3.
The equation of the I–V characteristic of the PV
module is obtained from Eq. (1) by including the
equivalent module series resistance, shunt resistance and
the number of cells connected in series and in parallel.
𝐼 = 𝑁𝑝 (𝐼𝑃𝑉 − 𝐼𝑠 (𝑒

Fig.1.A PV system with a DC–DC buck converter

PV module modelling

𝑞(𝑉+𝐼.𝑅𝑠 )
𝑎𝑁𝑠 𝐾𝑇

− 1)) −

(𝑉 + 𝐼. 𝑅𝑠 )
𝑅𝑠ℎ

(2)

Where Vt the PV cell thermal voltage in Eq. (1) is
substituted by that of the module thermal voltage given
N KT
by Vt = s and Ns and Np are respectively the number
q

II.1.

Ideal photovoltaic cell

The PV cell combines the behavior of either voltage
or current sources according to the operating point. This
behavior can be obtained by connecting a sunlightsensitive current source with a P–N junction of a
semiconductor material being sensitive to sunlight and
temperature. The dot-line square in Fig. 2 shows the
model of the ideal PV cell. The DC current generated by
the
PV
cell
is
expressed
as
follows
𝐼 = 𝐼𝑃𝑉,𝐶𝑒𝑙𝑙 −

𝑉
𝐼𝑠,𝐶𝑒𝑙𝑙 (𝑒 𝑎𝑉𝑡

− 1)

(1)

The first term in Eq. (1), that is Ipv,cell, is
proportional to the irradiance intensity whereas the

of cells connected in series and in parallel forming the
PV module.
The constant an expressing the degree of ideality of
the diode may be arbitrary chosen from the interval (1,
1.5) [18]. The light generated current of PV cell depends
linearly on the irradiance and is also influenced by the
temperature:
𝐺
𝐼𝑃𝑉 = (
) (𝐼𝑃𝑉𝑛 + 𝐾𝑖 (𝑇 − 𝑇𝑆𝑇𝐶 ))
𝐺𝑆𝑇𝐶

(3)

Ipvn is the nominal light-generated current provided
at GSTC, TSTC which refers to the values at nominal or
Standard Test Conditions (1 kW/m2, 25°C). The nominal
light-generated current is not available in the datasheet of
the PV panel but estimated as [18]:
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𝑅𝑠 + 𝑅𝑠ℎ
𝐼𝑃𝑉𝑛 = (
) 𝐼𝑠𝑐𝑛
𝑅𝑠

(4)

II.4.

SIMULATION MODEL OF PV ARRAY

-The second term in Eq. (2) is the diode current that
is function of the voltage and current coefficients given
by the equation below:
𝐼𝑠 =

𝐼𝑠𝑐𝑛 + 𝐾𝐼 ∆𝑇
𝑉𝑜𝑐𝑛 +𝐾𝑉 ∆𝑇
𝑒 𝑎𝑉𝑡
−1

(5)

Where Iscn is the nominal short-circuit current or the
maximum current available at the terminals of the
practical device at nominal conditions.

Fig.5. Simulation model of PV module
Fig.3.Equivalent circuit of PV module.

III. Solid oxide fuel cell
II.3.

I–V and P–V characteristics

A PV module can be modeled as a current source
that is dependent on the solar irradiance and temperature.
The complex relationship between the temperature and
irradiation results in a non-linear current–voltage
characteristics. A typical I–V and P–V curve for the
variations of irradiance and temperature is shown in Fig.
4 (a) and (b), respectively. As can be observed, the MPP
is not a fixed point; it fluctuates continuously as the
temperature or the irradiance does. Due to this dynamics,
the controller needs to track the MPP by updating the
duty cycle of the converter at every control sample. A
quicker response from the controller (to match the MPP)
will result in better extraction of the PV energy and vice
versa [19].

A solid oxide fuel cell (SOFC) is an electrochemical
conversion device that produces electricity directly from
oxidizing a fuel. Fuel cells are characterized by their
electrolyte material; the SOFC has a solid oxide or
ceramic, electrolyte. Advantages of this class of fuel cells
include high efficiency, long-term stability, fuel
flexibility, low emissions, and relatively low cost. The
largest disadvantage is the high operating temperature
which results in longer start-up times and mechanical and
chemical compatibility issues [20].
The fuel consumption of the solid oxide fuel cell,
Cons-SOFC (m3/h), is modelled as Eq. (6). A and B are
the coefficients of the consumption curve of the solid
oxide fuel cell. The specifications of the solid oxide fuel
cell of Bloomenergy ES-5400 model are used to obtain
these constants (A = 0.181 m3/kWh, B ≈ 0 m3/kWh).
F. C. = A × P(t) + B × Pn

Fig.4. Solar cell characteristics (a) voltage-current
characteristics and (b) voltage-power characteristics

(6)

For decades, experts have agreed that solid oxide fuel
cells (SOFCs) hold the greatest potential of any fuel cell
technology.
With low cost ceramic materials and extremely high
electrical efficiencies, SOFCs can deliver attractive
economics. But until now, there were significant
technical challenges inhibiting the commercialization of
this promising new technology.
SOFCs operate at extremely high temperature
(typically above 800°C). This high temperature give them
extremely high electrical efficiencies and fuel flexibility,
both of which contribute to better economics, but it also
creates engineering challenges. By solving these
engineering challenges with breakthroughs in materials
science and revolutionary new design, target SOFC will
be a cost-effective technology.
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III.1. Simulation of SOFC model

IV.1. Simulation Model of Battery and DC-DC
converter

Fig.7. Simulation model of battery and DC-DC converter

Fig.6. Simulation SOFC model

The parameters of the battery of storage capacity 6.5
Ah, with a nominal voltage of 200.Added to the output of
the converter to reduce output voltage ripple.

IV. Batteries

IV.2. Battery electrolyze controller

Battery bank storage is sized to meet the load demand
during non-availability period of renewable energy
sources. At any time t, the charged quantity of the battery
bank is subject to the following two constraints:
SOCmin ≤ SOC(t) ≤ SOCmax Cubat,max (t) ≤ Cu max
In the above relations, SOCmin (0.3) and SOCmax are
the minimum and maximum SOC of the battery,
respectively, SOC(t) is the battery SOC at each hour of
the year, and Cumax is the maximum charge current which
is determined as a battery specification by its
manufacture. In the present study, the maximum value of
the SOC (SOCmax ) is 1, and 0.3 is utilized as the value
of the SOCmin according to the battery specifications.
Depending on the PV and wind energy production and
the load power requirements, the state of battery charge
can be calculated from the following equations:
Battery charging :
SOC (t + 1) = SOC (t) × [1 − σ(t)]
Cubat (t) × dt × ηch (t)
+
(7)
Cbat
Battery discharging :
SOC (t + 1) = SOC (t) × [1 − σ(t)]
Cubat (t) × dt × ηdch (t)
−
(8)
Cbat
Where Cubat is the hourly mean of instantaneous
current of the battery, σ(t) is the hourly self-discharge
rate, which 0.018 percent is used in this study. ηch and
ηdch are the charge and discharge efficiency of the
battery, respectively. In this study, ηch and ηdch are
considered the same and equal to 0.927.

Fig.8.Simulation of Battery electrolyze controller

V.

Proposed Hybrid Power System

The architecture in Fig.1.is proposed for the hybrid
power system which is based on the centralized DC-bus
system [20],[21]. In the centralized DC-bus
configuration, all the sources and storages are coupled to
a common DC bus before they are connected to the load.
The load in the figure stands for either a DC-load or a
voltage source inverter depending on the application.
The PV generator is coupled to the DC bus via a buck
based DC/DC maximum power point tracker (MPPT) to
track the maximum power point where the PV plant
generates the maximum possible power output for a given
irradiance, ambient temperature and loading condition.
This enables to utilize the renewable energy to the
maximum.
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The low and highly variable load dependent voltage of
the PEM fuel cell stack is boosted to the DC-bus level via
a phase shifted PWM (PSPWM) transformer isolated
DC/DC converter. The converter is current controlled to
shape the fuel cell output to safe magnitude and rate.
A low volt-ampere (VA) rated buck DC/DC converter
steadily charges the Ni-MH battery during light loading
when the bus voltage becomes higher than the battery
voltage. When the bus voltage goes below the battery
voltage which is indication of a heavier loading in surplus
of the power output from the fuel cell and PV combined,
the diode becomes forward biased discharging the
battery. During the longer period of normal loading, the
low VA DC/DC converter having smaller inductor
charges the battery slowly at steady-state.

VI. SIMULATION RESULTS
The developed PV-SOFC-Battery based standalone
hybrid system during this work .The analysis of the
developed model is done PV ARRAY (PVA) & SOFC
both, HYBRID SOLAR SOFC.
The simulation results of PV based on MPPT
controller with changing irradiation from high to low
level, from 700 W/m² to 600 W/m² and 500 W/m²
Simulation starts with constant temperature of 25 °C and
700 W/m².
In this paper The Maximum Power Point Tracking
(MPPT) controller for boost converter based on
Incremental Conductance (IC) algorithms controller is
run and developed.
SOFC pressure for hydrogen (PH2), water vapor
(PH2O) and oxygen (O2) are displayed. It is seen that for
SOFC off case the pressure of hydrogen (PH2) and
oxygen (O2) is increase while the pressure of water vapor
(PH2O) is decrease. This is obvious that during SOFC it
stores the energy so that during on situation energy can
be released.

Fig.9. Architecture proposed for PV/Fuel Cell systems
Fig.11. MPPT of PV output power against time

Fig.10.Simulation of Proposed PV/Fuel Cell / Battery
Hybrid systems
Fig.12. PV current and voltage for PV-SOFC both
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Fig.13. MPPT buck converter output voltage for PVSOFC both
Fig.16.SOFC current for PV-SOFC both

Fig.14.Boost conveter1 output voltage for PV-SOFC
both
Fig.17. Line currents for PV-SOFC both

VII. Conclusion
Modeling and operation of PV/ Fuel cell with battery
resources is analyzed in this paper. Rapidly changing
irradiance and fuel cell performance are considered in
this paper. In this paper a PVA model is designed in a
MATLAB/SIMULINK GUI environment for maximum
power point search and a dynamic Incremental
conductance (IC) algorithm is used to detect the
maximum power point output of the module.
The results showing this are presented in this paper.
An effective load sharing and control strategy has
been developed for a PV/FC/Battery hybrid power
system that optimizes availability, performance, fuel
economy and safety. The simulation results show that the
control strategy is effective in meeting high degree of
power availability, and reduced cycling of battery. The
battery is also relieved from steep charging currents by
slightly delaying the current reference improving
charging efficiency. A near full controllability of battery
and fuel cell enables operation of the units within safe
limits in addition to making it possible to shape the
trajectories of their power responses.
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Abstract – Recently, the reliability and safety of electrical Permanent Magnet Synchronous
Machine drives (PMSM) became very important equipment of power system, especially in critical
applications, such as in electric traction (vehicles, tramways, high-speed trains,…), aeronautics,
aerospace, nuclear power plants, wind energy, conversion system,…). Sudden failure of PMSM
drives has technical and economic impacts. For such electrical systems, it is desirable to detect
and identify the different kind of faults , and if possible to detected and located the fault and
protect them against these defects. The main objective in this paper is to analyses the
characteristics of load current during faults appears in current sensor. The uses method is based
to calculate the symmetrical component and Park's vectors of load current. The symmetrical
component of load current allows generating the faults indicators. These indicators are uses to
separate the sensor faults. Experimental results validate the proposed method in healthy and
faulty operations in real time dSPACE DS 1104 DSP board.

Keywords: PMSM drives, Current Sensor Faults, Symmetrical Components, Park’s
Transformation, Diagnosis Faults

I.

Introduction

Due to their attractive properties, three phase
machines have been investigated for transport
applications such as hybrid electric vehicle [1], [2] and
ship propulsion [3]. The advantages of these machines
are among others a higher availability, higher power
density and fault-tolerance. Modern industry trends
recommend the Permanent Magnet Synchronous Motor
(PMSM) as the key preference for motor control
application designers. Its strengths, such as High power/
weight ratio, large torque, inertia ratio, smooth torque
operation, controlled torque at zero speed, high speed
operation, fast dynamic response, high efficiency and
compact structures in comparison with other motors in its
category, coupled with decreased manufacturing costs
and improved magnetic properties, make the PMSM a
good recommendation for large-scale product
implementation in industry [4, 5, 1].
However, the reliability of the system reduces because
of a higher parts count and additional stress due to the
power converter. In classical drives, the failure of any
component leads to a drive failure or forced shutdown,
what can have a dramatic effect in some applications
(from economic losses in industrial environments to
human-life losses in security critical applications). When
continuity of operation is required, fully redundant
systems or conservative designs were generally the only
viable solutions. Redundancy consists in disposing of
two or more (ideally) independent units, some being

active units and others being spare units. In case of faults,
the spare units are able to replace the faulty units.
Conservative designs are obtained by over sizing the
drive in order to minimize the probability of fault
occurrence (lower stress on the drive in normal operation
increases the expected lifetime). However, both solutions
highly increase the cost of the system [6, 9].
The development of diagnosis methods and condition
monitoring has brought some innovation since the
detection of incipient faults allows taking measures that
prevent the development of the fault into a failure.
However, this implies that the fault can be detected at an
early stage of development. For example, monitoring
methods are currently successfully applied to bearing
faults, but condition monitoring hardly works for sudden
faults such as power-converter faults [10, 13].
In this paper, a simple and a robust method for current
sensor faults detection and isolated of a PMSM using
symmetrical components (positive and negative
sequence) [1, 10] is presented. It can be classified as a
motor stator current signature analysis [7], except that we
focus on the current positive and negative sequence
fundamental components. The performances of the
method proposed have been tested and validated by
experimentally results in real time.

II.

Drive Model in Park Reference

The electrical and mechanical equations of the PMSM
drives in the rotor (d-q) reference frame are as follows:
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Where θre is the rotor position angle; uα(t) and uβ(t) are
the α-axis and β-axis stator voltages, respectively; iα(t)
and iβ(t) and are the α-axis and β-axis stator currents,
respectively; L=(Ld+Lq)/2 and ΔL=(Ld-Lq)/2.
The relationship among these reference frames are
illustrated in figure 1.

Fig 1. Definitions of coordinate reference frames for
PMSM modeling

III. Proposed Method
The proposed fault detection and isolation method is
shown in Figure 2. The three phase-currents are
measured, filtered (eliminate the measure noises) and
monitored. These currents are transformed in stationary
reference frame αβ and composed three systems αβ(i)
(i=1, 2, 3). The outputs of these systems are decomposed
into the positive and negative sequence components
defined in equations (10 and 13). The currents ration RI(i)
between the amplitudes of the positive and negative
sequence components is used to indicate the faults.
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In this paper, the available measurements are assumed
to be the rotor position θm, rotor speed, ωm and the
currents idq.
The rotor position can be obtained from an
incremental encoder and Hall Effect sensors measure the
stator currents.
The relationship between the d-q frame currents and
the actual three-phase quantities is defined by the
following change of coordinates:
1
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In order to obtain the model of PMSM in stationary
reference the Concordia/Clarke transformation is usually.
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By choosing (id, iq, θm, ωm) as state variables, the
permanent magnet synchronous motor (PMSM) system
can be written as follows:

So the dynamic model PMSM drives in the αβ
stationary reference frame can be expressed as:

Système
D’acquisition

d d (t )

ud (t )  Rs id (t )  dt  re q (t )
(1)

u (t )  R i (t )  d q (t )    (t )
s q
re d
 q
dt
d (t )  Ld id (t )  m
with :
(2)

q (t )  Lq iq (t )
where ud , uq , id, iq, Rs, Ld , Lq and λm are voltages and
currents in the d-q reference frame, resistance,
inductances, and permanent magnetic flux linkage,
respectively.
The equation of the motor dynamics is:
 d m (t ) 1
 dt  J Te  TL  Bm (t ) 

 d m (t )
 m (t )
(3)

 dt
re  P.m


where, θm, ωm, ωre=p. ωm, B , J, TL, and P are
mechanical rotor position, rotor speed, electrical angular
rotor speed, viscous friction coefficient, inertia, load
torque and number of pole pairs, respectively and the
electromagnetic torque Te is given by:
Te (t )  1.5 p [m iq  ( Ld  Lq ).id iq ]
(4)

s(i )
Z-1

PLL

Fig 2. Block diagram of Positive and negative
sequence scheme for detecting and correcting current
sensors fault
III.1. Symmetrical Component
For the first time Charles Legeyt Fortescue presented
a method about symmetrical component at 1918. He
demonstrated that any set of unbalanced three-phase
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Negative sequence ACB
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Fig 3. Symmetrical components
The symmetrical components are used to determine
any unbalanced current or voltage (open phase fault,
short-circuit fault, currents sensors faults…).
The three sequence components of a three phase
signal (currents i+ i- io or voltages v+ v- vo) are computed
as follows:
1 a a 2  ia (t )
i (t )
1





2
a .ib (t ) 
(9)
i (t )   3 1 a
1 1 1  ic (t ) 
i0 (t ) 


with a  e j ( 2 / 3) is complex operator
- Positive sequence currents are supplied by generators
and have a clockwise rotation and are 120o a part (ABC).
- Negative sequence components are also 120o phase
shifted but they have a counter clockwise rotation
(ACB).
- The zero sequence components are equal in
magnitude, have the same phase, therefore there is no
rotation.
The three-phase sequence analyzer block outputs the
magnitude of the positive (denoted by the index +),
negative (denoted by the index -), and zero sequence
(denoted by the index 0) components of a set of three
balanced or unbalanced signals.
III.2. Faults indicators
Considering a current sensor faults, an indicator can
be based on the currents unbalance. The sequence
components of a three systems ‘αβ(i)’ presented in
Figure 2 are governed by the following relationship (it is
easy to find in [6, 7, 8, 14]):
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So, three indicators are generated for current sensors.
These values are used to detect and isolate faults.
- In case of healthy operations (no fault):
3
()
()
,then Rmoy  1  RI ( i )  RI ( i )
RI (1)  RI ( 2 )  RI ( 3) and I seq
 I seq
(i )
(i )
3 i1

and Flags I k   0 . Rmoy is the average value of RI (i ) .

- In case of current sensor fault in phase ‘a’ (outage
s1):
()
()
()
()
()
()
()
()
, I seq
, I seq
.
I seq
 I seq
 I seq
 I seq
 I seq
 I seq
( 2)
(1)
(1)
( 2)
( 3)
(1)
(1)
( 3)
Therefore RI (1)  fixe will still be 0.5.
But RI ( 2)  RI ( 3)  1  Rmoy , Rmoy  0.8 , then Flags I s1   1 ,

Flags I s 2   Flags I s 3   0 .

- In case of open phase fault in phase ‘a’
(disconnection ph1):
()
()
I seq
 I seq
Therefore RI (1)  RI ( 2 )  RI ( 3)  Rmoy  1 , then
(i )
(i )

Flags I ph1   1 , Flags I ph 2   Flags I ph3   0 .

The experimental results are presented in curves of
Figure 5.
In order to test and validate the proposed algorithm,
the experimental setup is presented and configured in
next section.

IV.

EXPERIMENTAL RESULTANTS

Practical experiments have been carried out on a
bench (Figure 4) composed of a star-connected
permanent synchronous machine (PMSM) loaded by a
DC generator. Rating of PMSM 3 kW, 4 poles, 50Hz,
5.9A, 360V, 1500rpm. The PMSM is driven by a voltage
source inverter “SEMIKRON inverter” controlled by
PWM-SVM techniques with an open/closed loop V/f
control. Data acquisition is done thanks to a dSPACE
1104 rapid prototyping card.
Hardware system

B

RI (i ) (t ) 

Inverter
Filter

ia

PMSM

Encoder

ic

DC-link voltage
Measurement

Gate Pulses

Generation
(SVPWM)

Current Sensors

ib

Power supply
DC voltage
560 Vdc

Galvanic
Isolation

Software system

C

positive and negative sequence components of stator
currents are expressed as:

Algorithm
Control

Vdc _ m

AC Current
Measurement
Phases (A,B,C)

ikx

Speed/position
Measurement

 re re

Data acquisition
system

quantities could be expressed as the sum of three
symmetrical set of balanced phasors. According to
Frotescue's theorem, three sets of independent
component could be considered: Positive, Negative and
zero for all symmetrical signals, such as; currents and
voltages. Figure 3 shows diagram of positive and
negative components as noted in F.A. Furfari and J.
Brittain (2002) [1, 2, 3].

Algorithm fault detection and isolation
Current sensors fault
Open phase fault
dSPACE
DS1104 DSP Controller Board

Fig 4. Block diagram of Fault detection, isolation and
controlled PMSM drives
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The current sensor fault method has been realized in
real time while the speed constant 300rpm and the load
torque equal to 15% of the rated torque.
Curves of Figure 5 shows an experimental results of
the fault detection and isolation when the sensors of the
phases “a, b, c” are disconnected:
- The sensor ‘a’ is disconnected at a time t=1.2828 s
and removed 1.8948 s later. The value of fault indicator
R I (1) is constant (fixe), but the values of fault indicators
of phases ‘b and c) are bascule to new values
RI ( 2 )  RI ( 3)  1  Rmoy .
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Fig 5. Experimental results of the fault detection and isolation method in case of:
* Current sensor ‘a’ fault, t €= [1.2828 – 3.1776] sec
* Current sensor ‘b’ fault, t € [4.112 – 6.2256] sec
* Current sensor ‘c’ fault, t € [7.9388 – 9.2176] sec
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Abstract –This paper presents a multi-body model for studying the Gear Backlash fault in wind
turbine power drivetrain by using a bond graph approach. The backlash phenomenon has an
import influence on gear dynamics and due it has a strong non-linear character, so its effect on
the power wind quality is very complex. The residual technique is used to discriminate between the
healthy and the abnormal operating mode for on-line fault detection. In order to get reasonable
and precise results, a new scheme for the diagnosis based on the Level Spectral Energy (LSE) is
used. Through the simulation tests, it is clearly that this method can reliably detect and separate
different level backlash faults.
Keywords: Backlash; level spectral energy; Gearbox; Fault, Vibration.

I.

Introduction

The wind turbine has been in use for several centuries.
The first wind machines were only used for mechanical
labor, such as grinding corn or pumping water. The first,
who benefited from the wind turbine in an electrical way,
was James Blyth in Scotland in 1887. He used it to charge
his batteries, in order to have light in his cabin. The
modern wind power industry did not start until the late
1970s, and from this point, the research within wind
power has accelerated. [1]
The wind turbine is a mechatronics system that convert
the kinetic energy of wind into useful power, in generally
the wind turbine is composed of three essential part
aerodynamic, mechanic and electric parts. Generally, the
connection between the mechanical and the electrical part
is made with gearbox.
Gearbox
system
is
widely
used
in
different transmission motion. The various kinds of
fatigue forms including dead zone, backlash influence the
transmission performance and life of the gearbox system.
Nowadays, the backlash fault has become one of the hot
issues of the gear fatigue research [2].
Backlash is present in every mechanical system where
a driving member (motor) is not directly connected with
the driven member (load).The presence of mechanical
imperfections in systems may often causes delays,
vibrations that severely makes it difficult to control them.
The level spectral energy technique is combined with an
algorithm for detection and classified backlash fault is
used.
Usually, to model this kind of systems, one needs a
unified tool like bond graph, to represent the involved
multiple energy domains. Bond-Graph is a unified
approach to the modeling of multi-disciplinary physical
systems. By its nature of a power conserving description
of a system.
In this work, The major goal of this paper is to
analyzing system vibration caused by backlash fault in

gear box system. The paper is organized as follows: The
wind turbine model systems is described in section 2. A
brief introduction of vibration analysis is presented in
section 3, on finds in section 4, the backlash phenomena
and its model and the graph model of wind turbine system
in 20-sim software. on section 5, We find the detection
algorithm At the end the simulation results and theirs
discuss are presented. A conclusion is given, at the end of
this paper.

II.

Model Description

In this section, the model of wind turbine system is
represented in Fig.1”. Afterwards, each sub-model of the
wind turbine presented and combined to obtain a
complete model of the wind turbine. The all parts of
system modelling in 20-sim software is showing in
“Fig.2”.

Fig.1. Wind turbine model with backlash description

1.1.

Aerodynamic Model

Wind turbine electrical generation systems power
comes from the kinetic energy of the wind. Thus, it can be
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expressed as the kinetic power available in the stream of
air multiplied by a 𝐶𝑝 factor called power coefficient or
Betz’s factor. The 𝐶𝑝 Mainly depends on the relation
between the average speed of the air across the area
covered by the wind wheel and its angular speed and
geometric characteristics of the turbine. The power
extracted by the wind turbine has the following
expressions [3]:
1
𝑃𝑤 = . 𝜌. 𝐴. 𝐶𝑝 . 𝑉𝑊 3 ,
(1)

explore the important influence of this fault on a power
captured from wind.

2

𝐴 = 𝜋. 𝑅3

(2)

Where Pw is the air stream kinetic power, ρ the air density
assumed to be constant, A is the surface covered by the
wind wheel and VW the average wind speed.
𝑇𝑊 =

𝑃𝑤

(3)

Ω

When wind speed changes, the angular velocity
of the shaft, Ω adjusted to achieve the best value
of 𝑪𝒑. This means that Ω and the wind speed combined
into a single variable so that the curve showing the
relation between Cp and Ω can be drawn. Experiments
show that this single variable is the ratio of the turbine tip
speed Ω to the wind speedVw. This tip speed ratio, λ is
defined as [3]:
𝜆=

𝜔𝑅

(4)

𝑉𝑤

It is important to note that the value of power coefficient,
𝐶𝑃 and the torque coefficient, 𝐶𝑇 are functions of λ, and
they are related by
𝐶𝑇 = 𝐶𝑝 /𝜆.
(5)
Where:
1
𝑇𝑤 = . 𝜌. 𝜋. 𝑅2 𝐶𝑇 . 𝑉𝑊 2
(6)
2
There have been different approaches to model the power
coefficient ranging from considering it constant for steady
state and small signal response simulations to using
lookup tables with measured data. Another common
approach is to use an analytic expression [3]:
𝐶𝑝 = 0.22 (

116
𝜆′

− 0.4𝑎 − 5) 𝑒

−12.5
𝜆′

(7)

With:
1
𝜆′

=

1
𝜆+0.08𝑎

−

0.035
𝑎3 +1

(8)

Many disadvantages avoided in wind turbine. The noise
caused mainly by a high rotational speed reduced and
high overall efficiency and reliability achieved in addition
to reduced weight and diminished need for maintenance.
However, the wind turbine can extract maximum power at
different wind speeds. In the variable speed operation,
there is a reduction of the drive train noise, reduction in
mechanical stresses, and the increased energy capture [4].
One of important disturbance fault is the backlash affect
one of the essential parts of wind turbine, the gearbox
who plays the role of speed multiplier. Our studies

Fig.2. System Parts modelling in 20-sim software
1.2.

Mechanical Part

The mechanical part of the wind turbine system
includes all the mechanical elements of Systems (blades,
lock rotor, shafts, Speed Multiplier (gearbox) ... etc.).This
multiplier modelled mathematically in [5], [6], for the
following equations:
𝑇
𝐶𝑟 = 𝑚
(9)
𝐺

Ω

Ω𝑡𝑢𝑟𝑏𝑖𝑛𝑒 = 𝑚𝑒𝑐
(10)
𝐺
𝐺: The speed multiplier gain
𝐽
𝐽 = 𝑡𝑢𝑟𝑏𝑖𝑛𝑒
+ 𝐽𝑟
(11)
𝐺2
The fundamental equation of dynamics used to
determine the evolution of the mechanical speed from the
total mechanical torque (𝐶𝑚𝑒𝑐 ) applied to the rotor:
𝑑Ω
𝐽 . 𝑚𝑒𝑐 = 𝐶𝑚𝑒𝑐
(12)
𝑑𝑡
𝐽 The total inertia appears on the generator rotor. The
mechanical torque takes into account the electromagnetic
torque (𝐶𝑒𝑚 ) produced by the generator, the torque of
viscous friction (𝑪𝒗𝒊𝒔 ) and load torque (𝐶𝑟 ).
𝐶𝑚𝑒𝑐 = 𝐶𝑟 − 𝐶𝑒𝑚 − 𝐶𝑣𝑖𝑠
(13)
The viscous torque is modelled by.
𝐶𝑣𝑖𝑠 = 𝑓. 𝛺𝑚𝑒𝑐
(14)
𝒇: Is the viscous friction coefficient.
1.3.

Three Masses Model

The equivalent model of a wind turbine drive train is
presented in Fig 3.

Fig.6. Three-mass model of a wind turbine drive train.
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The masses correspond to a large mass of the wind
turbine rotor, masses for the gearbox wheels and a mass
for generator respectively. The inertia of the low-speed
shaft also includes the inertia of the rotor, while the
friction component includes bearing frictions. The
dynamics of the low-speed shaft is:
𝑑Ω
𝑇𝑤𝑡 − 𝑇1 − 𝐵𝑤𝑡 Ω𝑤𝑡 = 𝐽𝑤𝑡 𝑤𝑡
(15)
𝑑𝑡
Where:
𝐵𝑤𝑡 Is the viscous friction of the low-speed shaft
[Nm/(rad/s)],
𝐽𝑤𝑡 Is the moment of inertia of the low-speed shaft
[Kgm2],
𝑇𝑤𝑡 Is the torque acting on the low-speed shaft [Nm],
𝜃𝑤𝑡 Is the angle of the low-speed shaft [rad],
The inertia of the high-speed shaft also includes the
inertia of the gearbox and the generator rotor. The friction
coefficient covers bearing and gear frictions. The
dynamics of the high-speed shaft is:
𝑇ℎ − 𝑇𝑔𝑒𝑛 − 𝐵𝑔𝑒𝑛 𝛺𝑔𝑒𝑛 = 𝐽𝑔𝑒𝑛

𝑑𝛺𝑔𝑒𝑛

(16)

𝑑𝑡

Where:
𝐵𝑔𝑒𝑛 : The viscous friction of the high-speed shaft
[Nm/(rad/s)];
𝐽𝑔𝑒𝑛 : The inertia moment of the high-speed shaft
[Kgm2];
𝑇𝑔𝑒𝑛 : The generator torque [Nm];
Th : The torque acting on the high-speed shaft [Nm];
𝜃𝑔𝑒𝑛 : The angle of the high-speed shaft [rad];
The remaining part of the gearbox modelling is to apply a
gear ratio, as defined below.
𝑇
𝑇ℎ = 1
(17)
𝐾𝑔𝑒𝑎𝑟

𝐾𝑔𝑒𝑎𝑟 is the drive train gear ratio
The torsion of the drive train is modelled using a torsion
spring and a friction coefficient model, described
according to:
𝑇1 = 𝐾𝑤𝑡 𝜃∆ + 𝐷𝑤𝑡 𝜃̇∆
(18)
𝜃∆ = 𝜃𝑟 −

𝜃𝑔𝑒𝑛

drive train. In the next section, the effect on the tower
from the aerodynamic thrust is considered.
Bond graph bloc diagram model of three masses system is
showing in Fig.4.
Omega2
Omega1
1
0.004375 s
Constant1

𝑇1 (𝑡) = 𝐾𝑤𝑡 (𝜃𝑟 −
𝑑Ω𝑤𝑡
𝑑𝑡

) + 𝐷𝑤𝑡 (𝛺𝑤𝑡 −

= 𝑇𝑤𝑡 − 𝐾𝑤𝑡 (𝜃𝑟 −

𝜃𝑔𝑒𝑛
𝐾𝑔𝑒𝑎𝑟

𝛺𝑔𝑒𝑛
𝐾𝑔𝑒𝑎𝑟

)

𝑑Ω𝑔𝑒𝑛
𝑑𝑡

=

𝐾𝑤𝑡
𝐾𝑔𝑒𝑎𝑟

(𝜃𝑟 −

−(

𝐷𝑤𝑡

𝐾𝑔𝑒𝑎𝑟

{

𝜃𝑔𝑒𝑛
𝐾𝑔𝑒𝑎𝑟

0.004375 s

20

LinearSystem5

LinearSystem4

s
LinearSystem3

K

K

Gain1

Gain

Fig.4. Bond graph of Multi masses system in 20-sim
II.1.

Electrical Part

The generator used for the wind system is an
asynchronous squirrel-cage generator whose parameters
are quoted in table1. The model of the asynchronous
generator is deduced from the two-phase machine by
supposing that the variables are expressed in a reference
frame x-y turning at the speed of the electric field. The
results obtained by simulation illustrate the behaviour of
this generator and give the par values of operation.
The induction machine equations are:
𝑈𝑠𝑥 = 𝑅𝑠 𝐼𝑠𝑥 + 𝑆Ψ𝑆𝑋 − 𝜔𝑆 . Ψ𝑆𝑌
𝑈𝑠𝑦 = 𝑅𝑠 𝐼𝑠𝑦 + 𝑆Ψ𝑆𝑦 − 𝜔𝑆 . Ψ𝑆𝑥
0 = 𝑅𝑟 𝐼𝑟𝑥 + 𝑆Ψ𝑟𝑥 − (𝜔𝑆 − 𝜔𝑟 )Ψ𝑟𝑦
0 = 𝑅𝑟 𝐼𝑟𝑦 + 𝑆Ψ𝑟𝑦 − (𝜔𝑆 − 𝜔𝑟 )Ψ𝑟𝑥

(22)

𝐶𝑒 = 𝑃. 𝐿𝑠𝑟 (𝐼𝑠𝑦 . 𝐼𝑟𝑥 − 𝐼𝑠𝑥 . 𝐼𝑟𝑦 )
ΨS = Ls . Is + Lsr . Ir
{ Ψr = Lr . Ir + Lsr . Is
This system can be presented as follows:
𝑆Ψ𝑠𝑥
𝑆Ψ𝑠𝑦
𝑆Ψ𝑟𝑥
𝑆Ψ𝑟𝑦

)+

𝐷𝑤𝑡
𝐾𝑔𝑒𝑎𝑟

𝐷𝑤𝑡
𝐾𝑔𝑒𝑎𝑟

Ω𝑔𝑒𝑛 [𝑁𝑚]

Ω𝑤𝑡

(21)

𝜃̇𝑔𝑒𝑛
𝐾𝑔𝑒𝑎𝑟

[𝑟𝑎𝑑 ⁄𝑠]

Three first order differential equations have been derived
in this section in order to describe the behaviour of the

= 𝑈𝑠𝑥 − 𝑅𝑠 . 𝐼𝑠𝑥 + 𝜔𝑠 . Ψ𝑠𝑦
= 𝑈𝑠𝑦 − 𝑅𝑠 . 𝐼𝑠𝑦 + 𝜔𝑠 . Ψ𝑠𝑥
= 𝑅𝑟 . 𝐼𝑟𝑥 + (𝜔𝑆 − 𝜔𝑟 )Ψ𝑟𝑦
= 𝑅𝑟 . 𝐼𝑟𝑦 + (𝜔𝑆 − 𝜔𝑟 )Ψ𝑟𝑥

𝐶𝑒 = 𝑃. 𝐿𝑠𝑟 (𝐼𝑠𝑦 . 𝐼𝑟𝑥 − 𝐼𝑠𝑥 . 𝐼𝑟𝑦 )
𝐼𝑠
{

+ 𝐵𝑔𝑒𝑛 ) Ω𝑔𝑒𝑛 − 𝑇𝑔𝑒𝑛 [𝑁𝑚]

𝜃̇∆ = 𝜃̇𝑤𝑡 −

1

s

Omega3

(20)

) − (𝐷𝑤𝑡 + 𝐵𝑤𝑡 )Ω𝑤𝑡
+

𝐽𝑔𝑒𝑛

20

LinearSystem2

After simplification and substituting equations obtains
𝐽𝑤𝑡

1
0.00875 s

(19)

𝐾𝑔𝑒𝑎𝑟

𝐾𝑔𝑒𝑎𝑟

LinearSystem1

Ce

Where:
𝐷𝑤𝑡 Is the viscous friction of the low-speed shaft
[Nm/(rad/s)].
𝐾𝑤𝑡 Is the torsion stiffness of the drive train [Nm/rad]
𝜃∆ Is the torsion angle of the drive train [rad]
𝜃𝑔𝑒𝑛

Constant2
Constant3

𝐼𝑟

=

(23)

Lr .Ψs +Lsr .Ψr

=

Ls .Lr −Lsr 2
Ls .Ψr +Lsr .Ψs
Ls .Lr −Lsr 2

𝑈𝑆𝑋 , 𝑈𝑠𝑦 : The stator voltage Components expressed in
x-y reference.
𝐼𝑆𝑋 , 𝐼𝑠𝑦 : The stator current Components expressed in x-y
reference.
𝑅𝑆 : Stator Resistance, 𝑅𝑟 : Rotor Resistance;
𝐿𝑆 : Stator Inductance, 𝐿𝑟 : Rotor Induction;
𝐿𝑆𝑟 : Mutual Inductance, : Number of pole pairs;
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𝐶𝑒 : Electromechanical torque, 𝜔𝑆 : Speed of the
electric field, 𝜔𝑟 : Electric rotor speed;

Fig.6. Dead zone model

Fig.5. Induction Generator bond graph model
The bond graph of induction generator in 20-sim
software using library developed in [5] and modelled in
[7] is showing in Fig.5.
III.

III.1. Vibration Analyzing Method:
In this study our vibration analysing method of wind
turbine model is based on work presented in [9], The
Fault detection algorithm is processed using residual error
between the healthy mode and the abnormal operating
mode.

BACKLASH

Backlash can be modelled in many ways. Depending
on needed level of accuracy of the model, different
choices can be made. The backlash is defined like the
play between the adjacent moving parts (as in a series of
gears). The backlash is one of non-linearity most
important which influence the strategies of control
implemented out of industrial machines and degrades the
overall performance of the machines. These phenomena
affect the set-up in two ways:
1. Stability, backlash may causes (high frequent) limit
Cycles.
2. Performance, the load is for some time autonomous,
which affects the absolute value of the error.
In order to avoid discontinuous disturbances due to a
rigid contact, a smooth contact area has been realized for
the test bench. This is used to deaden the shock of the
contact and is modelled by a spring system of rigidity K
(Fig.6) [8].
The transmitted torque 𝑤 expressed by the following
1−𝑒 −𝛾𝑧

relation: 𝑤 = −4 ∙ 𝑘 ∙ 𝑗0 ∙
(24)
1+𝑒 −𝛾𝑧
Where 𝑧, the difference between input and output
reducer positions 𝐶 is the slope constant.
By adding the disturbing torque 𝑤, Eq. (23) to the linear
transmitted torque C, which describes a flexible link
given by
𝐶𝑜 = 𝐾 ∙ 𝑧
(25)
The approximate continuous transmitted torque C is
obtained as follows:
1−𝑒 −𝛾𝑧

𝐶 = 𝑘 (𝑧 − 4 ∙ 𝑗0 ∙
)
(26)
1+𝑒 −𝛾𝑧
The disturbing torque ω has a sigmoid function form,
characterized by its decreasing slope constant γ. The
slope γ is chosen to give the best approximation of the
transmitted torque inside the dead zone defined within
The interval [−𝑗𝑜 , +𝑗𝑜 ] of Fig.6.

Parameters

Fig.7. diagnostic Algorithm
Value

System frequency

50 Hz

Rate power

Pn=180KW

Rotor diameter

D=23.2m

Rotor speed

Ω=42tr/min

Multiplier coefficient

23.75

Nbr of Blades

3

Air density

Ρ=1Kg/m3

turbine torque

JT=102,8Kgm2

Generator torque

JG=4,5Kgm2

Rigidity Coefficient

K12=2700Nm/rad

Damping Coefficient

B12=0.1Nms/rad

Nb of Pairs

P=3

stator resistance

Rs=0.0092Ω

rotor resistance

Rr=0.0061Ω

Stator escape inductance

Lls=186μH (Ls= Lls+ Lm)

Rotor escape Inductance

Llr=427μH (Lr= Llr+ Lm)

Magnetizing Inductance

Lm=6.7mH (Lsr= Lm)

Table I: Nominal Physical Parameters
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IV. RESULTS AND DISCUSSIONS
The nominal physical parameters of the wind turbine
model are given in table I. in order to show the advantage
of this proposed method, four different fault scenarios are
demonstrated in this paper. The simulation begins with
the backlash fault magnitude at different level (j=0.01,
1.2, 0.4, 0.8 and 1.3 rad). The level at j=0.01rad presents
the normal operating mode Fig. 8(a) show the temporal
Electromagnetic Torque Error Evolution. According to
this figure (Fig. 8(a)), several successive sharp variation
values of Electromagnetic Torque Error are clearly
observed. The magnitude of this variation is proportional
with the backlash fault level. The same observations (Fig.
9(a) and 10(a)) are valuable on the low and high-speed
rotation. Furthermore, the fig. 8(b), 9(b) & 10(b) show
successive sharp variation of LSE at the different fault
levels. It is clearly that the magnitude of the LSE is
proportional to the backlash fault levels. However, the
simulation results show that we can establish a threshold
limit to separate between a safe operational mode and a
defective one.

Fig.10. Omega 2 Error Evolution (a): temporal evolution and (b): LSE
evolution

V.

Conclusion

This paper presented a novel technique for fault
analysis and diagnosis of the Backlash Fault in Wind
Turbine By using a level Spectral Energy. The LSE is
computed at a residual error between a safe operational
mode and a defective one. The residuals vectors technique
is used to detect the presence of this fault. The results
simulation confirm the benefit of bond graph approach to
modelling physical systems and provide an acceptable
accuracy in fault detection and estimation of the backlash.
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Abstract – The work presented in this paper concerns, the quality of energy negated with wind power
system, we were interested initially to impact of the choice of the type of PWM control of the converters on
the output quality of energy and we were interested to the feeding and controls of doubly fed induction
generator (DFIG) and the contribution which it will be able to carry its application in a wind chain
conversion. The modeling of DFIG was presented, thus we applied the vector control in active and reactive
generator power. Then we are interested in cascades based on a DFIG and back-to-back converter. The
results obtained with simulation allowed the performance evaluation of the application of the asynchronous
machine double power supply in the wind field.
.

Keywords: Quality of energy, Wind energy, doubly fed induction generator, Buck to buck
converter. Pulse width modulation PWM

I. Introduction
The current energy context, characterized by the
impoverishment of the reserves of energy fossil, the
warming of planet partly due to the gas emission with
greenhouse effect and the concept of sustainable
development, causes the rise of alternative energy
solutions. To produce clean energy became a challenge
for everyone.
Among the solutions with this worldwide problem, it
there with energy production of the wind type. The
quality of the energy produced by the wind generators
and their impact on the electrical communication as well
as the output of the latter remains a concern major for this
type of renewable energy like for the other types of
renewable energies. The interest carried to the
asynchronous generator with double fuel supply (GADA)
does not cease growing especially in the field of
renewable energies. Indeed, in the wind field, the GADA
presents many advantages: the converter related to the
rotor reinforcement is dimensioned with the third of the
rated power of the rotor, the fact of using a space vector
PWM with an optimization of commutation in the
semiconductors reduces to us of half the losses by
commutation, for the same spectrum. The use of the static
converters in the installations of conversion of electrical
energy takes part to deteriorate the quality of the current
and the tension of the distribution networks because of
the harmonics which they generate. Indeed, these systems

consume non sinusoidal currents, the article presents a
synthesis of the techniques of modulation of width of
impulse (PWM), classified as a solution of this problem,
applied to the converters of the chain rotor made up of
two converters of power, one functioning like of rectifier
with unit power-factor and the other like of inverter.
Two techniques of PWM are studied in this work, sinustriangle PWM, space vector (SVPWM).

Fig. 1. Structure of the overall wind power system.
The converter being not on the main path of the
power flow, it is designed in the vicinity of 30% to
recover a 30% of stator power while working in
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generating mode [3]. Connected to the rotor power
converter is used for the management of active and
reactive power of the machine.
The control of the rotor voltages can influence the
magnetic field inside so the machine may operate in
either motor or generator modes, in both hypo- and
hyper-synchronous zones. The overall structure of wind
power generation system is shown in Figure 1.
This configuration makes it possible to impose on the
load (network) currents displaying a low harmonic
distortion and thus results in producing an energy of
better quality.

To study the impact of the PWM on power quality
and performance, we compared the Space Vector PWM
with PWM sinus triangle.

a.

Principle of sinus-triangle modulation

Figure 3 shows the model of a single-phase inverter with
a midpoint grounded continuous side that acts as a
capacitive divider. Figure 4 illustrates the principle of the
sine-triangle pulse width modulating.

II. Rotor chain model
Figure 4.1 represents the rotor chain (rectifier inverter) used in our work.

The inverter output voltages are determined as follows:
- When: Vref > Vtri, VA0= Vdc /2;
- When : Vref < Vtri VA0= -Vdc /2.
Sinus-triangle PWM is Characterized by:
- Index of modulation, m= fs / f1 ,
fs: est la fréquence de la porteuse (Vtri).
f1: est la fréquence de la tension de référence (Vréf).
Fig. 2. Chain rotor : Rectifier-Inverter « back to back »

-

The static converter connected to the rotor of the
machine (inverter structure) is used for the management
of the active and reactive powers of the machine. The
role of the static converter connected to the network
(rectifier structure) is used to regulate the tension of the
continuous link while ensuring a unit power-factor of the
AC side.

II.1 Inverter
The basic structure of such a three-phase PWM
inverter is shown in figure 2. The connection between the
DC side and the AC side via the switches is given by the
function (2) and (3). These switches are complementary
[9,10], their state is defined by the following function:

, =1,2,3

Voltage ajustement coefficient

=

(VA0)1 is the fundamental of VA0

b. Prínciple of the SVPWM
This space vector PWM is not based on the separated
calculations for each arm of the inverter, but on the
determination of a total approximated vector of control
over one period of modulation Tm. This modulation is
used by the modern controls AC machines.
There are eight possible combinations of the six states
of open or closed switches. According to the two
equations (2) and (3), we can deduce the possible eight
control vectors [2,5].

(1)
(23)
(2)
(24)
(3)
Fig. 5. The eight vectors of command (V0 to V7)
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The six non-zero control vectors form a hexagon in
the (αβo) frame (figure 6). The angle between two
adjacent vectors is π/3. The two zero vectors (V0 et V7)
are at (coincide with) the origin and imposes a zero
voltage to the load. The vectors are referred to as the
eight space vectors, and are rated: V0, V1, V2, V3, V4, V5,
V6, V7. An appropriate switching between each two space
vectors can be applied to the output voltage in order to
get a desired reference voltage
in the (
) frame
[2,5,7].
𝑉2
(110) (1/3,1/ 3)

𝟑 𝑉0
(000)
𝑉7
𝟒 (111)

𝑉4
(011)
(2/3,0)

𝟓

(-1/3,-

𝑉5
(001)

1/ 3)

𝑽𝒓𝒆𝒇
𝛼

𝟏
𝟔

𝑉1
(100)
(2/3,0
)

Figure 2 represents the schematic diagram of a threephase rectifier of tension controlled with a PWM current
(hysteresis PWM). The control is carried out by
measuring the instantaneous currents of phase of such
kind so that they are sinusoidal currents which will be
considered as i_ref.
The amplitude of the reference current is calculated as
shown in the scheme:

𝜶

(1/3,𝑉5
1/ 3)
(101)

(6)

Fig. 6 Representation of eight voltage space vectors.
c.

PWM voltage rectifier is used in this work is
commanded convertor with sinusoidal absorption of
current. In this type of converter the constraint of control
will be thus to impose that Q (reactive power) and the
harmonics of currents absorbed by the inverter are null.
The main objective of these converters is to correct the
power factor of the AC side.

a. the power factor control strategy

𝜷
𝑉3
(010)
(1/3,1/ 3)

II.2 Rectifier with unit power factor

Study of the frequential spectrum

The rate of harmonic distortion and the power-factor
are employed respectively to quantify the harmonic
disturbances and the consumption of reactive power. Two
rates of harmonic distortion are distinguished:
- Rate of harmonic distortion of the current, noted
;
- Rate of harmonic distortion of the tension, noted
.

Where Gc is a PI corrector designed to get the
appropriate reference current [10]. e is the deference
between reference DC voltage
and actual DC
votltage
,
will be compared between the sine
function having the same source frequency and a desired
shift angle . The points earned will be synchronized
with line currents and form PWM signals to the
rectifier.
Figure 7 represents the technique of generation of the
hysteresis PWM.

(4)

: RMS of the row n harmonic of the load current.
: RMS of the fundamental of the load current.
only depends on the RMS of the load current.
However,
is function of the harmonic currents,
characteristic of the load, and the short-circuit impedance
imposed by the network:

(5)

Vc1: Is the effective value of vc1
Thus, more impedances
(n>1) are low, more the
distortion of the tension is low.
vc1 et vcn respectively, designate the voltage at the
connection point between the network and the load for
the fundamental frequency and harmonic of row n.

Fig.7 : Principle of generation of the hysteresis PWM
The value max which the frequency of this control can
reach is given by the following formula:
(7)
Where h: is the bandwidth of hysteresis.
The parameters of the PI corrector are defined as follows
[3,10]:
(
,
)
(8)
Kf is chosen so that the system behaves as a first order
system, Cdc is a capacity value of a capacitor of a DC side
served here as a filter.
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III. Mathematical model of GFIG and
wind turbine
The wind speed is obtained using the equation (9):
(9)
Mechanical power is calculated using the equation (10):

angular speed of rotor, Ps , Qs, Pr , Qr , are respectively
stator and rotor active and reactive powers, Vds , Vqs, Vdr ,
Vqr are respectively stator and rotor voltage components
in the dq frame, P Number of pair pole,Cr constant
torque, f Coefficient of friction, J overall inertia of the
turbine plant (turbine, mechanical gear, DFIG), Cem
electromagnetic torque, Ωem rotor mechanical speed.

IV. Vector control of DFIG

(10)
Where ρ is the density of air equal to 1.225 kgm -3 , R
is radius of turbine ,
speed of the wind,
the
power coefficient depends on the speed ratio and the
pitch angle β. The torque produced by the wind turbine
is then:
(11)
Whith

A vector control part is needed so that one of the dq
components have to be eliminated in order improves
output quality, but also to get a maximum desired power.
Both targets can be achieved by correctly designing PI
Controllers. By choosing a reference two-phase 'dq'
linked to the rotating field, and aligning the stator flux
vector
with the axis 'd',
;
.
The expression of the electromagnetic torque becomes:
=

called torque coefficient
(12)

In the dq frame linked to the rotating magnetic field
for DFIG we can have the following known equations:

(13)

(18)

Assuming that flux
is kept constant (which is
ensured by the presence of a stable network connected to
the stator [1]), the choice of this frame makes the
electromagnetic torque produced by the machine,
therefore the active power, only rotor q-axis-current
dependent. Neglecting the resistance of the stator winding
, fairly realistic assumption for machines of medium
and high power, equation (13) becomes:

(19)

(14)
The rotor flux is then written as follows:

(20)
(15)
With
that in (20) put in (19) we obtain a
steady state equations as :

According to the fundamental law of dynamics we can
write:

(21)

(16)
With the expression of the electromagnetic torque
a function of rotor current and stator flux:
=

(

as
The stator active and reactive powers are then:
(17)
(22)

Here Rs , Rr, are stator and rotor active resistances, Ls , Lr,
Lsr are respectively stator, rotor and mutual inductances,
ids , iqs, idr , iqr, are respectively stator and rotor currents
in the dq frame. ωs speed of stator magnetic field, ωr

Approximating
becomes:

by

,

expression
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(23)
To achieve these objectives PI correctors are used,
and the desired active and zero reactive powers to the
network is imposed in order to obtain both maximum
power and a unity power factor.
The overall desired (reference) turbine power is less than
this optimal and imposed as it is known by the efficiency
η of of the overall turbine plant.
(24)

Fig. 7.d Harmonic spectrum of the simple voltage Vab (V)

(25)
: The optimal mechanical power.
The gains of correctors Kp, Ki are calculated based on
the parameters of the machine and the response time
[1, 3].
(21)
Fig. 7.e Currents at the Output of converter
(22)

V.1 Simulation results with the SVPWM

spectre du courant à la sortie du convertisseur

V. Simulations results and Discussion

THD=0.020311
250
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200
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Fig. 7.f Harmonic spectrum of the Currents at the Output of
converter

V.2 Simulation results with the Sinustriangle PWM
Fig. 7.a Phase voltage Vab (V)

Fig. 8.a Phase voltage Vab (V)
Fig. 7.b harmonic spectrum of the phase voltage Vab (V)
Spectre harmonique de la tension vab

THD=0.76952
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Fig. 7.c Simple voltage Vab (V)

Fig. 8.b harmonic spectrum of the phase voltage Vab (V)
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V.3 Simulation results of the aero-generator
system

Fig. 8.c Simple voltage Vab (V)

Fig. 10. Stator active power (W)

Fig. 8.d Harmonic spectrum of the simple voltage Vab (V)

Fig. 11. Stator reactive power (VAR)

Fig. 8.e Currents at the Output of converter
Courants à la sortie du convertisseur ia, ib, ic (A)

THD=0.025156
200

Fig. 12. Rotor active power(W)

150
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300
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Fig. 8.f Harmonic spectrum of the Currents at the Output of converter
Simulation results are summarized in the following table:

Fig. 13. Rotor reactive power (VAR)

TABLE I
MODEL PARAMETERS

PWM
SV
PWM
sinus_triangle
PWM

Phase voltage Vab
amplitude THD
730 V
0.56042

Out put current ia
amplitude THD
249 A
0.0203

550 V

158 A

0.7695

0.0251

Fig. 14. Overall generator active power (W)
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voltage and current of the wind turbine. The phase shift
between these two quantities is clearly zero
this
means a good quality of generated energy and the
absence of distortion in the grid side.

VI. Conclusion

Fig. 15. Overall generator reactive power(VAR).

In this paper we have modeled and simulated different
parts of wind power plant. The combination of a back to
back converter with DFIG rotor allowed us to control the
flow of rotor power and keep a unity power factor. These
different results are given for operation in hyper
synchronous generator mode and got a good track to all
set references.
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Fig. 16. Rotor current(A) and voltage(V) (phase a

Fig. 17. Zoom of rotor current and voltage.
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Abstract – We present in this work the study of a photovoltaic system connected to the network. This system
was simulated in the Matlab/Simulink. Results of MPPT control, PWM control of a DC/AC converter, signal
filtering of harmonic of the inverter as well as synchronization with the network with a phase locked loop will
be presented. It will be particularly shown how the algorithm of power tracking adjusts the point of operation
for an optimal exploitation of the solar panel.

I. INTRODUCTION
World energy consumption increases unceasingly associated
with a reduction in the fossil energy resources. With the electric
opening on the energy markets and the state’s official
encouragement, the decentralized productions based on
renewable energies is developing in all countries. Among the
renewable sources, the photovoltaic and wind mills systems are
of great interests.
Our work is the study of the connection to the low voltage grid
to a DC / DC Boost type "booster chopper" that provides a DC
voltage. This converter has the advantage of being a step-up
which allows the system to adapt to weather changes and to
extract the maximum available power and another DC / AC
"inverter" transistors controlled by the PWM IGBT which
converts the DC voltage to an AC voltage. It also allows an
adaptation of the voltage at the connection to the low voltage
grid.
The modelling of the whole "PV generator, DC / DC chopper,
DC / AC and filters" is being tested and validated by simulation
with the use of Matlab / Simulink software.
II. PROBLEM OF CONNECTION OF THE
PHOTOVOLTAIC SYSTEMS TO THE NETWORK
The problems concerning the interconnection of the
photovoltaic system to the network are [2, 1]:
 The disconexion photovoltaic system if the
network presents a failure.
 Lightning protection.
 The quality of power provided to the
network.
 Effects of the multiple systems on part of the
network, in particular the unbalanced singlephase current.

III. DISTURBANCES OF THE ELECTRICAL
COMMUNICATIONS
Electrical energy is provided in the form of voltage
constituting a three-phase sinusoidal system whose
characteristic parameters are the following [2,1]:
 The frequency
 The amplitude of the three voltage
 The form of wave which must be closest
poib1e to a sinusoid
 The symmetry of the three-phase system
(equality of the three Voltages, their phase shift
and the order of succession of the phases).
IV. PHOTOVOLTAIC SYSTEM OFFERED
The system that we propose for the study and simulation is
schematized by the Figure (1).
In the figure (1) WE present our system protected by circuit
breakers which controlled by the commands A and B.
The command A orders circuit breakers 1,2 and 3. In the
normal state the load is fed by generator PV. this means that
circuit breakers 1,2 are closed and circuit breaker 3 is open.
If there is a problem in generator PV the order command opens
circuit breakers 1et 2 and close circuit breaker 3 thus the load is
fed by the network.
The command B is controlling circuit breaker4.If there is
problem in the network, it makes the opening of circuit
breaker 4.

B. DC BUS
The converter chopper, as booster, places the point of
operation of the photovoltaic generator at maximum point MPP,
thus it will increase the voltage of entry to the wished value.
This voltage will charge the condenser (C).
One uses the algorithm which to calculate the value of points:
maxima VPPM and IPPM according to the given illumination
which is equal 1000 W/m ² with a voltage of entry to the inverter
equalizes 500V, which corresponds to the value of the duty
cycle 0.45 component values used in this scheme.C1 =100  F
,

L1=5000  H , R1=0.005  , C2=12000  F ,
Ig

I0

IL
VL

Is

Ic1
C1

Ic2

S

C2

+
_
Fig.3 Scheme of DC BUS

Fig.1 Synoptic diagram of a photovoltaic system connected to the ordered
electrical communication

V.

PRESENTATION OF THE STRUCTURE OF THE
PHOTOVOLTAIC SYSTEM

The total model of a photovoltaic system presented by the
Figure (4) is composed of
A. generator GPV
The generator (PV) is made of 35 modules of the type
SPR-305-WHT-D from Sun-Power society [3] : 5 modules are
in series and 7 modules in parallels for provided power of
10.68 KW , voltage of 273.5V and current of 39.06A. Under
the conditions standards of temperature and illumination (Ta,
G)

C. DC/AC converters
The converters “Continuous-Alternate” are characterized
mainly by nature from the continuous stage and the number of
phases of the alternative source. If the continuous BUS is seen
as being a power source, the associated converters continuousalternate are inverters of current. If the continuous stage is seen
as being a source of voltage, the associated converters
continuous-alternate are inverters of voltage.
often, one uses two or three phases. These converters DC/AC
are direct converters, they are made up only of semiconductor
switches, and the nature of the continuous source imposes the
nature of the AC source: The switches of the current are
connected to a source of alternating voltage (Figure (4)) : The
inverters of voltage are connected to an AC power source
(Figure (5)). [5]

Fig.4 Inverter of current

Fig.2 Diagram of photovoltaic simulation of field

Fig.5 Inverter of voltage

D. Filters
The filter L, Figure (6), eliminates the harmonics, resulted
from switching process, almost perfectly and its behaviour is
almost ideal at no charge regime (null output current) with
signals of frequencies close to the fundamental frequency [4].
To be able to connect the inverter of voltage in parallel with the
network and to make its behaviour similar to a power source, it
is necessary to use a filter with an inductive nature (L or LCL).
The filter of the type (L) makes it possible to decrease the
harmonics around the frequency of commutation [3]. To obtain
that, the value of this inductance must be relatively high

V0
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in the figure (7) It is noticed that the current of
generator PV takes a jump it settled after a time of 0.5s to the
desired value (39.06 A). in the figure (8) the voltage of
GPV also takes a change so that it is settled with the desired
value (273.5V).
In figure (9), one notices that the power of generator
PV is equal to nominal output 10.68 kw. This maximum power
is ensured by MPPT algorithm.
also, we notice in figures (9 and 10) that the chopper
functions in booster mode because the voltage of entry of the
inverter is higher than that of PV, with duty cycle ratio
α = 0 .45 which corresponds to the Vdc value equals to
Vdc réf=500V.

I

L
DC

Vg

Vdc

VR

˜

AC

Fig.6 Inverter of voltage with filter L.
Such as: RL = 0.0022 Ω et L=0.0025 H.

600

E. connection AC side to the load
1. The load
We chose a balanced (RL) load on the alternate side. Such as:
R= 20 Ω et L= 0.02 H
2. The Electrical network
we present the electrical network of public supply of
amplitude V network =220 V, frequency f=50 Hz and report
X/L=7
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Fig.8 voltage on the terminal generator pv
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Fig .14 simple filtered voltage
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Fig.15 filtered alternative course (after inverter)
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Fig.22 active power injected with network BT
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According to the figures (11 and 12), one notices that
the maximum value of the line voltage is equal to that of the
continuous input (DC) voltage as well as the form of the
simple voltage and the voltage made up is cut out.
One also noticed in the figures (13, 14 and 15) the
voltage, the simple voltage and the output current using filter
have all a sinusoidal form of frequency 50 Hz with the
maximum values (380 V, 220 V, 33.8 A respectively).
The simple voltage of network and load are presented
on figures (18, 19) have a sinusoidal form of frequency 50
Hz with the same maximum value.
According to the figure (19) we show that our
output voltage is sinusoidal and its frequency is of 50 Hz,
amplitude of 220 V and a phase shift between the three signals
is of 3π/2
According to the figures (20, 21 and 22) the power of
network is lower compared to the power of generator PV
because this last supply a load.
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400

The following table summarizes the maximum values of
the results of simulation
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Fig.19 the simple voltage of exit of the filter

Vpv = 275.28V
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Fig.20 active power output by generator PV (filtered)

Vf-simple=220V

4000

Vf-line= 380V
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3000

IF = 34 A
2000

PF = 10.55 KW
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Fig. 21 Active power consumed by the load (inductive)

Vch-simple= 220V

Vch-line= 380V

Pch= 3.08 KW
Table .1 Assessment of power for system PV and Network BT
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VII.TRACKING TEST OF THE MAXIMUM POWER
POINT
With an aim of testing the of the maximum power
tracking ensured by the MPPT during the change of the climatic
conditions, we chose an (reference values) of sunning
(illumination) in parabolic form which varies from 500 W/m2
to 800 W/m2 within period of 1.8 s, then it remains constant for
the rest of the time of simulation.
The choice of the parabolic form and not a level
approaches the reality of the sunning phenomenon better. In
practice, the variations of sunning are done rather in a gradual
way and not in the form of levels. [5].
The results of simulation of the photovoltaic system
with MPPT, while using (reference values) sunning that
referred on the Figure (23) are shown below are
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Fig. 25 Power output by the generator

According to the figure (24) one notices that the
terminal voltage of generator PV using an MPPT is stable.
According to figure (25) the current takes the same
form of irradiation that’s because the current is proportional to
the change of irradiation.
In figure (26) the power varied with the same shape of
the current (Ppv=Vpv*Ipv) and the same form of the variation of
irradiation.
According to the Figure (27 and 28) one notices that
the power consumption by the load and that injected in the
network remains almost stable.
VIII.CONCLUSIONS
In this work, we model and simulate all the equipment
representing the photovoltaic system, connected to the low
voltage grid, such as the PV generator, the booster chopper,
the inverter and the load. Also, the configuration and structure
of a PV system connected to the low voltage grid are
presented.
Subsequently, we conducted a test of strength "tracking the
change in sunlight" when we found that regardless of the
situation, the MPPT will operate the solar generator at its
maximum power.
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Abstract – In this article, we present monitoring and control under LabVIEW for a photovoltaic
water pumping test bench (PVWPTB) installed at Centre de Développement des Energies
Renouvelables (CDER), Algiers, Algeria. The first part of this work deals with the electronic
instrumentation, which includes the wiring, measure and calibration of sensors and control of the
actuators performed by Agilent 34970A, the second part is dedicated to the program development
under LabVIEW environment and design a convivial graphical user-interface to retrieve data
measured by sensors and control the valves mounted on the PVWPTB. The software platform
designed has served as a system of monitoring and control for a PVWPTB automatically with
multiple scenarios. All data obtained from the user-interface were recorded and archived in a
database.

Keywords: Photovoltaic pumping, Instrumentation, Programming, Monitoring, Control, Test
bench,

I.

Introduction

Algeria has many isolated areas characterized by low
rates of population in cores dispersed; suffering from
water supply problems for consumption and irrigation.
The photovoltaic (PV) pumping systems [1] present the
ideal solution for these problems [2-4]. The main problem
is to know the operation of the pump which is powered by
a photovoltaic generator.
For this, it is suggested to install and commissioning a
pilot system, this is what we call a PV pumping system
test bench. That bench should be equipped with different
sensors for each variable (such as irradiation, temperature,
pressure, flow, water level, voltage and current) to better
represent operating status and performances [5-9] of PV
pumping system in real time, it will:
• Test and evaluate photovoltaic pumping systems.
• Realize a database for the motor-pump system.
• Select the best pump for each application.
• Modeling photovoltaic pumping systems (PV
module, inverter, pump-motor) [10-13].
Many data acquisition systems have been developed in
order to collect and process such data, as well as monitor
the performance of renewable energy systems under
operation in order to evaluate their performance [14-20].
Data acquisition with the PC uses a combination with
modular hardware and flexible software (LabVIEW or
other programming environment) to turn the PC into a
monitoring system under user-friendly graphical interface
[21-25], and provide the most flexibility, customization,
and integration [26].

II.

Description of PV Pumping Test bench

The experimental test bench (Fig.1) wad made of
stainless steel and is easily removable. We distinguish the
following parts:
 Water-Well
 Water-air tank
 Pump system LORENTZ PS150C (pump, pump motor
and a controller)
 Repression branch between water-well and water-tank
 Discharge branch which includes the tank return to
well
 Air compressor 15 bar
 Sensors and transducers
 Pneumatic Valves and manual valves
 Control and display panel
 Connection cabinet for external measurements with
additional instrumentation
 The PV array is composed of 30 modules A-75, for a
total output power 2.2 kWp.
 Programmable DC power supply 3kW
 Agilent 34970A Data Acquisition / Switch Unit (Data
Logger) for measure and control
 PC with LabVIEW software.
The management of the tank pressure applied to the
pump, allows us to simulate the heights pumping in the
water-well (2m) going from 0m to 120m, and 0-30 m3/h
for the water flow pump. The pump inside water-well use
as power supply photovoltaic array 0 to 2.2 kW or
programmable DC Power supply 0 to 3kW.
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o
o
o
o
o
o

Sensors.
Actuators.
Agilent 34970A Data Acquisition / Switch Unit
Agilent 34902A 16 Channel Multiplexer
Agilent 34903A 20 Channel Actuator/GP Switch
PC & GPIB-USB cable

The figure 2 represents the system control and data
acquisition remotely using both Agilent 34970A and
LabVIEW under windows.

Fig. 1. PV Water Pumping Test bench picture

III.

Instrumentation of PV Pumping
Test bench

The Indispensable elements forming our system of
electronic instrumentation are as follows:

Fig. 2. Remote control & data acquisition under LabVIEW
In Figure 3 is illustrated the description for a PVWPTB
and location of sensors and Actuators on our system

Fig. 3. Photovoltaic water pumping test bench description synoptic scheme
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III.1. Sensors
TABLE 1.

LIST AND CHARACTERISTICS OF SENSORS USED IN PV
PUMPING TEST BENCH [27].

Sensors Channels
N°
N°
34901

Measured
quantities

Sensors type
[27]

IMT industrie
messtechnik
3276.69/76.001

Output
Signal

converted directly into a voltage using precision resistor
250 Ω.
The measurement of different quantities (table1)
characterizing our test bench is performed by an Agilent
34901A module 20 Channel Multiplexer, these measures
require a good calibration using the information given by
the manufacturer of each sensor or transducer

S1

101

Pressure 0-10m

S2

102

Pressure 0-160m

S3

103

S4

104

Tank pressure 0160m
Tank Height

S5

105

well Height

TecfluidLE70/TR420
Pressure sensors

S6

106

DC Voltage

Voltage divider

0-5V

S8

108

AC Voltage

IV. Developed Program Under LabVIEW

S7

107

DC Current

Hall effect
Closed loop

0-1V

S9
S10

109
110

S11

111

The data acquisition with PC uses a combination with
modular hardware and flexible software to turn the PC to
a system of supervision defined by the user.
This part is based on a software application called
LabVIEW [29] that will allow us to recover the data
measured by the sensors and control the actuators.

S12

112

S13

113

S14

114

4-20mA

AC Current
Water flow
Contecesa
4-20mA
diameter Ø50mm
TC50/TC32
Water flow
diameter Ø32mm
Irradiance on the Reference cell
0-65mV
inclined plane 36 °
(Atersa)
PV module
Termocouple (k) (-1)- 5mV
temperature
Ambient
temprerature

III.2. Actuators
Actuators in this system are pneumatic valves see the
following table:
TABLE 2.
N°
valves
V1
V2
V3
V4
V5

LIST AND DESCRIPTION OF PNEUMATIC VALVES USED IN
PVWPTB.
N°
Channel
Description
34903
201
Pneumatic valve 50mm diameter for branch
repression 50 mm
202
Pneumatic valve 32mm diameter for branch
repression 32 mm
203
pneumatic valve 50 mm diameter of the discharge
branch
204
regulation valve air intake inside water-air tank
205
regulation valve air exhaust inside water-air tank

(V6, V7, V8, V9) are manual valves not controllable
III.3. Measure and control with Agilent 34970A
1) Agilent 34970A Data Acquisition / Switch Unit
The Agilent 34970A Data Acquisition / Switch Unit
shown in (Figure 2) combines the advantages of
measurement and control functions, with accuracy and
multiple options for connecting signals for the systems
testing and development [28].
A signal at the input of the Datalogger must pass
through different blocks before being displayed in the
front panel.
2) Measure by Agilent 34902A
Before wiring sensors to Datalogger, signals at the
output sensors with the 4-20 mA analog loop will be

3) Control by Agilent 34903A
Likewise, we can control the actuators (table 2)
installed in the system, using an Agilent module 34903A
20 Channel Actuator [28].

IV.1. Data Acquisition program
The data acquisition program has been optimized
several times for ensure communication with data logger
Agilent 34970A, and retrieving data measured through
data acquisition module 34901A, the program is organized
following the steps below.
 Communication with instrument & Initialization
 Channel configuration for measurement using SCPI
instruction
 Scan & Read all data measurement
 Decide & convert the character string
 Calibration and display
IV.2. Control program
The SPDT relay inside 34903 control module are
controlled remotely via a LabVIEW program (Figure 4)
which runs following these steps:
 Building 20 virtual channels
 Identify channels control with Boolean values (0 or 1)
 Actuate the relay in position (open or closed) which
corresponds to the ordered channels.
 The actuator control is automatically applied under
conditions (true1 close) or (false0open).
IV.3. Additional program
The additional program is implemented in the main
program (Figure 4), it contains the following subprograms for:
 Creation of the waveform and timing
 Save all measured data in an excel file.
 Export images in real time waveform with a format
.BMP.
 Automatic control for valves, which depends on the
measures.
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Fig. 4. Sample of Graphical program_ Monitoring and Control of a PVWPTB under LabVIEW

V.
V.1.





Creating a friendly and extensible interface.
Communication through either GPIB or RS 232.
Sampling frequency chosen by the user.
Digital indicators for measured quantities.
V.2.

Results
Functionality





Daily wave chart in real-time for measured quantities
Remote and auto-control for pneumatic valves.
Recording data in an Excel file.
Compatible interface. Exe extension.

Results presentation

Fig. 5. User-interface designed_configuration & system description tab.
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Fig. 6. User-interface _Indicators tab
In this test the pump Lorentz PS150C is powered by six (6) PV modules ATERSA 75w (2s * 3p) installed since
2001, for the test results, as examples here are following figures.

Fig. 7. Waveform_Irradiance

Fig. 9. Waveform_Pressure controlled remotely

Fig. 8. Waveform_ given power by PV Module

Fig. 10. Waveform_ pump flow rate for present test
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V.3.

Discussion

From the results obtained, we note that
 The acquired measurements by different sensors in the
test bench are really the expected results.
 The data acquisition of sensors and the control of
pneumatic valves remotely in real time using the
graphical interface under LabVIEW, is user-friendly
and straightforward.
 The proportionality of the following quantities
successively irradiance, current and power with the
flow rate of the pump.
 The pumping flow rate is proportional to the
manometric pressure.

[6]

[7]

[8]

[9]

[10]
[11]

VI. Conclusion

[12]

This work performed under LabVIEW allowed us to:
 Monitor in real time all quantities measured by sensors
installed in the PV system.
 Control the actuators mounted on test bench by one
click on user interface or using automatic mode
 Regulate manometric pressure inside water-air tank
allows to simulate the TMH of the pump
 Test any pump with power less than 3kW from 0 to
120 m
Thereafter all measured data are stored in a database.
The use of the interface developed in LabVIEW is
stretchy for:
 Performances analysis for PV pumping system
 Add the models for each component’s
Electromechanical modeling of motor-pump system
Integration of intelligent algorithms.

[13]
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Abstract—In this paper type1 and type2 fuzzy logic control
(T1FLC and T2FLC) for doubly fed induction generator (DFIG)
based on direct power control (DPC) with a fixed switching
frequency is proposed for wind generation application. First, a
mathematical model of the doubly-fed induction generator
written in an appropriate d-q reference frame is established to
investigate simulations. In order to control the DFIG, active and
reactive power controllers and space-vector modulation (SVM)
are combined to replace the hysteresis controllers used in the
original DPC drive, a control law is synthesized using PID
controllers. The performance of Fuzzy Logic (type-1 and type-2)
which is based on the DPC algorithm are investigated and
replaced instead to the PID controllers. Results obtained using
environment show that the type-1 and
Type-2 fuzzy logic controller are robust, superior dynamic
performance and hence found to be a suitable replacement of the
conventional controller for the high performance drive
applications.
Keywords—Wind energy conversion system (WECS), Doubly
fed induction generetor (DFIG), Direct power control (DPC),
Space vector modulation (SVM), Type1 fuzzy logic control
(T1FLC), Type2 fuzzy logic control (T2FLC), Maximum power
point tracking (MPPT).

I.

INTRODUCTION

The development of wind energy has grown significantly
due to the diversity of exploitable areas and to the relatively
attractive costs. Many of the wind turbines installed today
are equipped with double fed induction machine (DFIG).
However, most of these machines are connected directly to the
network to avoid the presence of a converter. This direct
connection speed operation requires a fixed and therefore
limited effectiveness for high wind speeds. The doubly fed
induction generator (DFIG), although it has a less robust
wound rotor and sliding contacts, is used to allow a
variable-speed operation of ± 30% around the synchronous
speed [1-2].
A DFIG consists of a wound rotor induction generator
(WRIG) with the stator windings directly connected to a threephase power grid and with the rotor windings mounted to a
bidirectional back-to-back IGBT frequency converter. A
schematic diagram of variable speed wind turbine system with

a DFIG is shown in Fig. 1. Control strategies of DFIG have
been discussed in literatures [3-5].Control of DFIG through the
Field Oriented Control (FOC) which is performed by rotor
currents control has been developed in [6]. FOC method
depends on parameters variation and its power dynamics can be
influenced by these variations. Although, DFIG control using
Input-Output Feedback Linearization method can operate
below and above synchronous speed, but complication of
control method and dependence on parameters are its
disadvantages.
Direct power control (DPC) strategy, as an alternative, has
been introduced to the DFIG based wind power generation, the
basic theory of DPC has been described in detail in [7], same as
the well-known direct torque control strategy, the basic DPC
has the demerits of large torque and current ripple and variable
switching frequency, a space vector modulation based constant
switching frequency DPC method is proposed in [8] to solve
the previous problems, and some compensation method is
proposed as well to improve the system performance. Further,
three improved DPC methods, with different control targets, for
DFIG control system have been discussed and implemented in
[9], it shows that these three strategies can be used to regulate
the active and reactive powers independently under both
normal and grid voltage-dip conditions with different steady
state and dynamic performance.
Fuzzy logic controller is considered designing proper
control technique for controlling rotor currents of DFIG.
In [10] the author has presented a model reference adaptive
system (MRAS) speed estimator for speed sensorless direct
torque and flux control (DTFC) of an induction motor (IMD),
has proposed tow topologies based in Type-1fuzzy logic
controller (T1FLC) and Type-2 fuzzy logic controller (T2FLC)
to achieve high performance sensorless drive in both transient
as steady state conditions. In [11] a statistic study has
proposed, which based on applications of fuzzy logic in
renewable energy systems between 1994 until 2014. We
remark that the wind energy had the big importance in these
researches using neuro fuzzy, fuzzy particle swarm
optimization, fuzzy genetic algorithms in simulation and
experimental. This study has been represented in details.
In this paper, T1FLC and T2FLC are used for adjusting
rotor direct and transversal currents of DFIG.
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Fig. 1 Schematic diagram of wind turbine system with DFIG.

The maximum value of
(
) is achieved for
degree and for
. This point corresponds
at the maximum power point tracking (MPPT) [13].
X: 8.098
Y: 0.4785

Power coefficient

This paper is organized as follows; firstly the modeling of
the turbine is presented in section II. In section III, the
mathematical model of DFIG is given. Section IV presents
Direct Power Control of DFIG which is based on the
orientation of the stator flux vector along the axis ‘d’. The
model of type1 and type2 fuzzy logic control is established to
control the rotor currents after being compared by
conventional regulators PID are represented in section V
section VI respectively. In section VII, computer simulation
results are shown and discussed. Finally, the reported work is
concluded.
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Fig.2 Aerodynamic power coefficient variation Cp

II.

In our work we use the wind profile, as shown in Fig.3:

MODEL OF THE TURBINE

(1)
Where is air density;
is wind turbine blades swept area
in the wind; is wind speed.

Wind speed.

The wind turbine input power usually is:

The output mechanical power of wind turbine is:

10
8
0

(2)

(3)
Where R is blade radius, Ωt is angular speed of the turbine. Cp
can be described as [10-11]:
(

(
(

) (

))
)
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(

)
(

)

]
(4)
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Fig.3 Wind profile (Wind Speed).
Power coefficient

Where Cp represents the wind turbine power conversion
efficiency. It is a function of the tip speed ratio λ and the blade
pitch angle β in a pitch-controlled wind turbine. λ is defined as
the ratio of the tip speed of the turbine blades to wind
speed. is given by:

Wind speed (m/sec)

12

0.5
Cp

0.4
0.3
0.2
0.1
0

0.2

0.4

Time (Seconds).

0.6

0.8

Fig.4 Power coefficient (Cp).

After the simulation of the wind turbine using this wind
profile, we test the robustness of our MPPT algorithm, we have
as results the curve of power coefficient
versus time; this
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latter achieved the maximum value mentioned in Fig.2
(
) despite the variation of the wind [13].

III.

MATHEMATICAL MODEL OF DFIG

The generator chosen for the conversion of wind energy is
a double-fed induction generator, DFIG modeling described in
the two-phase reference (Park). The general electrical state
model of the induction machine obtained using Park
transformation is given by the following equations, [12]:

(

)

(

)

.

In this section, the DFIG model can be described by the
following state equations in the synchronous reference frame
whose axis d is aligned with the stator flux vector (
)
and (
) [7].
By neglecting resistances of the stator phases the stator
voltage will be expressed by:
(17)

(6)
(7)

(18)

(5)

.

DIRECT POWER CONTROL OF DFIG

We lead to an uncoupled power control; where, the
transversal component irq of the rotor current controls the
active power. The reactive power is imposed by the direct
component ird as in shown in Fig. 6:

Stator and rotor voltages:
.

IV.

(8)

.

Stator and rotor fluxes:
(9)
(10)
(11)
(12)
The electromagnetic torque is given by:
(
)

(19)
The arrangement of the equations gives the expressions of
the voltages according to the rotor currents:
(
)
(
)
(20)
(

)

(

)

(21)
(13)

(22)

And its associated motion equation is:

(

(14)

)

(23)

with:

(15)

(24)

where:
is the load torque is total inertia in DFIG’s rotor, Ω
is mechanical speed and G is gain of gear box.
The voltage vectors, produced by a three-phase PWM
inverter, divide the space vector plane into six sectors, as
shown in Fig.5 [13].
β
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-
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g*ωs*(Lr - (Lm^2/Ls))

Vαβ
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V1 (100)

Vrd

α

V0 (000)
V7 (111)

-

⃗⃗⃗

ird

Lm*Vs
Ls

+
+-

Qs

-

Fig. 6 The doubly fed induction generator simplified model.

In every sector, each voltage vector is synthesized by the
basic space voltage vector of the 2 sides of the sector and 1
zero vector. For example, in the first sector, Vaβ is a synthesized
voltage space vector and is expressed by:
⃗⃗⃗

1
Rr +p*(Lr-Lm^2/Ls)

where:

V6 (101)

Fig.5 The diagram of voltage space vectors in α-β plan.

⃗

+
+-

Ls*ωs

(16)

are stator flux components,
are rotor flux
components,
are stator voltage components,
are
rotor voltage components.
are stator and rotor
resistances,
are stator and rotor inductances,
is
mutual inductance, is leakage factor, is number of pole
pairs, is the stator pulsation,
is the rotor pulsation, is
the friction coefficient,
and are stator and rotor timeconstant, and is the slip.

International Conference on Technological Advances in Electrical Engineering (ICTAEE’16.), October 2016
V.

DESIGN OF TYPE1 FUZZY LOGIC CONTROL

The type1 fuzzy controller utilized in this paper has two
inputs and one output. The membership functions are defined
in Fig.7 (Fig.7.a) and (Fig.7.b). The type1 fuzzy rule base
includes of a collection of linguistic rules of the form [10].
Rule 1: if
is NB1, and
is NB1 then
is NB1.
Rule 2: if
is NM1, and
is NB1 then
is NB1.
Rule 3: if
is NS1, and
is NG1 then
is NS1.

These inferences can be made in a more explain as shown
in table.1 [10]. The equivalent scheme of type1 fuzzy logic
control (T1FLC) for adjusting rotor currents of DPC in this
work is shown in Fig.8.
The proposed DPC of a DFIG based on T1FLC is shown in
Fig.9.
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Fig.9 The proposed DPC of a DFIG based on T1FLC
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DESIGN TYPE2 FUZZY LOGIC CONTROL

The type2 fuzzy controller used in this work has two inputs
and one output. The membership functions are defined in fig.
10 (Fig.10 a) and (Fig.10 b). The fuzzy rule base consists of a
collection of linguistic rules of the form [11].
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(Fig.7 a) Inputs membership functions.
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Fig.8 The Simulink scheme of type1 fuzzy logic control for rotor currents.
TABLE.1. TYPE1 FUZZY INFERENCE TABLE.
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Fig.10 Membership
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These inferences can be made in a more explain as shown in
table.2 [11].
TABLE.2. TYPE2 FUZZY INFERENCE TABLE.
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The equivalent scheme of type2 fuzzy logic control (T2FLC)
for adjusting rotor currents of DPC in this work is shown in
Fig.11.
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1

Fig.11The Simulink scheme of type2 fuzzy logic control for rotor currents.
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Fig.15 Stator active power Ps.
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Fig.16 Stator reactive power QS.

The proposed DPC of a DFIG based on T2FLC is shown in
fig.12.
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Fig.12 The proposed DPC of a DFIG based on T2FLC

VII.

The DFIG used in this work is a 4 kW whose nominal
parameters are indicated in Table 4. And the wind turbine is a
10kW whose parameters are indicated in Table 5.

meas T1FLC (+100%J, +100%Rr, -25%(Ls,Lr,Lm) ).
meas T1FLC (+100%Rr, -25%(Ls,Lr,Lm) ).
meas T1FLC.
ref (W).

-2000

Fig.13 and Fig.15 represent the stator active powers and its
reference profiles using SVM for proposed control using
T1FLC and T2FLC respectively; with MPPT strategy. We
remark that the stator active power follows exactly its
reference for the both proposed controls (Test1-blue color).
After a robustness test (Test 2-brown color), the stator active
power follows its reference, but we note that there are a small
power error in proposed control based T2FLC, and neglected
in T1FLC. After adding 100% of the moment inertia J, there
are more disruptions (Test3-green color) just for proposed
control based on T2FLC.
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Fig. 13 Stator active power Ps.
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Fig.14 and Fig.16 show the stator reactive powers and its
reference profiles using SVM for proposed control using
T1FLC and T2FLC respectively; with MPPT strategy. We
remark the stator reactive power follows exactly its reference
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for the both proposed controls (Test1-blue color). By using
robustness test (Test2-brown color) and (Test 3-green color),
we remark more undulations especially in proposed control
based on T2FLC between 0.3 sec until 0.5 sec, and remarkable
power error for proposed control based on T1FLC between 0.5
and 0.7 sec.
The overshoot existence, the THD of stator current and
rotor current and the value of active and reactive power errors
are mentioned in Table3.

IX.
[1]
[2]
[3]

[4]
TABLE.3. RESULT’S RECAPITULATION.

Overshoot
Stator Current’s THD
Rotor Current’s THD
Power’s error

Proposed control
based on T1FLC
Little.
1.21%.
3.21%.
+/- 130 (W_VAR).

Proposed control
based on T2FLC
Little.
1.14%.
13.77%.
+/- 120 (W_VAR).

[5]
[6]
[7]

APPENDIX
[8]
TABLE.4. PARAMETERS OF THE DFIG.
Rated Power:
Stator Resistance:
Rotor Resistance:
Stator Inductance:
Rotor Inductance:
Mutual Inductance:
Rated Voltage:
Number of Pole pairs:
Rated Speed:
Friction Coefficient:
The moment of inertia
Slip:

4 kWatts
Rs = 1.2 Ω
Rr = 1.8 Ω
Ls = 0.1554 H.
Lr = 0.1558 H.
Lm = 0.15 H.
Vs = 220/380 V
P= 2
N=1440 rpm
fDFIG=0.00 N.m/sec
J=0.2 kg.m2
g=-0.04

[9]
[10]

[11]

[12]

TABLE.5. PARAMETERS OF THE TURBINE.
Rated Power:
Number of Pole pairs:
Blade diameter
Gain:
The moment of inertia
Friction coefficient
Air density:

VIII.

10 kWatts
P= 3
R= 3m
G=3.9
Jt=0.00065 kg.m2
ft=0.017 N.m/sec
ρ=1.22 Kg/m3

CONCLUSION

In this paper fuzzy logic control for doubly fed induction
generator (DFIG) based on direct power control with a fixed
switching frequency has been proposed for wind generation
application. Direct power control via SVM strategy has been
achieved by adjusting active and reactive powers and rotor
currents. The performances of type-1 fuzzy logic control
which is based on the DPC algorithm has been investigated
and compared to those obtained from the type-2 fuzzy Logic
control for power control. The results obtained by the
validation plat form using the
, have shown
that theT1FLC and T2FLC has high efficiency, low error, very
short response time, high dynamics for wind generation.

[13]
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PWM & MPPT solar controller’s impacts on production rate of
photovoltaic cells
A. SAAD1, A. BOUATTA1 and R. BENHAGOUGA1
Abstract – The aim of this experimental work is to compare the impact of two types of solar
controllers (PWM and MPPT) on power production rate of four photovoltaic cell manufacturing
technologies: monocrystalline silicon, polycrystalline silicon, amorphous silicon and CIGS (Copper
Indium Gallium Selenide). The results show that the MPPT does not optimize the production of
amorphous silicon cells and CIGS, by cons, satisfactory production rate obtained by the MPPT cells
with mono and polycrystalline silicon.

Keywords: PWM, MPPT, solar controller, solar arrays, CIGS.
1. University of Science and Technology Houari Boumediene, USTHB,
FEI, LSEI. Algiers, Algeria

I.

Introduction

Solar is the first energy source in the world, solar
energy is an important alternative to the growing
consumption of energy in the world. His daily amount
reaching the surface of the earth is ten times larger than
the total energy consumed by all peoples in the planet for
a year [1].
The photovoltaic panels are not all made and
manufactured in the same way. The variety of solar power
technologies available run on a scale of efficiency, price,
durability and flexibility.There are about ten solar panel
technologies, but the most common [2] are:
monocrystalline
silicon,
polycrystalline
silicon,
amorphous silicon and CIGS (Copper, Indium, Gallium
Selenide). Compared to the other technologies above,
CIGS solar cells have showed the most potential in terms
of efficiency and cost. Commercial production of flexible
CIGS solar panels was started in Germany in 2011[3]
All stand-alone photovoltaic system must manage his
power generation, storage and distribution. It therefore
focuses on four components: photovoltaic panel, battery,
charge controller and the inverter.
Charge controllers are needed to improve the efficiency
of the PV systems and to protect the storage batteries. The
main function of charge controller in PV systems is to
charge the battery without permitting over charge and
deep discharge. An intelligent charge controller has been
designed to prolonging battery life.[4]
PWM and MPPT are the two different types of charging
methods solar charge controllers can use to charge
batteries from a solar array/panel. Both technologies are

widely used in the off-grid solar industry and are both
great options for efficiently charging the battery. The
decision to use PWM or MPPT regulation is not based
only on which power charging method is “better” than the
other is. Moreover, it involves determining which type of
controller will work best in the system’s design.
Traditional solar regulators featuring PWM (pulse width
modulation) charging operate by connecting the solar
array directly to the battery bank. When the array is
connected directly to the battery bank, the array output
voltage is ‘pulled down’ to the battery voltage. This occurs
because the batteries are a very large load for the limited
current sourcing capability of a solar array.
Maximum Power Point Tracking features an indirect
connection between the PV array and the battery bank.
The indirect connection includes a DC/DC voltage
converter that can take excess PV voltage and convert it
into extra current at a lower voltage without losing power.
MPPT controllers do this via an adaptive algorithm that
follows the maximum power point of the PV array and
then adjusts the incoming voltage to maintain the most
efficient amount of power for the system.
PWM and MPPT have different characteristics,
allowing compatibility with a solar panel technology and
not to other [5]. We try in this work to identify the most
appropriate control system for each solar panel
technology.

II.

Experimental

The most important parameter in any power system is
the power delivery. From there, we experimentally
measure the power produced by each type of panel and
compared to the maximum power given by the
manufacturer. To do this, all modules are placed in equal
conditions of tilt angle and lighting.
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Maximum
power (Pmax)

Moncrystalline silicon

12

30

Polycrystalline silicon
Amorphous silicon

12
12

20
14

CIGS

12

12

The measurements were made in a period where the
lighting is maximum between 10:00 a.m. and 14:00 p.m .
In this interval, we realize several measurements each 30
minutes. The measurements were carried at the University
of Sciences and Technology Houari Boumediene
(U.S.T.H.B).

Fig. II.1. Stand-alone photovoltaic system

III. Results and discussions
Figure III.1 shows the Cell I-V Characteristic curves for
different photovoltaic panels of our study, each panel
delivers on a variable resistor of 100Ω in similar light
conditions and tilt angle. The evolution of the curves
current differs from one panel to another, which is logical;
this is due to the difference of each technology building
materials. Note also the CIGS and amorphous silicon
panels have a greater drop of production comparing to
silicon modules.
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Fig. III.1. Cell I-V Characteristic curves for different
photovoltaic panels
Figure III.2 shows the evolution in production rate
(produced power / maximum power) of monocrystalline
silicon panel with the two types of controllers (MPPT and
PWM), all measurements were carried out on 04/05/2016,
with a temperature of 25 ° C. We observe that the
production rate of the installation with the MPPT reaches
a maximum value of 83%, with PWM control the
production rate is lower than that obtained previously, and
reaches a maximum of 74%. On the monocrystalline
silicon, panel production gain from a MPPT is around 8%
.The PWM regulator imposing the voltage of the battery
to the module; it does not work at its maximum power
point. [6]

100

Production rate (%)

Stand-alone photovoltaic system of our study is shown
in Figure II.1, it comprises four elements: photovoltaic
modules of different types (Table II.1), a battery of 12
VDC - 13.2 Ah, an inverter, an 11-watt lamp as an A.C
load and 2 types of charge controllers:
- MPPT Controller 12 / 24V 15A, Western Co.
WRM15.
- PWM Controller 12 / 24V 10A, STECA PR1010.
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Fig.III.2: Evolution of production rates of
monocrystalline panel over time
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here totally incompatible with the CIGS module by
operating at only 22% capacity. This can be explained by
the current-voltage characteristic (Figure III.1) of this
panel which shows a maximum power point lower.
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70

Production rate (%)

Production rate (%)

Figure III.3 shows the evolution of the production
ratio of a poly crystalline silicon panel over time with
MPPT and PWM controllers, MPPT provides better
compatibility with poly crystalline silicon panel, this can
be explained by the current-voltage characteristic (Figure
III.1) of this panel which shows a maximum power point
²higher.
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Production ratio variation of the Amorphous silicon
panel is shown in Figure III.4, we first note that the
production rate is lower compared to the last two
photovoltaic panels, this is due the average yield of
photovoltaic cells made of amorphous silicon. It also notes
that the MPPT controller provides no gain in production
in this type of panel; on the contrary, it seems that it cannot
put into production the panel of amorphous silicon.
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Fig.III.5: Evolution of production rates of CIGS panel
over time

Fig.III.3: Evolution of production rates of
monocrystalline panel over time

IV.

Conclusion

The objective of this work is the study of the impact of
the two most common control technologies on the
production rate of different PV modules. The
experimental results indicate that the MPPT provides good
compatibility with photovoltaic monocrystalline and
polycrystalline silicon panels, while the PWM controller
fits better with amorphous silicon and CIGS photovoltaic
panels. Moreover, MPPT controller displays a total
incompatibility with the CIGS module by operating him at
very low capacity.
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Abstract
The following paper studies the implementation of
cosine function by improving a CAM based
arctangent architecture that was suitable for some
critical applications compared to the Look up Table
based solution, the polynomial and the rational
approximations. This implementation will be used in
discrete cosine transform for computing Melfrequency cepstral coefficients.
Keywords— High precision, CAM, Cosine function,
VLSI.

1. INTRODUCTION
When high performance is required, the hardware
implementation of trigonometric functions becomes
problematic. So, its computation is one of the most
important operations in modern engineering technology.
The resolution of the compromise between speed,
accuracy and hardware resource consumption is always
emphasized in the literature [1]. The three usual
trigonometric computing approaches i.e. high order
polynomial approximations, rational approximations and
Look Up Table (LUT) based methods are usually the start
of each paper presenting a trigonometric computing
solution.
The CORDIC (Coordinate Rotation Digital Computer)
algorithm was presented in [2] as an elegant and cost
effective method in order to perform rotations on vectors
in the 2-D plane. This algorithm was extended from
rotations into linear and hyperbolic coordinate systems
and then, many implementations of the CORDIC
algorithm have been made for both fixed-point and
floating-point with respect to the input.
A dedicated algorithm for trigonometric computing
functions using the Logarithmic Number System (LNS)
based on the laws of sinus and cosines is proposed in [3],
it uses a novel addressing of buffer with the middle-order
bits of the LNS representation.
In [4] a Content Addressable Memory (CAM) based
solution for reducing as much as possible the pipeline
stages and to better control the accuracy output and
overcome the related drawbacks in the existing
approximation implementations was proposed as well as
an address decoding independent from the input tangent
precision to overcome the related drawback in the usual
LUT based solutions. This proposed method is used if
and only if the three following requirements are satisfied
[5]:
- Input values are coded as two's complement numbers
fixed point.

- Performances of the Arctangent core should not be
driven by the tangent input precision. Large word input
data like 32 bit words should be accepted. Then, the use
of the usual LUTs based methods should be avoided.
- The core should present the least possible pipeline
stages to be used in the implementation of feedback
algorithms. Hence, the use of large operators and the use
of high order approximations should be avoided.
However, these requirements apply for algorithms
containing other trigonometric function and then it can be
generalized as presented in figure (1).
Our work is inspired from this last work and aims to
adapt the existing Arctan CAM solution for other
trigonometric function (cosine in our case) by applying it
to segments where the function is monotone (continually
increasing or decreasing) and handle the function
symmetries and asymmetries with appropriate adapters
for detecting the symmetry or the asymmetry and the
output of detector that indicates the polarity and the
segment position to retrieve the cosine searched output.
This method aims to reduce area, time consumption and
power compared to the other methods e.g. when the bit
width of cosine value is 16 and angle resolution is π/180
(1°) and a range going from[0, π/2], then the number of
case memory is reduced from 2^16=655368 to 90.
Results of cosine implementation will be used to
calculate discrete cosine transform (DCT) which is an
important step of the Mel-Frequency Cepstral Coeffcients
(MFCCs) cycle. MFCCs are one of the best known
parameterizations in speech recognition, they are
different from the conventional cepstrum as they use a
non-linear frequency scale based on auditory perception
[6]. Figure (2) shows the different steps of MFCCs.

Voice
input

PreEmphasis

Framing

Windowing

DFT

Delta Energy
and Spectrum

Discrete Cosine
Transform
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Fig.2. Different steps of MFCCs

Mel filter
Bank
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This paper is divided in four sections; in section II we
show how the segmentation of the function is doing, in
section III we discuss about the generalization of existing
Arctan CAM based solution for trigonometric function
and finally in section IV we present the implementation
results.

cos(Ф)

1

III

I

Begin

Ф
IV

II

3 Requirements
-1
Find the monotone
„Segmentation‟

Re-expression the function
to be fit the CAM‟s
implementation

Fig.3. Separated segments of cosine function for
implementation
For more illustration, the segmentation of cosine function
is represented in figure (4).
Ф

Take an accent symmetry
or asymmetry of the
function to save area and
time consumption and
find rules of symmetry

Abs(Ф)

| |
Yes

Ф<π/2

No

Find adaptation module
to output all the need
values

Cosine core

γ = π-Ф

Apply the CAM‟s

Cos(Ф)

Cosine core

End

Cos(γ)

Fig.1. Bloc diagram of the proposed method
2‟s complement

2. SEGMENTATION OF THE COSINE FUNCTION
Since the cosine function is periodic and using the
principle of monotony, we have divided the period into
four parts as it is represented in figure (3).
Part I (Ф ϵ [0, π/2]) is the most important part in which
cosine values are decreasing and ranging between 1 and
0. The values of the Ф angle and its cosine are
respectively stored in the buffer.
In part III (Ф ϵ [-π/2, 0]), knowing that cosine is an even
function i.e. cos (-Ф) = cos (Ф), cosine value is directly
obtained from the buffer using absolute value of (-Ф).
In part II (Ф ϵ [π/2, π]), cosine value is obtained by first
calculating a new value (Ф‟= π- Ф), reading the value of
cosine function and performing two complement in order
to obtain a negative value.
The part IV is the same as part II by adding absolute
value of the angle at the beginning.

Cos(Ф)

Fig.3. Cosine core extension to cover the full range
[- , ]
ф values and their cosine are coded in fixed-point
numbers which are often preferred due to their lower
implementation complexity compared to floating-point
numbers. Fixed-point representation of a number is given
by the following equation:
(2)
With s is the sign bit, xINT and xFR represent integer and
fraction parts. Binary number B represented in fixed
point can be converted into a decimal number x by [7]:
∑
∑
(3)
The representation of both ф and cos (ф) in 16 bits binary
value is represented in the table (1). Since maximum
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input angle is 90°, the integer part is coded on 7 bits
adding to the bit sign, so the fractional bit is represented
into 8 bits. At the same time, since cosine value is limited
between 0 and, only 1 bit is needed for coding it, so
fraction bits are coded on 14 bits.
Table.1. Cosine values expression
decimal
value
Ф
cos

9°.25
0.98628560

Bit
sign
(S)
0
0

Integer
(m)

Fraction
(f)

0001001
0

01000000
11111100011111

pre_(Ф), the comparator's output indicator (Ind[i]) is set
low, then the decoder generate the researched cos (Ф)
value according the three exclusive cases:

Cos (Ф) min is output when Ind [N-1] is set low.

Cos (Ф) max is output when Ind [0] is kept high.

Cos (Ф[i]) is output when Ind[i] is different from
Ind [i+1].
These selection cases are illustrated in figure (5).

for

3. GENERALIZING THE CAM BASED SOLUTION FOR

compare
Ф[i] to pre_(Ф)

TRIGONOMETRIC FUNCTIONS

The conceptual block diagram of the circuit is
composed of two essential parts that are the comparator
and the decoder as it is shown in figure (4) with:

"pre_ (Ф)" is the pre-computed Ф value loaded in
the angle Ф buffer.

"(Ф)" is the computed and input angle Ф value
obtained from an arithmetic unit.

"N" as the angle's number.

"Ind[i]" as the ith comparator's indicator.
Considering that
.

"cos(Фmin)" as the largest cosine value
corresponding to
.

"cos(Фmax)" as the smallest cosine value
corresponding to
.

"cos(Ф[i])" as the cosine value corresponding to the
ith angle Ф_buffer word and to the Ind[i].
Ф_Buffer

Comparators

yes
yes
CosФ1
=0

CosФ1=
Cos Фmin

CosФ2=
Cos Ф[i]

Ind[0]=1

no

no

CosФ2,3
=0

Ind[0]

Pre-Ф1

Ind[2]

Ind[N-1]

Computed_Ф

Cos(Ф)= Cos (Ф1) or Cos (Ф2) or Cos (Ф3)

Fig.5. Cosine functional diagram

The RTL description of cosine core is designed by
Verilog language. It‟s composed of the top module that
instantiates 2 sub modules that are the comparator and the
decoder. The most critical part of the CAM is the
( )
comparator implementation that depends on
world length. In any kind of technology, to favor speed,
appropriate resources and algorithms need to be chosen in
order to minimize comparator's propagation delay from
the Most Significant Bit to the Least Significant one.
Decoder receives comparator indicators and outputs the
searched value .

4.1. DESIGN VERIFICATION

Ind[0]

Sel_Min

Ind[N-1]

Sel_Max

cos(Ф)
Decoder

Fig. 4. The conceptual block diagram
During the initialization period, all Ф and cos (Ф) values
in the [0, π/2] interval are registered in the buffer. When
the researched cosine angle is given (Ф), it is compared
with data register in the buffer (pre_(Ф)). By default,
each comparator's indicator (Ind[i]) is set high. When the
computed (Ф) is larger or equal to the considered

yes

CosФ3=
Cos Фmax

4. RESULTS

Pre-Ф0

Pre-Фmax

for
Ind[i] Ind[i+1]

Ind[N-1]=0

In order to verify the design, a test bench file was
created so as to manage clock signals of both comparator
and decoder and makes the simulation by instantiating the
top module of the designed cosine core. The simulation
was achieved by NCLAUNCH tool from Cadence.

4.2. LOGIC SYNTHESIS
After the verification of the design, the logic
synthesis was achieved using RTL COMPILER from
Cadence tool. It builds the module by transforming HDL
files into combinatorial and sequential logic while using a
library of standard cell (0.18µ in our case) and respecting
steps of synthesis.
We note that we can verify blocks forming the module
from the top until the simple logical gates. The output file
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of the logical synthesis is a Netlist file in logical level
that represents the instantiation of logical gates forming
the design with interconnections respecting the target
library. It is used as an input in the physical
implementation.
The logical synthesis generates some reports that inform
us about the number of gates and power consummation in
table (2).
Table.2. The generated reports
Instance
Cells
Leakage
Power(nW)
1344
676.403
Top module
777
321.148
The comparator
567
355.255
The decoder

Conference on Control Engineering and
Communication Technology (ICCECT), 2012.
[3]

M. G. ARNOLD,“Approximating Trigonometric
Functions with the Laws of Sines and Cosines
using the Logarithmic Number System”,
Proceedings of the 8th Euromicro conference on
Digital System Design (DSD‟05), Lehigh
University Bethlehem, PA 18015 USA, 2005.

[4]

K. PAGIAMTZIS and A. SHEIKHOLESLAMI,
“Content-Addressable Memory (CAM) Circuits
and Architectures: A Tutorial and Survey”,
IEEE
JOURNAL
OF
SOLID-STATE
CIRCUITS, VOL. 41, NO. 3, MARCH 2006.

[5]

S. TAGZOUT and A. BELOUCHRANI,
“Arctangent architecture for high speed and
high precision data”, Journal of Circuits,
Systems, and Computers Vol. 20, No. 7, 12431259, 2011.

[6]

Steven B. Davis and Paul Mermelstein.
Comparison of parametric representationsfor
monosyllabic word recognition in continuously
spoken sentences. Acoustics, Speech and Signal
Processing,IEEE
Transactions
on,
28(4):357{366, 8 1980. ISSN 0096-3518. doi:
10.1109/TASSP.1980.1163420.

[7]

L. Y. Ming, “An Optimization Framework for
Fixed- point Digital Signal Processing”, Thesis
for the Degree of Master of Philosophy in
Computer Science and Engineering The Chinese
University of Hong Kong August, 2003.

Dynamic
Power(nW)
2657956.739
1030735.304
1538667.211

The logic gates area of the module core in given
table (3).
Table.3. The areas reports
Type
sequential
inverter
buffer
logic
total

Instances

Area

Area %

417
54
34
839
1344

17807.462
355.622
338.061
12249.216
65904.294

57.9
1.2
1.1
39.8
100.0

4.3. PHYSICAL IMPLEMENTATION
After
the
logical
synthesis,
the
physical
implementation was made by Encounter Digital
Implementation (EDI) from Cadence tool. It carries out
placement and routage by placing the resulting Netlist of
the logical synthesis into a layout while respecting steps
of the physical implementation.
The output file of this step is a GDS2 file that can be
exported in different formats for further processing
outside the Encounter tool. The GDS2 format is a
standard format for integrating the block in the top-level
layout, doing DRC/LVS checking, or delivering the
layout to the foundry.

5.

CONCLUSION

The implementation of cosine function using high
precision data CAM architecture was presented. This
method reduces the number of case memory compared to
others methods. Cosine core was verified, synthetized
and implemented by the Cadence tools.

6.
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Abstract – In this paper, we present strained Silicon and dual channel heterostructure strained
structure, introduce the high carrier mobility Awaited in heterostructure devices, and present a two
dimensional simulation of strained-Si/Strained-SiGe dual channel heterostructure
P-MOSFETs (Metal-Oxide-Semiconductor-Field-Effect-Transistor) . This study is accomplished
using SILVACO-TCAD simulation software, the comparison of the effect of using strained silicon
technology on P-MOSFETs transistors will demonstrates the importance of using strain silicon
technology especially in dual channel heterostructure MOSFET. The simulation of process and the
extraction of the electronic proprieties allow understanding and interpreting these enhancements.

Keywords: Strained Silicon; SiGe layer; MOSFET; Heterostructure; Simulation; SILVACO

I.

Introduction

Strained silicon is one of the key technology boosters
identified by the ITRS (International Technology
Roadmap for Semiconductors) as very promising material
to continue the classical scaling. [1]
Many researchers have claimed that strained silicon
can enhance electron and hole nobilities in MOSFET
transistors and consequently the drive current, the
transconductance and the saturation current. Strain Si
heterostructure metal-oxide-semiconductor-field-effecttransistors grown on relaxed SiGe virtual substrates
demonstrate important electron and hole mobility
enhancements comparing to the bulk silicon [2-3-4].

Biaxial strain Si is created when a thin silicon layer
is grown on top of a layer of Si1−xGex. When the lattice
constant of Si is smaller than that lattice constant of Ge as
shown in Figure 1, the atoms in the silicon layer is align
with atom in Si1−xGex layer, which has larger crystalline
lattice. The change in the interatomic spacing causes the
changes in band structure, density of states and
subsequently, the mobility of electrons and holes.

The heterostructure studied of single strained Si layer
grown on SiGe substrate show that this kind of design
enhance performances in both N and P-MOSFETs.
However, researchers notice that the improvements in NMOSFET structure are higher than achieved in
P-MOSFET structure, and this is due to the enhanced
hole mobility that remains much lower than enhanced
electron mobility.
A combination between compressively strained
Si1-yGeY layers and tensile strained Si surface layers
grown on relaxed Si1-xGex (x<y), offers almost symmetric
electron and hole nobilities.

Fig. 1. A schematic diagram of the two films placed together with the
top film being tensile strained [5].
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By the same principle, compressive strain Si1−xGex
is created when a thin layer of Si1−xGex is grown on top
substrate of Si, as shown in Figure 2.

II.

Results and Discussions

ATHENA and ATLAS, two modules of SILVACO
TCAD simulation software have been used to simulate
the fabrication process and to extract the electronic
characteristics of dual channel hetero-structure
P-MOSFETs.
At the beginning of work, we were inspired by an
example of SILVACO TCAD entitled: “SiGe PMOS
Process and Device Simulation “, the structure presented in the
example is shown in figure 4.

Fig. 2. A schematic diagram of the two films placed together with the
top film being compressively strained [5].

Figure 3 represents a biaxially strained dual channel
heterostructure P-MOSFET.
Dual-channel Heterostructure are composed with a
tensile strained Si presented in layer 1, above a
compressively strained Si1−yGey channel presented in
layer 2 have been investigated to attain higher hole
mobility in SiGe heterostructure MOSFETs [6-7].
Fig. 4. SILVACO TCAD example of SiGe PMOS Process and Device
Simulation.

The simulated dual channel heterostructure is
presented in figure 5.
1
2

Fig. 3. Biaxially strained dual channel heterostructure P-MOSFET.

It has been demonstrated that both high
electron and hole mobility enhancements can be
achieved at same time in dual-channel structures.
The strained Si layer forms a high-mobility
electron channel and, strained SiGe channel
serves as a high-hole mobility channel.

Fig. 5. The simulated dual channel strained heterostructure. Using
ATHENA.
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Meshing in ATLAS is one of the most important step
in process simulation. Poor meshing generally leads to
simulation failure and can lead to inaccurate results that
is why we refined the meshing in the channel region as it
is shown in figure 6.

The gate capacitance, Cg versus the gate voltage, Vgs
curve was obtained from ramping the gate voltage from
-3V to 3V with 0.2V voltage step and it is illustrated in
Figure 8.

Fig. 8. The quasi-static capacitance versus gate voltage curve. Using
ATLAS.
Fig. 6. The Mesh initialization of dual channel strained
heterostructure. Using ATHENA.

Figure 7 shows doping profile obtained through our
simulation. Reducing channel doping increases MOSFET
mobility leading to increase SCEs. However, increasing
doping level improves the control SCEs, but the channel
mobility is degraded in return, our choice was a middle
solution between the two possibilities.

Fig. 7. Doping profile of dual channel strained heterostructure.
Using ATHENA.

We noticed that dual channel strained structure
shows a good Cg-Vgs curve with no interface density
trapped between the Si cap and SiO2 layer.
In figure 9 we represent the Comparison between
the transfer characteristics obtained in conventional and
dual channel heterostructure strained MOSFET.

Fig. 9. Comparison between the transfer characteristics obtained in
conventional and dual channel heterostructure strained MOSFET.
Using ATLAS.
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For the Ids versus Vgs curve for dual channel
heterostructure strained silicon and unstrained PMOS, the
device structure was biased with -0.1V and -1.0V which
represents the minimum and maximum of the range of
chosen values, when the gate voltage ramp from 1.0V
until -2.0V with a -0.2V voltage step. The result indicates
that the strained Si have a lower threshold voltage than
the unstrained device. Low threshold voltage indicates
low voltage that is need to turn on the transistor,
consequently the strained Si also exhibit a lower power
consumption compared to the unstrained.

The mobility improvement is due to the reduction of
the effective mass m*. For the dual heterostructure
strained MOSFET, firstly, compressive strain in the
Si1-yGey splits the valence band degeneracy and
reduces the effective mass, secondly ,
the band
alignment between Si1-yGey and Si1-xGex causes the
formation of a deep quantum well for holes in the
strained Si1-yGey which contributes in the enhancements
of holes mobility. In the other hand the tensile strained
layer of silicon contributes of the enhancements of
electron mobility and that is exactly what we mentioned
before.

In figure 10, we represent the Comparison between
the output characteristics obtained in conventional and
dual channel heterostructure strained MOSFET.

III. Conclusion
The results obtained after the extraction of the output
characteristic, the transfer characteristic, and the quasistatic capacitance versus gate voltage curve, in the dual
channel heterostructure Strained P-MOSFETs, and the
comparison with the conventional P-MOSFETs, we
reported very important enhancements in terms of
threshold voltage, drive current and saturation current.
These enhancements allow optimizing the device
performances, especially for logic applications, which
need high speed switching with decreased threshold
voltage and lower switching energy.
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Abstract –This paper presents a new model of the CFAR (Constant False Alarm Rate) detector.
Mentioned CFAR detector is named Cell-Averaging-Clutter-Map CFAR (CACM-CFAR), which is a
combination of cell-averaging CFAR and clutter-map CFAR. Then each local detector makes local
binary decision, and transmits it to the fusion center. Finally, the fusion center makes the overall
decision based on the total local decisions. The overall decision, which is zero or one, is obtained at
the data fusion center based on the ‘AND’ and ‘OR’ fusion rules. Closed form expressions of the
probabilities of detection and false alarm are determined and the performance of the proposed
detector is investigated.

Keywords: CFAR detection, radar target, clutter, data fusion.

I. Introduction
Radar is an electromagnetic system that detects,
locates, and recognizes target objects. Radar transmits
electromagnetic signal and then receives echoes from
target objects to get their location or other information.
The received signal is frequently corrupted by noise and
clutter. The disturbances may cause serious performance
issues with radar systems by concluding these signals as
targets [1].
To make a right censoring decision, the receiver is
desired to achieve a constant false alarm rate (CFAR) and
a maximum probability of target detection. Modern
radars usually detect targets by comparing with adaptive
thresholds based on a CFAR processor. In this processor,
the threshold is determined dynamically based on the
local background noise/clutter power. Finn and Johnson
[2] developed a theory based on the arithmetic mean of
the nearby resolution cells of the test cell. This is known
as the CA-CFAR, Cell Averaging Constant False Alarm
Rate detector. The CA-CFAR detector was shown to be
not efficient in nonhomogeneous environment or in the
presence of interfering targets. Many other techniques
based on cell averaging and order statistics have been
developed in the literature. Some are discussed in [3-5].
A different approach to obtain CFAR based on clutter
map exploits the intrinsic local homogeneity of the radar
environment in which the detector output of each range
resolution cell is averaged over several scans in order to
obtain an estimate of the background level [6-8].
In recent years, distributed detection systems based on
multiple detectors with data fusion have been widely
considered [9-11]. This is due to a number of advantages

over the centralized detection systems employing a single
sensor, for example improved reliability, speed, and
capability to handle a large area of coverage [11].
In this paper we propose a new CFAR detector named
cell-averaging-clutter-map CFAR (CACM-CFAR), which
is a combination of CA-CFAR and CM-CFAR. The new
CFAR has some advantages over other types of CFAR
detectors. The paper is organized as follows. In Section2,
we formulate the problem and calculate the global
probabilities of detection and false alarm for the ‘AND’,
‘OR’ decision rules. Section 3, is devoted to the
discussion of the results obtained. Finally, the conclusion
is given in Section 4.

II. The CACM-CFAR detector
For homogenous environments, the CA-CFAR
processor [2] (Fig.1) is optimum. However, in the
presence of interfering targets and clutter, the assumption
of homogenous environment is no longer valid. The
performance of the CA-CFAR processor seriously
degrades under such conditions. Various classes of
CFAR techniques have been proposed to enhance the
robustness against non-homogeneous environment. In
particular, Clutter MAP-CFAR detectors (Fig.2). proved
to provide good performance [6-8].
In the real case, the milieu is a heterogeneous
environment (homogeneous and no homogeneous).
The novel cell-averaging-clutter-map CFAR (CACMCFAR) optimizes good features of some mentioned
CFAR detectors from different groups depending on the
characteristics of clutter and present targets with the goal
of increasing the probability of detection at constant
probability of false alarm rate. . It is realized by parallel
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operation of two types of CFAR detector: CA-CFAR and
CM-CFAR. Its structure is showed on Fig. 3
A. AND Fusion rule (CA-AND-CMAP-CFAR)
The global decision at the data fusion center is one
only if all of the detectors decide a one. [9-11]
TABLE I. AND FUSION RULE

Decision
0
0
1
1

Fig. 1. CA-CFAR algorithm

Decision
0
1
0
1

Global Decision
0
0
0
1

The overall probability of detection PD and the overall
probability of false alarm PF at the data fusion center can
be written as:
(1)

(2)
(3)

(4)
B. OR Fusion rule (CA- OR-CMAP-CFAR)
The global decision is zero only when all the detectors
decide a zero.
Fig. 2. CMAP-CFAR algorithm

TABLE II. OR FUSION RULE

Decision
0
0
1
1

Decision
0
1
0
1

Global Decision
0
1
1
1

The overall probability of detection and false alarm at
the data fusion center can be written as:
(5)

Fig. 3. Block diagram of CACM-CFAR detector

International Conference on Technological Advances in Electrical Engineering (ICTAEE’16.), October 2016

(6)

In figure. 5 shows the ROCs curve of the two fusion
rules, the ‘Max’ and ‘Min’, for SNR =12 dB. It can be
seen how the optimal fusion is the ‘OR’ rule.

(7)

(8)
III.

Results and discussion

We utilize Monte-Carlo simulation method to
illustrate the performance of Fuzzy CA-CMAP-CFAR
detector using two kinds of fusion rules, and target
fluctuates according to Swerling I model
In Figures 4 and 5, we present the simulated probabilities
of detection versus the SNR, and the ROC (receiver
operating characteristics) curves respectively, to compare
the performance of the CA-AND-CMAP-CFAR and CAOR-CMAP-CFAR detectors. The length of reference
window is N=24,

=0.1 of the filter's gain coefficient

respectively. The desired false alarm rate

.

In Figure. 4 shows the global system performance for
identical SNRs. The probabilities of detection achievable
with the two fusion rules, the ‘AND’ and ‘OR’, is plotted
versus SNR. The ‘OR’ fusion rule is the best one in the
whole range of analyzed SNR.

FIG .5 The ROCs curve for CA-CMAP-CFAR using ‘AND’ and ‘OR’
fusion rules

(SNR =12,

=0.1 and N=24)

In figure 6 and 7, we present a comparative case between
the detectors CA-CFAR, CMAP-CFAR, CA-ANDCMAP-CFAR and CA-OR-CMAP-CFAR in the case of
only one target in a reference window and two targets
interfering in another reference window.
In figure 6. We present the comparative case between
detectors CA-CFAR, CMAP-CFAR and CA-ANDCMAP-CFAR. In the case of a target being in a
homogeneous environment one notices that detectors CACFAR, CMAP-CFAR and CA-AND-CMAP-CFAR
detect it. We can observe, in the case of presence of very
close interfering targets, that detectors CA-CFAR and
CA-AND-CMAP-CFAR crosses besides their detection
contrary to the CMAP-CFAR, this one detects the two
adjacent targets.
In figure 7. We notice that detector CA-OR-CMAPCFAR is successful even in the presence of very close
interfering targets, it indicates the presence of each one of
them.

IV.

Fig .4 Probability of detection versus SNR of CA-CMAP-CFAR using
‘AND’, ‘OR’ fusion rules for (Pfa=10-4,

=0.1 and N=24)

Conclusions

In this paper we have proposed a new CFAR detector
named cell-averaging-clutter-map CFAR (CACMCFAR), which is a combination of CA-CFAR and CMCFAR. The new CFAR has some advantages over other
types of CFAR detectors. We derived expressions for the
probability of detection, the probability of false alarm of
CACM-CFAR. The performance evaluation of detection
of each detector CFAR, namely the CA-CFAR, the
CMAP-CFAR and the system distributed with the logical
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fusion rules ‘AND’ and ‘OR’, shows the performances of
each one of them in the various environments, so the use
of the ‘OR’ rule for the fusion of data has the advantage
of making the automatic swing between the two
detectors.
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Numerical Analysis of The Different Parameter Corona Discharge In
Wire-Cylinder Electrostatic Precipitator

I.E Achouri1, H. Nouri2, F. Achouri3
Abstract – The objective of this work is the study of corona discharge in wire-cylinder
configuration. The physics of discharge was investigated by solving partial differential equations.
The discharge characteristics were obtained and analyzed by a combined technique of iterative
calculation based on the finite element method (FEM) for this a simulation model has been
developed by Comsol Multiphysics software to study and determine the influence of the wire
radius and the effect of the spacing between the wire and the collection plate (the height H) on the
important parameters of the corona discharge, namely the distribution of electric potential,
electric field, the current density and space charge density.

Keywords: Corona discharge, Electric field, Electric potential, Space charge density, current density,
Finite element method, electrostatic precipitators.

I.

Introduction

This paper presents a study of the collection
efficiency associated with wire- cylinder electrostatic
precipitators used in the control of pollution
particulates.[1] The aims of this investigation is to
determinate the important parameters of the corona
discharge, namely the onset voltage, the space charge
density, the electric field and the discharge current
density as a function of wire radius and the height
between the wire and the plan.
The corona parameters are analyzed by a combined
iterative computational technique based on the finite
element method (FEM). [2]
Electrostatic precipitators are widely used in
technology to collect suspended particles in gases using
an electrostatic force and they are the one ways to control
air pollution caused by industrial plants [3]. Much
research has been carried out during the last decades. The
configuration mostly used in electrostatic precipitation
technique is the wire-cylinder [4]. It consists of highfield parallel active wires located midway between the
grounded plates (the collecting electrodes) where the air
flows through. The ions produced by the corona
discharge near the wires charge the dust particles which
are thus driven toward the collecting plates. The particle
charges are neutralized and the particle is thus collected.

II.
II.1.

Mathematical modeling
Description of the Problem

We used a configuration to analyze the various
parameters of the phenomenon of corona discharge, the
geometric model is described in the section Fig.1.
The geometric model of the system are consists of the
conductor wire with a radius R=0.2mm and supplied by a
high voltage potential Vapp=25KV, the wire is attached
using parallel Plexiglas supports. The cylinder with a
radius H =50mm, the ground cylinder has a Length
L=500mm.

H
T

Electrode
active
R

H

Fig.1. Electrostatic precipitator configuration.

International Conference on Technological Advances in Electrical Engineering (ICTAEE’16.), October 2016

II.2.

Governing equations

The system of equations that constitute the
mathematical description of the corona phenomenon is
obtained from the following relations:[5 - 7]



.E  


.J  0

∗∇E =

(2)



J    . .E

E  

(3)
(4)
Where E is the electric field (V/m), ρ is the space charge
density (C/m3), 0 is the permittivity of free space, J is
the current density vector (A/m2), µ is the ion mobility
and  is the electric potential.


0

Increased accuracy of
parameter estimation border

∆XNew =
∆YNew =

+
−

𝛒

∗ ∇. J = 0

𝛆𝟎

+
∗ J = 𝜌 𝜇 𝐸 +D∇𝜌
−

∗ 𝑉éle =Vapp ∗ 𝑉plan =0 ∗ 𝐸fél =Epeek ∗

∆YAncient
2i

=0

𝑉
𝑚

 𝜌 =𝜌0 (H/r0).(E0 .Epeek )
 𝜌0 = (4. 𝜀0 V0 (Vapp – V0))/(H.Vapp ( 5-4.V/Vapp))

i=i+1

Redefinition of the mesh
change of the dimensions

Resolution partial derived equation by the Finite
Element Method

Finite Element



𝜕2𝜙
𝜕𝑦 2
𝜕2𝜙
𝜕𝑥 2

=
=

1
(∆ 𝑦)2
1
(∆ 𝑥)2

.( 𝜙𝑖,𝑗+1 -2. 𝜙𝑖,𝑗 -𝜙𝑖,𝑗−1 )
.( 𝜙𝑖+1,𝑗 -2. 𝜙𝑖,𝑗 -𝜙𝑖−1,𝑗 )

𝐸𝑝1 − 𝐸𝑝2
𝐸𝑝1

The proposed method of analysis is described in Fig. 2

𝜕𝐸
𝜕𝑛 𝑖

Initializing of the space charge density

THE BOUNDARY CONDITIONS

In mathematics, in the field of differential equations, a
boundary value problem is a differential equation
together with a set of additional constraints, called the
boundary conditions. A solution to a boundary value
problem is a solution to the differential equation which
also satisfies the boundary conditions.
To find the solution we need to know the conditions
associated with the domain boundaries for the electric
potential and space charge density. These conditions
are:[8, 9]
- The potential on the coronating conductor is equal to
the applied voltage.
- The potential on the grounded electrode is zero.
- The electric field on the conductor is equal to the field
threshold Es (Peek criterion) [10] ;
- The values of the potential to the points situated on the
artificial boundaries are identified and subsequently
used in the finite element formulation

∗ E = - ∇∅

Introduction of boundary conditions

∆Xancient
2i

(5)

Equation (5) is the Poisson equation. It is obtained by
replacing the expression of the field given by (4) in (1).
Equation (3) is the equation of the current density.
Equation (2) is the current equation of continuity. In
reality, it is extremely difficult to find an exact solution to
these equations due to their non-linear nature, which is
how simplifying approaches based on hypothetical
models have been developed. To solve equations
governing the corona discharge in the field of study,
several solutions can be given; however, only one of
them is the real solution of the problem. To find this
solution, we need to know the conditions associated with
the domain boundaries for the electric potential and space
charge density.
II.3.

Mathematical model

(1)

0

 2  

Introduction of the physical system
R , L, W, H, T, P, e, 𝑉𝑎𝑝𝑝 ,

<e
Yes

No

ρ =? , ω =? , Φ =? , j =? , I= ?

Fig. 2. Flow chart of the solution method

III. Results and discussion
In our work, we used the finite element method that we
will apply on Comsol Multiphysics software, This
method uses the Maxwell equations, This software is
used by many engineers and designers in the world and
covers many areas of physics, including mechanics and
electromagnetism. So this is the best software to simulate
our problem and be very convincing and reliable results.
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III.1. NUMERICAL DETERMINATION OF THE MESH GRID
1Wire-1Cylinder

4

2,5x10

4

Electric potential (V)

Fig. 3 shows an example of the triangular mesh to
three nodes finite element for configurations to be
studied. The node is obtained by the intersection of the
line with the equipotential contours, these triangles
around wire section is reduced but increases if one goes
to the plate.
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Fig. 5. Variation of electric potential.

Fig. 3. Generated grid for a electrostatic precipitator
The resulting statistical characteristics of this
quantification are: Number of vertex elements: 16,
Number of boundary elements: 124, Number of elements:
2010, Minimum element quality: 0.5927, Number of
degrees of freedom solved for: 8309.
III.2. ELECTRIC POTENTIAL
The potential distributions are shown in Figs 4 and 5
the potential distribution has a maximum value around
the wire and decreases inversely to the distance.
Figs 6 showing the electric potential distribution
according to the height, the electric potential is directly
proportional with the height of the wire knowing that if
we increase the wire height in the cylinder increases the
electrical potential

Electric potential (V)

4

2,6x10
4
2,4x10
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4
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1,8x10
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3

-2,0x10
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100

120

140
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Radial distance (m)

Fig. 6. Variation of electric potential as a function of
height.
III.3. ELECTRIC FIELD
We find that the electric field around the wire is maximal
and decreases rapidly approaching the cylinder as
showing in Figs 7 and 8
It can be concluded that the wire diameter is inversely
proportional to the discharge electric. This is quite
normal because the electric field on the wire is inversely
proportional to the radius wire R as shown in Fig. 9.

Fig. 4. Distribution of electric potential.
Fig. 7. Electric field.
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Fig. 8. Variation of electric field.

Fig. 10. Current density .
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Curret density is maximal under the coronating wire and
then decreases gradually away from it. For the studied
wire-cylinder configuration, the profile of the current
density along the collecting plate presents a wave shape
as shown Figs 10 and 11
First, we can see that the magnitude of the distributed
current density increases with the increase of wire height
as shown in Fig. 12, moreover the magnitude is inversely
proportional to the wire radius as shown in Fig. 13
Fig. 14 show the current density is maximum in the
proximity of the wire and goes to zero if we approach to
the cylinder.

80

Fig. 11. Variation of current density.

Fig. 9. Variation of electric field as a function of radius

III.4. CURRENT DENSITY
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Fig. 12. Variation of electric current density as a function
of height.
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the current density profile along the collecting plate
presents a wave shape with higher values and the
potential distribution has a maximum value around the
wire and decreases inversely to the distance, We also find
that the electric field around the wire is maximal and
decreases rapidly approaching the cylinder
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IV. Conclusion
The study shows how this type of investigation can be
done using the finite element method in such a wirecylinder configuration are implemented and solved
effectively using the COMSOL Multiphysics software.
The effect of the wire radius variation, and spacing of
wire relative to the cylinder is verified, it was found that
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Effect of the Temperature on the Electronic Transport in
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Abstract – This paper presents the study of the effect of the temperature on the electronic
transport in the III-V ternary material GaxIn1-xSb using the Monte Carlo method. We employed
for this a model that uses three isotropic and non-parabolic valleys of the conduction band , L,
and X centred on the first Brillouin zone. We present the variation of the electronic drift velocity in
the stationary and the transient regime in different temperatures.

Keywords: Electronic transport, Monte Carlo method, III-V semi-conductors and GaInSb
material

I. Introduction
The limitless increase of the growth of new
electronics devices able to work in high electric field,
high temperature and high frequency has led to the use of
new materials like the ternary and quaternary materials.
The GaxIn1-xSb is a III-V ternary material with a
stoichiometric coefficient x (0.5 in our case) that
crystallizes following the Zinc Blende structure; it has
mixture characteristics between GaSb and InSb
materials.
The first works on the GaInSb back to the seventies of
the last century where its fundamental properties have
been studied [1,2]. After that, the works have grown
significantly going from a simple GaInSb sample to laser
diodes and transistor devices [3,12]. The advantages of
this material are essentially its low direct gap (from 0.17
eV to 0.72 eV, 0.34 eV when x=0.5), high mobility (from
5000 to 80000 cm2/Vs), and low effectives masses (from
0.014*m0 to 0.042*m0, 0.0252*m0 when x=0.5, with m0
the electron masse) [13]. All these parameters can be
adjusted following Vegard’s laws by controlling the
stoichiometric coefficient x.
The application of this material extends on several fields;
in microelectronics devices, it is now used to the
development of third generation of HEMT and HBT
devices and as well as the integrated circuits with ultrahigh speed, ultra-lower power consumption and noise
factor [14]. In Infrared detector, the Antimony based
materials are generally considered as the preferred
materials of the third-generation infrared detectors [15].

In infrared laser, it can be used in chemical detection,
biomedical diagnosis, satellite remote sensing technology
and other applications.
The antimonide based compounds are also one of the
leading material in thermo-photovoltaics cells.
In this paper, we will mainly focus on the study of the
electronic transport in the Ga0.5In0.5Sb material by giving
the variation of drift velocity in the stationary and the
transient regime in different temperatures. This work is
performed using the Monte Carlo simulation which is
presented in the following paragraph.

II. Description of the method
The Monte Carlo method is one of the reliable
methods that give a precise solution of studying the nonequilibrium carrier transport in semiconductors bulks and
nanoscale devices in high electrics fields and temperature
since no assumptions are considered on the resolution of
the Boltzmann equation which takes in account the
variation of the distribution function of electron in
movement caused by different actions [16].
In this method, the dynamics of electrons is assumed in
two sequences; the free flight and the scattering with the
network which changes the energy and the momentum of
the electron. During the free flight, the evolution of the
position and the wave vector in function of time in the
absence of the external field are given by the following
two equations:
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t

k f  ki  eE


(3)

( ki  k f )
r  r 

t
f
i

2
m*

As the duration of free flights, the scattering mechanisms
are also selected stochastically according the
probabilities of transition describing the microscopic
processes, if the chosen interaction is fictive, the state of
the electron is not modified, otherwise, the new position
and wave vector after interaction are defined.

III. Simulation results
The simulation was made using the Ensemble Monte
Carlo simulator for bulks described in FORTRAN
language which consider three isotropic and nonparabolic valleys of the conduction band , L and X
centered on the first Brillouin zone. The description of
the band structure is the input of the program in which all
the necessary parameters used in the simulation are
described (gap, effective masses, non-parabolic
coefficient…), the simulator takes in account the ionized
impurities, acoustics, polar optics, inter-valleys and intravalleys interactions, the number of the particles is 20000
and the electric concentration is 1017/cm3.

Table (1) describes the value of the Ga 0.5In0.5Sb
parameters used in the simulation [13].

1.
Effect of the temperature on the
electronic drift velocity in the stationary
regime
The effect of the temperature on the electronic drift
velocity according the electric field is given in “Fig.1”
while valleys occupation at T=300 K is given in “Fig.2”.
When the electric field is low, the velocity increases first
linearly with the electric field, in this case the electrons
are in the  valley which is characterized by a high
mobility and low effective masse and the interactions are
essentially with the acoustics phonons. After that the
velocity increases but not linearly until to reach the
maximum, in this case the electrons are in the  valley
and the most preponderant interactions are with optics
phonons. When the electric field is high, electrons
acquire the energy that allow them to be transferred to
the satellites valleys which are characterized by a high
effective masse and a low mobility, the velocity
decreases until to reach the stationary regime and stays
constant. When T=300 k, the maximum of the drift
velocity is about V=2.7 107 cm/s corresponding to the
critical field E=2 kV/cm, this critical field can be seen in
the “Fig.2” as the field that allows the electrons transfer
to the satellites valleys.

Drift velocity (cm/s)

 dk 1
 eE

 dt
(1)

 dr 
k

 dt m*
Where E is the electric field, k is the electron wave
vector, r is the position vector, e is electron charge.
The time of free flight is calculated by the Self Scattering
procedure which aims to introduce an additional
interaction which is without effect on the electron motion
and making the total interaction probability a constant.
It is calculated from a uniform distribution of the random
number r between 0 and 1:
1
(2)
t   ln(r )

Under the effect an applied electric field for a time t, the
electron change from its initial state (r i, ki) at time ti to
another final state (rf, kf) at time tf, the electrons
movement in the absence of interaction become:
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Figure.1 Drift velocity vs. electric field with different temperature
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Table I. The values of parameters used in the simulation

Gap Energy (eV)
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Figure 2. Valleys occupation at T=300 K
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The augmentation of the temperature provokes a
diminution of the peak velocity as well as the velocity at
the stationary regime, this diminution is caused
essentially by the augmentation of the total scattering
with the temperature due to the thermal agitation.

2.
Effect of the temperature on the
electronic drift velocity in the stationary
regime
The electronic drift velocity with different
temperatures according the time at E=10 kv/cm is given
in “Fig.3”. The velocity increases very quickly and
reaches an over-speed regime (V=8 108 cm/s for T=300
K) very higher than the stationary speed; this over-speed
is due because electrons are suddenly accelerated by the
electric field whereas some interactions have occurred.
After that, the velocity decreases progressively until to
reach the stationary regime. As the stationary regime, the
augmentation of the temperature causes also a diminution
in the peak velocity due to the augmentation of the total
scattering with the temperature.
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Conclusion

The electronic transport in Ga0.5In0.5Sb material has
been simulated using the ensemble Monte Carlo
simulation. When T=300 k, the maximum electronic drift
velocity is about 2.7 107 cm/s. When the temperature
increases, there is a diminution in the maximum
electronic drift velocity due to the augmentation of total
scattering with the temperature.

References
[1]

M. KAWASHIMA, K. OHTA AND S. KATAOKA, «
GaxIn1-xSb for high speed transferred electron devices»,
International Meeting on Electron Devices, Vol. 23, 1977.

[2]

T. IKOMA, K. SAKAI, Y. ADACHI, H. YANAI, «
Velocity/field characteristic of Ga xIn1-xSb calculated by
Monte Carlo method », Electronics Letters, Vol. 10, Issue
.19, 1974.
8

1x10

7

T=100 K
T=300 K
T=500 K

9x10

7

8x10

Drift velocity (cm/s)

7

7x10

7

6x10

7

5x10

7

4x10

7

3x10

7

2x10

7

1x10

0,0

-12

2,0x10

4,0x10

-12

6,0x10

-12

8,0x10

-12

1,0x10

Time (s)

-11

Figure 3. Drift velocity vs. time with different temperatures

3

International Conference on Technological Advances in Electrical Engineering
(ICTAEE’16.), October 2016

VII Posters

International Conference on Technological Advances in Electrical Engineering (ICTAEE’16.), October 2016

Adaptive Binary Clutter Map-CFAR detection in multiple target
situations
B. Zattouta
Abstract – In this manuscript, we analyze an adaptive Constant False Alarm Rate (CFAR)
detector in multiple target situations. The considered detection scheme using an automatic
censoring technique based on a pre- thresholding algorithm which dynamically discards the
unwanted echoes in the reference canal . The studied processor is called: Binary Clutter MapCFAR, or BCM-CFAR. To show the robustness of the BCM detector versus interferences of SWII
(SWERLING II) model embedded in Rayleigh clutter, we compare the results with those of the
CA- (Cell Averaging-), the OS- (Order Statistic-), and the ACMLD- (Automatic Censored Mean
Level Detector-) CFAR detectors. These obtained results are represented by the variation of the
probability of detection and the false alarm control.

Keywords: Adaptive CFAR detection, Automatic censoring, Multiple target situations,
Probability of detection, Probability of false alarm.

I.

Introduction

It is well known that the conventional CellAveraging- CFAR performs optimally in a Gaussian
clutter where the samples are assumed
IID
(Independent and Identically Distributed) [1] .
Otherwise, it suffers from poor detection in the presence
of outlying echoes and clutter edges [2]. In order to
prevent the suppression of closely spaced targets, the
SO-CFAR (Smallest Of-) has been introduced [3]. The
conventional CA-, and SO-CFAR's are appurtenant to
the group of mean level detectors. After that, a category
of Order Statistics-based CFAR using fixed censoring
points have been proposed [4]-[5] for more optimization
of the performance of detection in multiple target
situations. However, these censoring schemes need
some a priori knowledge about the environment in order
to reject the unwanted samples. Recently, many
automatic censoring techniques have been designed by
dynamically determining the optimal adaptive censoring
points [6]-[7]-[8]-[9]. These automatic censoring
procedures do not require any prior information about
the environment. In our previous work [10], we
proposed the BCM-CFAR censoring detector. This last
implements an adaptive pre- thresholding test to
generate partial binary decisions corresponding to the
clutter states. These decisions are used to eliminate the
outlying echoes from the background level estimation in
the test cell. Their comportment has been evaluated in
the presence of sea clutter environment and then
compared with that of CA-CFAR. The results have
shown that the considered scheme performs optimally in
this Compound-Gaussian sea clutter which is modeled
by the distribution-K with partially correlated speckle
and non correlated texture.

In this paper, we consider an extension of the work
in [10] for the case of multiple target situations of SWII
model [11] immersed in Rayleigh clutter assuming a
mono pulse processing. The performance, to be studied,
is represented by the variation of the probability of
detection Pd against SNR and INR ratios and also the
false alarm regulation Pfa. Where SNR and INR denote
Signal- to- Noise Ratio and Interference- to- Noise
Ratio respectively. The obtained results are evaluated
and compared with those of the CA-CFAR, a fixed
censoring points detector such as the OS-CFAR [5] and
an adaptive censoring points scheme such as the
ACMLD-CFAR [6].

II.

Problem statement and basic
assumptions

In a general CFAR detection scheme the received inphase (I) and quadrature phase (Q) clutter signal
components are passed through a square- low device,
sampled and sent serially into a taped delay line of
length N+1. The N+1 cells correspond respectively to
the N reference cells Xk ,(k=1...N), surrounding the cell
under test X0 (CUT) as shown in Fig. 1.
Under the assumption of a single pulse processing,
the presence or the absence of the target under
investigation in the cell under test X0 is formulated by
the alternative (H1) or the null (H0) hypotheses
respectively, as follows
Under 𝐻1 : 𝐼𝑘 + 𝑗𝑄𝑘 = 𝐶𝑘 + 𝑡
Under 𝐻0 : 𝐼𝑘 + 𝑗𝑄𝑘 = 𝐶𝑘

(1a)
(1b)
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Where Ik and Qk correspond to the I and Q signal
components for the kth rang bin, the processes Ck and t
represent the complex clutter signal and target return
respectively, and j is defined as j2=-1.
IQ

𝑓Ž Ž =

Squarelow
device
X1

number N is replaced by (N-î). Where î is the estimated
number of the censored cells from the reference
window. Similarly, the mean level background
estimator (Ž), which is given by the sum of the rested
samples, is Gamma distributed with parameters (µ, (Nî))
Ž

(𝑁 −î)−1

𝛤 𝑁−î .𝜇 (𝑁 −î)

. exp −

Ž
𝜇

Ž≥0

(4)

CUT

…. .

XN/2

III. Description of the BCM-CFAR
detector

XN/2+1 …...XN

X0

Background level estimator Z
Selected
T

H1
or
H0

Design Pfa

Fig. 1. Block diagram of typical CFAR
For the case when the clutter signal is assumed
Gaussian uniform, the inputs I and Q of the square- low
detector are independent and identically distributed
random Gaussian processes with zero mean and
variance unity. Consequently, the outputs representing
the samples Xk ,(k=1…N), in the reference window are
also IID but with an exponential distribution. Thus, for
each kth cell the PDF (Probability Density Function) is
given by
1

𝑥

𝑓𝑋𝑘 𝑥 = 𝜇 . exp − 𝜇

𝑥≥0

(2)

µ denotes the scale parameter of the exponential
distribution corresponding to the total noise power.
Hence, the value of µ depends on the content of the
observed data. In other words, when the kth reference
cell is immersed in Gaussian clutter and contains an
interfering target, µ may be written as µt (1+INR). If
INR = 0, this corresponds to the homogeneous
situation with µ = µt , where µt denotes the thermal
noise power (normalized to unity).
In classical CA-CFAR detection, the sum of N
reference cells IID and exponentially distributed follows
Gamma distribution [12] with parameters (µ, N)
𝑓𝑍 𝑧 = 𝛤

𝑧 𝑁 −1
𝑁 .𝜇 𝑁

𝑧

. exp − 𝜇

𝑧≥0

(3)

Where, Γ denotes the Gamma function . For adaptive
CA-based CFAR detection, and after rejecting the
unwanted samples located in the reference canal, the

For a given azimuth and according to the natural
range sampling/shifting process, each target located in
the cell under test (called primary target) was located in
the leading window, X1 ... XN/2, (called interfering target)
and will be presented in the lagging window, XN/2+1
...XN, (the same interfering target) after some sampling
periods. In fact, the presence of these interferences in
the reference canal may arise the adaptive threshold.
Consequently, it causes wide detection degradation. To
this end, the goal of the considered censoring approach
is to anticipate and prevent this situation by
implementing a pre-thresholding test for the incoming
echoes. This pre-thresholding provides a partially binary
decisions dk ,(k=1…N), corresponding to the censoring
(HC) or non censoring (HNC ) hypotheses tests
𝐻𝐶

𝑋 <>

𝐻 𝑁𝐶

𝑇î Ž

(5)

Where X is the clutter echo tested, Tî (î=0, 1,…,
Imax) is the threshold factor selected to keep the
corresponding probability of false censoring Pfc (and
also the probability of false alarm Pfa) constant at a
desired value in a homogeneous environment, Imax
represents the maximum estimated number of the
censored cells. In this work, the simulations are
restricted at Imax=N/2. Moreover, this censoring
method depends on the exact estimation of the number î
which is equivalent to the number of zeros or censoring
hypothesis. TîŽ , here, represents the adaptive prethreshold.
Furthermore, Each iteration of this algorithm is
formed by a pre-threshold and a threshold tests and
depends on the precedent one. This means, that the prethreshold of the current clutter test was assumed an
threshold in the precedent target test and will be
replaced in the next iteration by the current threshold to
be decided. From the test above , it is clear that, if the
power of the sample tested is greater than the prethreshold then dk=0 , in the contrast dk=1. These
decisions dk ,(k=1…N), outputs of test (5), are sent
serially into a binary shift register called Binary-ClutterMap register. In addition, the BCM register and the
range delay line, of the same lengths N+1, are shift-
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clocked at the same rate to ensuring a complete
synchronization.
The echoes
Xk ,(k=1…N), are
accompanied (multiplied) with their corresponding
binary decisions dk ,(k=1…N). Thus, the mean level
background estimator (Ž) is given by the sum of
dk × Xk ,(k=1…N). This estimator is Gamma distributed
as in (4). Finally, the test of detection is selected by
comparing the content of the CUT by the adaptive
threshold Ti.Ž as follows
𝑋0

>𝐻 1
<𝐻 0

𝑇î Ž

(6)

In this study, we consider that the moving window
(reference window plus CUT) sweeps over the clutter
regions by processing N+1 sampled echoes for each
rang bin. Thus, we summarize the censoring algorithm,
at M iteration, in the following steps
Input: N, Ti
Begin
1- Moving window= clutter(1+ M : N+1+ M).
X= clutter( N+1+ M).
X0= clutter( N/2+1+ M).
2- Pre- threshold: apply the test (5).
3- Estimation of î and selection of the corresponding
Tî.
4- Threshold: apply the test (6).
5- End of iteration M.
Decision: H1 or H0
6- Shift clock (left- to- right) each register by one bit.
* repeat steps 1, 2, 3, 4, 5, and 6 until: N+1+ M = Ċ
(Ċ is the last clutter sample observed by the radar in
the considered direction).
For block diagram and other details, about the
algorithm at hand, see [10].
According to the automatic switching of the BCMCFAR to an CA-CFAR of order (N-î), the expressions
of the probability of detection Pd and the probability of
false alarm Pfa are then given by [1]

𝑃𝑑 î =

1
𝑁 −î
𝑇î
1+
1+𝑆𝑁𝑅

𝑃𝑓𝑎 î = (1 + 𝑇î )−(𝑁−î)

(7)

(8)

We recall that, Pfa(î) is equivalent to Pfc(î). The
values of the threshold factors which maintain a
constant false alarm rate at a desired value, in a
homogeneous background, are associated in TAB. I.
These results are computed by both simulated and
numerical methods.

TABLE I
THRESHOLD FACTORS OF BCM DETECTOR IN RAYLEIGH CLUTTER
WITH, N=16
Pfa \ Tî

T0

T1

T2

T3

T4

T5

T6

T7

T8

10-3

0.5
39

0.5
85

0.6
38

0.7
01

0.7
78

0.8
74

0.9
95

1.1
54

1.3
71

10-4

0.7
78

0.8
47

0.9
3

1.0
3

1.1
54

1.3
1

1.5
11

1.7
82

2.1
62

IV.

Performance of the BCM-CFAR in
multiple target situations

In this section, we test the automatic censoring
method applied by the BCM-CFAR in the presence of
multiple target situations of SWII model embedded in
Rayleigh clutter. To generate a non homogeneous
situation of the reference window, we inject the
interferences in some cells surrounding the cell under
investigation, with N=16. Note that, the homogeneous
situation is a special case of the non homogeneous
environment with î =0 (no interfering target). Among
all tests and under the assumption of mono pulse
processing, we compare the results, obtained by Monte Carlo simulations, with those of the CA-, the OS-, and
the ACMLD-CFAR detectors. These results are
represented by the variation of the probability of
detection Pd against SNR (if: î=0) and INR (if: 0< î ≤8)
ratios and false alarm regulation (or control) Pfa.
Figure. 2 illustrates the
variation of
the
probability of detection Pd versus the Signal- to- Noise
Ratio SNR in homogeneous Rayleigh clutter. We
observe that the BCM-, the CA-, and the ACMLDCFAR detectors give the same results. This confirms the
fact that the BCM-CFAR corresponds to an CA(N)
when î=0. However, the Order Statistic –CFAR
exhibits some detection degradation [2]. The
performance of the BCM censoring processor in nonhomogeneous Rayleigh clutter caused by the presence
of interferences is provided in Figs. 3, 4, and 5. These
Figs correspond respectively to the presence of 1, 4, and
6 spikes of secondary targets of SWII model presented
in the reference cells. Here, we consider the same radar
section across SNR = INR. From these Figs, we observe
that the Binary Clutter Map detector presents an optimal
probability of detection when one, four, and also six
interferences are located in the reference canal. It can
be also seen that the considered censoring/detection
scheme has the capacity to ameliorate the detection
performance of the classical CA-CFAR which presents
a significant detection loss in the presence of closely
spaced targets [2]. From Fig. 5, we remark wide
detection degradation of the probability of detection of
the OS-CFAR. This is simply because the number of
unwanted samples is superior than N/4 [5]. Note that,
the background level estimator of the OS-CFAR is
obtained here by taking the 3N/4th ordered sample.
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Furthermore, it can be also concluded that the BCM
detector likely outperforms than the fixed censoring
points, OS-CFAR, which needs some a priori
information’s as the power, the number, and the position
of the incoming interfering targets in order to accessing
the censoring or not censoring hypothesis. On the other
hand, the considered approach is more robust than the
adaptive censoring points ACMLD-CFAR detector.
This yields to the exact estimated number of zeros
corresponding to the number of secondary outliers in the
reference canal. The regulation, by the BCM detector,
of the false alarm level at a desired value appears clearly
in Fig. 6. In this case, the results are obtained by taking
10-3 as a preferred value of the Pfa. Two interferences
are considered, the first is located in the leading window
and the second is located in the lagging window. From
these curves, we observe that the BCM detector
regulates the Pfa approximately near to the designed
value of 10-3. Finally, the discussed results prove that
the adaptive pre-thresholding can enhance the
performance of detection in multiple target situations.
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Fig. 5. Pd of BCM-CFAR in non-homogeneous Rayleigh clutter,
presence of six interferences.
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In this paper, we have analyzed an adaptive Constant
False Alarm Rate (CFAR) detector in multiple target
situations. The considered approach, which called
BCM-CFAR, used an automatic censoring algorithm
based on a pre-thresholding test. We have studied the
detection performance in both homogeneous (no
interfering target) and non homogeneous Rayleigh
clutter using a single pulse processing. The obtained
results have been represented by the probability of
detection Pd and false alarm regulation Pfa. We have
showed that the BCM detector switches to the classical
CA-CFAR in homogeneous Rayleigh clutter. In the
presence of multiple target situations of SWII model, the
CA(N-î) scheme which dynamically discards the
unwanted outliers performs better than the CA-, the
OS-, and the ACMLD- CFAR's. In fact, situation
including six interferences has been tested with success.
In addition, the addressed pre-thresholding has the
capacity to protect their false alarm rate approximately
near to the desired value. For future works, we propose
the extension of this study to clutter edge environments
in the assumption of non-coherent integration of several
pulses.
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Abstract— The fast progressions in the field of communication
and information technologies (TIC) enabled increasingly many
terminals to remain connected to Internet whatever the position
and the mobility of the users. These connections can be assured
by wireless communications using mobile phones network (3G or
4G). High demands for the rate which is related to applications,
such as downloading videos, video games online or the
consultation and the remote saving-data lead to a very fast
development of the access networks which has made significant
progresses in few years especially what concerns the fixed and
radio mobile/wireless access. The wireless communications with
high rate are preferred by customers and also of the operators
because of its flexibility and mobility properties. In these
circumstances, Radio over Fiber (RoF) offers potential solution
for increasing capacity, mobility and reducing cost. This paper
proposed and simulated a simple, competent and cost effective
RoF system using interferometer. Simulation results from
Matlab/Simulink have been included to show the comparative
performance evaluation of parameters like maximum Q-factor,
minimum BER, with respect to bit rate, fiber length and emitted
power by the CW laser for different line coding schemes (NRZ
and RZ).
Keywords—Radio Over Fiber, Line Coding, optical fiber,
domestic networks and Matlab/Simulink.

I. INTRODUCTION

I

n order to provide diversified and evolutionary services,
the access networks must be ramified so as to follow the
needs of a number of users continuously growing in
particular in the public places (e.g. Bureaux, stations, airport,
etc). This will be done by the design of picocellular networks,
which consists with the cover of a zone by a greater number of
reduced size cells. By thus limiting the number of users per
cell, the bandwidth can advantageously be shared while
decreasing the emitted radio powers, and while having a
favorable assessment of connection per antenna.
In order to manage the various cells of a multicellular
network with higher data rate, a promising solution consists in
using an optical infrastructure to connect the various radio
access points. This solution is based on hybrid technologies
known as '' Radio over Fiber (RoF) '' which uses in an
advantageous way an optical transmission support able to

distribute signals radio frequency (RF) with speed beyond 1
Gbit/s per user satisfying the need for mobility [1].

Fig. 1. Mobility Vs Data Rate for different wireless standards [4]

Radio over fiber technology can be applied in the various
fixed, radio, mobile and domestic networks according to the
needs: for the optical access network, the use of the Radio
over Fiber allows to accelerate the deployment of the higher
data rate networks because of the flexibility of the radio
and/or to share the optical infrastructure to provide other
particular radio services. For the access networks radio and
mobile, this technique allows to solve the problems of wide
band radio signals and the multiplicity of cells with small
power. Finally for the domestic networks, the RoF allows to
increase the range of the domestic systems [2].
The RoF technology is very useful in the places where the
propagation conditions are unfavourable, such as the large and
huge buildings, the undergrounds and the tunnels, the signals
RF transported by optical fiber ensure the covering of these
shadowed regions radio [3].
The optical transmission of the microwaves signals is a
very attractive technique because of the characteristics of
optical fiber in terms of minimal losses and very high
bandwidth. The modulation of the light then its transmission
by fiber or in free space constitute a transmission means of the
higher data rate signals. This modulation can be made directly
by a digital signal or by subcarrier microwave itself modulated
by a digital signal. The emerging systems using these
techniques such as the Radio over Fiber RoF or Hybrid Fiber
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Radio (HFR) make it easy for these techniques to transmit the
data. The transmission is also for these applications
implemented in the systems of antennas with electronic
sweeping for the radar applications or of telecommunications.
Whereas, wireless technologies, Wi-Fi (IEEE 802.11),
Bluetooth, ZigBee (IEEE 802.15), UWB are suffering from
the problem of complex installation, higher loss yet relatively
lower data rate.
In such condition, a wireless and optical integration
technique, Radio over Fiber (RoF) has attracted much
attention recently to compensate the limitations of
existing technologies. Radio over fiber (RoF) refers to a
technology whereby light is modulated by a radio signal and
transmitted over an optical fiber link to facilitate wireless
access, such as 3G and WiFi simultaneously from the same
antenna. In other words, radio signals are carried over fiberoptic cable.
Thus, a single antenna can receive any and all radio signal
carried over a single-fiber cable to a central location
where equipment then converts the signals; this is
opposed to the traditional way where each protocol type
requires separate equipment at the location of the antenna.
Radio over Fiber (RoF) with extensive use of digital
signal processing can be used to provide wireless
broadband accessibility with higher data rate. Radio
coverage in WLAN environment can be expanded using RoF
[6].
TABLE I: MAXIMUM DATA RATE AND RANGE OF EXISTING WIRED AND
WIRELESS TECHNOLOGIES OF HAN [5]

Wireless

Wired

Technology/
Standard

Maximum
Data rate

Ethernet
(IEEE 802.3)
Power line
Communication
Optical Fiber
Wi-Fi
(IEEE 802.11)
Bluetooth
(IEEE802.15)
ZigBee
(IEEE 802.15.4)
UWB

Range

100 Gb/s
(IEEE 802.3 bj)
10 Mb/s
40 Gb/s
866.7 Mb/s
(IEEE 802.11ac)
24 Mb/s
(Version 3 +HS)
250 kb/s
(IEEE 802.15.4)
675 Mb/s

~100 Km
~10 m
~10 m
~30 m
~10-20 m

relatively short distance from Central Site (CS) to Remote Site
(RS) connected by an optical fiber link. [7]
In this paper, we have proposed and simulated an
adept, cost effective RoF system using single mode fiber
operating at 1550 nm which fall under C-Band, which is also
known for its lowest attenuation losses and hence it achieves
the largest range and greater data rate. 10 GHz and 15 GHz RF
are utilized to achieve higher data rate. Moreover, delay
interferometer with lower insertion loss and better
frequency chirp characteristics is used to separate two optical
signals at the receiving end. This paper also investigated
the performance evaluation of the system for different
performance metrics for Return to Zero and Non Return to
Zero line coding schemes with varying data rate, fiber length
and emitted power by the CW laser.
II.

RoF system offers following advantages:
A. Lower Attenuation loss
In RoF system, transmission of radio-frequency occurs
through optical fiber thus the losses are much lower than those
encountered in the free space propagation and copper wire
transmission of high frequency microwave.
B. Better Coverage and Increased Capacity
With the use of densely deployed Radio Access Points
dynamic range of RoF system can be increased. Furthermore,
low attenuation operating windows of optical fiber
communication are 850, 1310 and 1550 nm that offer
enormous bandwidth and thus higher capacity.
C. Resistance to RF Interference
Since the RF signals are transmitted through the fiber in the
form of light they are immune to electromagnetic interference.
D. Reduced Engineering and System Design Cost
In RoF system, Central Station performs complicated
operations, like modulation, coding, up/down conversion
and multiplexing. Instead of using traditional approach of
densely deployed complex and expensive Radio Access Point
(RAP), simple and cost effective RAPs are used with
Intensity Modulated Direct Detection (IM-DD).
E. Reduced Power Consumption
Reduced power consumption is the consequence of having
simple RAP with reduced equipment [8].
III.

Fig. 2. RoF System Concept

RoF system consists of Central Station (CS) and Base
Station (BS) connected by an optical fiber link or
network. RoF system distributes the radio-frequency (RF)
signals by optical transmission to Radio Access Point (RAP)
so that RAP does not require performing functionalities like
modulation, coding, up/down conversion and multiplexing.
RoF for HAN requires higher data rate transmission over

ADVENTAGES OF ROF SYSTEM

METHODOLOGY AND SIMULATION SCHEMATIC

One of the main objectives of this paper is to design a RoF
system based on Intensity Modulated Direct Detection
(IM-DD) which leads to simple and cost effective system
implementation. Fig. 3 depicts the principle and the
configuration of the proposed RoF system. Central System
(CS) composed of two microwave signal generators of 10
GHz and 15 GHz, one continuous wave (CW) laser, two pulse
generators, two pseudo-random binary sequence (PRBS)
generators and one Mach-Zehnder Modulator (MZM). The
central wavelength of CW laser is 1550 nm. In our
proposed system, we have used wavelength which falls
under C-Band where attenuation is minimum and hence it
achieves the longest range. In this system, 1 Gb/s data streams
are mixed with 10 GHz and 15 GHz microwave signals
and supplied to the MZM along with the optical carrier from
the laser diode. Amplitude Modulated (AM) optical carrier
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is fed into the fiber transmission link i.e., Single-Mode fiber.
Modulation can be done in two ways, direct and external
modulation. In direct modulation, RF signal varies directly
with the bias of a semiconductor laser diode, whereas external
are integrated with Mach-Zehnder Modulator (MZM) or
Electro-Absorption Modulator (EAM). Intensity Modulation
is done mainly due to the simplicity of the corresponding
optical detector that is based on a photodetector which operates
as a simple amplitude threshold detector [9].

IV.

PERFORMANCE MEASURES

Characterization of an optical transmission link which is
one of the main criterions for the effective modeling of RoF
system depends on the proper choice of performance
metrics. Performance metrics should present a precise
determination of system’s limitation and measurement to
improve the performance of the system. The most widely used
performance measures are the Q-factor, BER and eye opening.
A. Q-factor
Q-factor represents the optical signal-to-noise ratio
(SNR) for a binary optical communication system and
allows simplified analysis of system performance. It
combines the separate SNRs associated with the high and
low levels into overall system SNR. Q-factor is also
helpful as an intuitive Figure of Merit (FoM) that is directly
tied to the BER. BER can be improved by either
1) increasing the difference between the high and low levels
in the numerator of the Q-factor
2) or decreasing the noise terms in the denominator of the
Q-factor.

Fig. 3. Simulation model of our proposed RoF system.

In our system, we have used delay interferometer to split
two amplitude modulated optical carriers. Delay line
interferometer have some beneficial characteristics, like,
low insertion loss, better frequency chirp characteristics and
fairly insensitive to slight misalignment. In delay
interferometer, one beam is time delayed by an optical path
difference corresponding to 1-bit time delay. After
recombination, the two beams interfere with each other
constructively or destructively. The resultant interference
intensity is the intensity keyed signal [10].
After that signals are filtered using 4th order Bessel Filter
having center frequency of 193.1 THz and demodulated in the
AM demodulators for getting back the electrical signals.
Our proposed RoF system is modeled using simulation
software, Matlab/Simulink. Fig. 4 shows the simulation
schematic drawn in Matlab/Simulink.

BTS 1

BTS 2

Fig. 4. Simulation schematic of proposed RoF HAN

Q-factor,

Q

V H V L
L H

(1)

VS is the voltage sent by the transmitter and if we
assume that VS can take on one of the two voltage levels, VH
and VL. σ L and σ H are the standard deviations of the noise
[12].
B. Bit Error Rate (BER)
BER is the number of erroneous bit divided by the
total number of transferred bits during a studied time
interval. In digital transmission, data stream can be altered
due to noise, distortion or synchronization errors. The BER
gives the upper limit for the signal because some
degradation occurs at the receiver end. The bit error
probability, Pe is the expectation value of the BER. The
BER can be considered as an approximate estimate of the
bit error probability. In a noisy channel, the BER is often
expressed as a function of the normalized carrier-to-noise
ratio (Eb / N0), (energy per bit to noise power spectral
density ratio), or Es / N0 (energy per modulation symbol to
noise spectral density).

BER 

1
erfc ( E b / N 0 )
2

(2)

C. Eye Pattern
Eye pattern or diagram is used to visualize how the
waveforms used to send multiple bits of data can
potentially lead to errors in the interpretation of those bits.
Vertical eye opening indicates the amount of difference in
signal level that is present to indicate the difference between
one bit and zero bit. The bigger the difference the easier it
is to discriminate between one and zero. Whereas,
horizontal eye opening indicates the amount of jitter present
in the signal. An open eye pattern corresponds to minimal
signal distortion. Distortion of the signal waveform due to
intersymbol interference and noise appears as closure of the
eye diagram [13].
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Fig. 6. a) Polar NRZ and b) Polar RZ
VI.

V. LINE CODING AND PULSE GENERATOR

Line coding consists of representing the digital signal to be
transported by an amplitude and time discrete signal.
Binary data can be transmitted using a number of different
types of pulses. The choice of a particular pair of pulses
to represent the symbol 1 and 0 is called line coding.
Better line coding scheme should exhibit a number of
desirable properties for particular application, such as :
A. Signal Spectrum: Spectrum occupancy should be small
to ensure good spectrum efficiency.

Proposed RoF system was successfully modeled and
simulated using Matlab/Simulink. The output of some blocks is
given in Fig. 7 –Fig. 12
20
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Puissance (dBm)

Fig. 5. Eye pattern
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F. Transparency: Performance of line coding should be
independent of the data.
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D. Signal interference and noise immunity: Line code
should have a low probability of error for a given
transmitted power.
E. Error detection: Error detection facility should be
provided.

2
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C. Clock signal: Spectrum of line coding scheme should
contain a frequency component at the clock frequency
to permit clock extraction.
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In this paper, two types of pulses are employed, Non
Return to Zero and Return to Zero.
 Polar NRZ occupies narrow bandwidth thus more
spectral efficient
but
have
significant
dc
component and there is no clock component in the
spectrum.
 Polar RZ occupies larger bandwidth thus
relatively less spectral efficient than NRZ. It also
suffers from problems like significant dc component
and no clock component [11].
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CONCLUSION

In this paper, we have proposed a RoF system and
simulated the transmission of 1 to 3 Gbps, 10 GHz and
15 GHz RF signals over 20 km to 60 km standard SM
fiber at wavelength of 1550 nm. The results shown in Fig. 13 –
Fig. 18 depict the performance of RoF system using different
line coding schemes for different data rates, fiber lengths and
emitted power by CW laser. Fig. 8 – Fig. 11 showed the
waveforms from different blocks of the RoF link. Since the
central frequency is still around 193.1 THz so it will not
cause severe deviation at received signal. After been
transmitted for 20 km, received signal accumulated some
noise as shown in Fig. 8 – Fig. 11 and Fig. 12 showed eye
diagram of data received at BTS 1 where vertical and
horizontal eye opening correspond to minimal signal distortion.
The results of simulation showed that with the increase of
bit rate and fiber length the Q-factor falls while the
minimum BER increases, and with the increase of the emitted
power by the CW laser the Q-facror increases and the
minimum BER falls.
Comparison between RZ and NRZ line coding have
been made based on the performance metrics, such as, Qfactor and minimum BER. Good eye diagram and low BER
were achieved which implies the better performance of the
system.
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The results shown in Figure 13 and Figure 14 depict the
performance of the effect of varying bit rate on maximum
Q-factor and minimum BER for RZ and NRZ line coding.
The results shown in Figure 15 and Figure 16 depict the
performance of the effect of varying fiber Length on
maximum Q-factor and minimum BER for RZ and NRZ line
coding.
The results shown in Figure 17 and Figure 18 depict the
performance of the effect of varying emitted power by the
CW laser on maximum Q-factor and minimum BER for RZ
and NRZ line coding.
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Influence of switching operation conditions on VFTO in GIS
substation
F.Achouri1, I.E Achouri2, A.bayadi3
Abstract – the application of GIS during the last fifteen years has been very rapid. The rapid
growth in GIS application is due to special advantages; Area and volume saving in construction,
High service reliability and lesser maintenance, down time and repair costs.
This study conducts simulation of a 420 kV GIS substation, the modeling of GIS components and
its connected equipment’s are summarized. The variations of VFTO magnitudes at different points
in GIS during different switching operations of circuit breaker have been calculated and
compared.
In this paper the simulations have been conducted with the EMTP software and simulation results
are presented.

Keywords: Gas Insulated Substation;Very Fast Transient Over Voltages; Switching
Operations;Modelling; Simulation.

I.

Introduction

The switching overvoltage is a typical concern in high
voltage power systems, VFTO is generated during the
switching operation, as well as events likes operation of
Circuit Breaker (CB) or Earth Switches (ES) in GIS.
VFTO thus generated have rise-times in the range of a
few ns and is followed by high frequency oscillations,
VFTO not only influence the operating reliability of GIS,
but also causes great threat to the insulation of the highvoltage equipment, especially to windings of the
transformer.

unit of the line to neutral voltage crest to study [1].420
kV
GIS has been taken up for the simulation of VFTO
during switching of various circuit breakers. The
simulation depends on the quality of the each model of
GIS component.
A GIS system is composed of 2 line feeder bays, a
transformer and a bus coupler bay (Figure 1) [2]

Since the VFTO magnitude depends on the location of
the switching point, it is necessary to study the influence
of different configuration of switching operation in
substation under study.
These simulations are able to estimate the size of
VFTO and its forehead time and its effect on different
equipment GIS.

II.

MODELLING OF 420 KV GIS
SYSTEM

VFTO arise within a gas-insulated substation (GIS)
any time there is an instantaneous change in voltage,
most often this change occurs as the result of the opening
or closing of a disconnector switch, but other events,
such as the operation of a circuit-breaker VFTO.
Generally it have a very short rise time, in the range of 4
ns to 100 ns, and are normally followed by oscillations
having amplitude values in the range of 1,5 to 2,0 per

Figure 1. Basic arrangement of the 420 kV GIS
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The simulation of transients in GIS assumes an
establishment of models for the Bus, Bushings, Elbow,
Transformer, Surge Arresters, Breakers, Spacers ,
Disconnectors and Enclosers, due to the travelling nature
of the VFT the modeling of GIS makes use of electrical
equivalent circuits composed by lumped elements and
especially by distributed parameter lines, defined by surge
impedances and travelling times.

The dis-connector spark itself has to be taken into
account by transient resistance according to the Toepler’s
equation and subsequent arc resistance of a few ohms,the
mathematical equation for the above is given by
⁄

(1)

Note

is taken as 1×106MΩ and T as 1ns. The above
equation
gives a resistance whose value varies from very high
value (MΩ) to a low value of 0.5 MΩ within 30 ns.

Bus duct

Loss-free
distributed para
Meter
transmission
lines

A program based on Toepler’s formula is established on
EMTP.il allows to control the spark resistance figure2.
The model was tested with a voltage source; figure3
represents the result ‘tension and resistance’ a function of
time.

Spacer

C >20 pF

Component

Equivalent circuit

Closed
disconnector

Open
disconnector

Figure2. EMTP model of circuit breaker

Closed switch

1
Open switch

2

n

( n = number of
breaking
chambers)

Acrial line

Figure3.Arc breaker Characteristic

r= surge
impedance

Or Long cable
(termination)

Power
transformer

r

III. CONFIGURATION MODE OF GIS
parameters
evaluated from
the frequency
response of the
transformer

To assess VFTO in GIS, it is necessary to analyze the
different switching schemes of circuit breaker wich is
considered one of the essential origin of VFTO[1], in the
present study four cases of switching due to circuit
breakers are studied fig 4, 5 and 6.
A. switching of the circuit breaker installed on feeder line

TABLE 1 . EQUIVALENT CIRCUIT OF GIS COMPONENTS [2]

B. switching of the circuit breaker installed on feeder
line2
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C. Switching of the circuit breaker installed on bus
coupler
D. Switching ofcircuit breaker installed on the
transformer line

Figure 6. Switching operation at at transformer line

IV.

Figure 4. Switching operation at line feeder

RESULTS AND DISCUSSION

The VFTO generated during switching of circuit breakers
can damage equipment and disturb reliably service of GIS
substation.
To the extent analyze of produced VFTO. It was taken in
consideration four configurations often occurred in Gis
substations.
All components of Gis modeled in table 1 as well the
model of circuit breaker during the switching operation
are grouped into ATP-EMTP program .The simulation
parameters are taken as follows; simulation time 3µs, time
step 10 ns.
Started by the case1, switching operation is assumed
in the circuit-breaker of feeder1. Five points in several
places of GIS have been measured M1, M2, M3, M4, and
M5. Simulation result represented in figure 8 show that
in case 1 the maximum value is 1,65Pu ( point M3) .

Figure 5. Switching operation at bus couple

Figure 7. Very Fast Transient Overvoltage at point M3(Case 1)
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Figure 8. Very Fast Transient Overvoltage at point M3(Case 1)

Figure 10.Very Fast Transient Overvoltage at point M2 (Case 2)

Figure 9. Very Fast Transient Overvoltage at point M4δ M5 (Case 1)
Figure 11. Very Fast Transient Overvoltage at point M 3 (Case 3)

In othercases, maximum VFTO values are recorded, in
point M2 a VFTO max is 1, 3 Pu (Case 2) as show in Fig
10 , in(case 3) VFTO max is 1.05 Pu recorded at M2
Figure11,and 1,45 in (case 4 )figure 12 .
From the simulation curves, it is clear that the maximum
value is 1, 65 Pu recorder in M3 when switching
operation happenedin feeder line1.
We can also observe that the switching point in the
substation effects on amplitude of VFTO seen that the
values recorded at same point have different values(table
2). For example in point M3 the values varies between
1.12 and 1.65 Pu Table 2.
Figure12. Very Fast Transient Overvoltage at point M 3 (Case 4)
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TABLE2.VFTO Measurements in different switching
Configuration

Switching
mode

VFTO points measurements (Pu)
M1

M2

M3

M4

M5

Case 1

1.35

1.3

1.65

1.04

1.12

Case 2

1.4

1.3

1.3

1.1

1.18

Case 3

1.04

1.02

1.12

1.04

1.02

Case 4

1.37

1.2

1.45

1.12

1.1

V.

CONCLUSION

Several researchers have carried out a work on VFTO due
to the different faults in GIS. In this article the VFTO due
to breaker circuit switching which is considered one of
the essential fault influencing the GIS system is analyzed
taking into account all configurations of circuit breaker
switching.
It was found that the peak value can have the GIS system
occurs during circuit breaker switching in the line feeder
1with a value of 1.65pu.This value is not safe for
equipment and installation of Gis system and need to be
reduced using several methods and techniques which can
be considered as an extension for this work.
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Abstract – Power dividers and power combiners are mostly used in feeding circuits of multi-elements such as antenna
in beamforming application. A divider/combiner power can be found by inserting a discontinuity in the cross section
such as, metallic posts or by changing in section width of the transmission line. This paper presents a cruciform coupler
in Substrate Integrated Waveguide (SIW) technology. The proposed coupler consists of a rectangular cavity and several
metallic posts inserted within the cavity in order to acquire the suitable coupling coefficient. The design technique
based on H-plane planar circuit approach of a waveguide cavity where the relationship between the coupling factor,
post radius and it post position are used to determine the coupling performance. By optimizing the cruciform coupler
dimensions for working in X-band at the operating frequency of 10 GHz, a good performance of an equal power
division within ±0.5dB and a return loss down to -20dB in relative band-with of 37.5 % are obtained.

Keywords: Substrate Integrated Waveguide, H-plane approach, Cruciform coupler, Directional coupler.

I.

Introduction

Recently, the Substrate Integrated Waveguide
(SIW) technology has been greatly used in the
implementation of microwave devices [1]. This
promising technology combines most of advantages
of conventional rectangular waveguide and planar
printed circuits, namely, complete shielding, low
loss and high quality factor [2]. Based on planar
dielectric substrate with top and bottom metal
layers pierced with metalized holes, SIW technology
offers an effective solution for integrating active
circuits, passive components and radiating elements on
the same substrate [3-4]. Most of passive components
in classical waveguide, such as filters [5], couplers [6],
duplexers [7] and circulators [8], were modeled in SIW
technology which allows obtaining reduced losses and
a very important reduction in the circuit size,
compared to classical waveguide components.
The geometrical discontinuities in a classical
waveguide are unavoidable because resulting from a
transition in cross section of the waveguide. The
discontinuity effect is generally unwanted. Sometimes,
a discontinuity is willingly introduced into the
waveguide in order to improve certain electrical
characteristics [9]. Generally, it formed by placing a
post radius within waveguide section it can be
represented as a Tee or Pi equivalent circuit. The

component values of the equivalent circuit depend on
the physical dimensions of the obstacle [10].
The coupler is composed of a rectangular cavity and
several metallic posts inserted within the cavity so as to
forming an aperture plane in order to obtain a good
coupling performance [11-12]. The cavity is analyzed
using H-plane planar circuit approach [13-14] in order
to optimize the coupling. The validate of this coupler is
confirmed by the design of cruciform coupler in SIW
technology for X band applications. The coupler is
designed and simulated on RT/Duroïd 5870 substrate
by commercial software package HFSS around 10 GHz
and a bandwidth of 37.5 %.
II.

Substrate Integrated Waveguide

A Substrate Integrated Waveguide is constructed
from a dielectric substrate with height h and relative
permittivity εr. It is placed between two metallic planes,
by adding a top metal layer over the ground plane and
caging the structure with rows of plated holes on either
side. Each hole has a diameter d and is separated from
its neighbor by centre-to-centre spacing s. Generally,
SIW is interconnected with tapered transition, as it is
shown in Fig.1. An empirical formula is necessary to
calculate physical parameters of SIW in order to keep
only fundamental mode TE10 and get a similar behavior
of conventional rectangular waveguide [15].
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Fig. 2. Transmission coefficient S12 and reflection coefficient
S11 of SIW.

Fig. 1. Substrate integrated waveguide interconnect with microstrip
III.

transition.

A well approximation of physical width of the SIW
is given by equation (1) [15-16].
WSIW = Weq + d2 ⁄0.95 s

(1)

Where Weq is the width of a classic waveguide and
the parameters s and d must verify the following two
conditions:
d < λg ⁄5

(2)

s < 2𝑑

(3)

Coupler construction and analysis

Cruciform coupler has been investigated by many
authors [11-14]. The main block in the coupler is the
cavity junction, where is placed the coupling aperture
over the common wall of two waveguides. In General,
the coupler is consisted of a cavity connected to four
input/output ports in its corner, as it shown in Fig. 3.
Metallic posts are inserted inside the cavity in order to
obtain a desired coupling coefficient (red posts), posts
have the same diameter d0 and diagonally separated by
r. Four similar posts (orange posts) have diameter d1
are added in order to achieve a low return loss.

Table I gives physical parameters of a SIW working
in centre frequency of X-band (8~12 GHz),
implemented on substrate RT/Duroïd 5870, with εr =
2.33, h = 0.787 mm and tgδ = 0.0012.
TABLE I. PHYSICAL DIMENSIONS OF SUBSTRATE INTEGRATED
WAVEGUIDE.

Parameter
d
s
Weq
WSIW
Lm
Wm
Lt
Wt

Dimension
0.5 mm
1.0 mm
14.97 mm
15.23 mm
2.36 mm
11 mm
11 mm
5.89 mm

Fig. 2 shows the reflection and transmission
responses of the SIW structure of Fig.1, using the
dimensions mentioned above in Table. I. The structure
presents a reflection coefficient S11 less than -10 dB
and a transmission coefficient equal to 0 dB in all the
X-band.

Fig. 3. Top viw of cavity.
From notation in Fig. 2, port 1 is the input port, port
3 is the coupling port, port 3 is isolating port and port 4
is the direct port. We have apply the same boundary
condition as it given in [13] to the model in Fig. 3 than
we optimize the opening aperture to get an equal power
in both parts of cavity. Electrical field distribution in
Fig. 4 provides the equal repartition of the power.

12.00
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Fig. 4. Electrical Field distribution.

Design of SIW coupler

In this section we will apply H-plane circuit
technique to design a cruciform coupler. As it shown in
Fig 5, coupler is formed by four branches connected by
a central junction. The coupling between different ports
is adjusted by the length of the common aperture [1112]. Geometrical parameters of obstacles are
recapitulated in the table II. The scattering matrix can
be calculated by cascading the scattering matrices of
coupler arms. The designed coupler is required to have
a centre frequency at 10 GHz and fractional band-width
of 37.5 %.

Fig. 5. Cruciform directional coupler.
S parameters Vs Frequency
0
-5
-10

S parameters [dB]

IV.

-15
-20
S11
S12
S13
S14

-25
-30

TABLE II GEOMETRICAL PARAMETERS.

Geometrical
parameters
dx (mm)
dy (mm)
d0 (mm)
d1 (mm)
r (mm)

-35

Value
-40

1.21
1.54
0.4
0.88
8.61

8

8.5

9

9.5

10
10.5
Freq. [GHz]

11

11.5

Fig.6. S-parameters of cruciform directional coupler.
V.

Conclusion

In this work, a Substrate Integrated Waveguide small
size cruciform directional coupler was designed for Xband application. Based on the extraction of K factor
from a segment of SIW and by using of the relationship
between K factor and the structure dimension, the
reasonable size and position of the post are chosen. A
good return loss was found at 10 GHz and bandwidth of
37.5 % is obtained.

12
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motors” are finding increasing applications in robots and
machine tools [4].
The PMSM model can be derived by taken the following
assumptions into consideration [1]:
 The induced EMF is sinusoidal;
 Eddy currents and hysteresis losses are negligible;
 There is no cage on the rotor;
The stator and rotor flux equation of PMSM can be written in
the reference frame of Park in the following form [5].

Abstract- This research work is performing a study robustness
of vector control of the speed of PMSM... After mathematical
modelling of PMSM, The synchronous machine is fed by a
voltage inverter controlled by PWM technology (Pulse Width
Modulation). In this work, we have tested the system response
under condition of the parametric variation. Good
performances of the control in dynamic mode have can be
observe after simulation of the model. They are characterized
by a very small error in response for the rotational speed as
well as robustness with respect to the parametric variations
(errors of the system)
Key Words: vector control, PMSM, dynamic model.
I.

𝛹𝑑 = 𝐿𝑑 𝑖𝑑 + 𝛹𝑓
{
𝛹𝑞 = 𝐿𝑞 𝑖𝑞

INTRODUCTION

While the equations of the stator voltages are written in this
same reference frame in the following form:

The new industrial applications require variable speed
transmissions having high dynamic performances. These last
year’s several techniques were developed to make it possible
the synchronous variators with permanent magnets to reach
these performances.
In the industry, the synchronous permanent-magnet motor try
more and more to replace the DC motor in applications where
it is desired dynamic and static performances very high with
high powers. This type of motor is needed in the market due to
its compactness, simplicity and control to its high power
density, view that modern magnets have the capacity to
produce a strong induction in the air gap in a small volume,
which is impossible with a wound inductor [7].
The aim of this research work is to enhancement the PMSM
dynamic performances by using state variables. The vector
control, which allows a decoupling between the variables of
control, remains more used considering the high dynamic
performances which it offers for a broad range of applications.
The paper is organised as follows: The permanent magnet
synchronous machines model systems is described in section 2.
Field-oriented control methodology is presented in section 3.
At the end the simulation results and theirs discuss are
presented. A conclusion is given, at the end of this paper.
II.

(1)

𝑣𝑑
𝑅𝑠 + 𝐿𝑑 𝑠
[𝑣 ] = [
𝑃Ω𝐿𝑑
𝑞

−𝑃Ω𝐿𝑞 𝑖𝑑
0
] [ ] + [𝑃ΩΨ ]
𝑅𝑠 + 𝐿𝑞 𝑠 𝑖𝑞
𝑓

(2)

Finally, the developed electromagnetic torque can be expressed
as:
3
𝐶𝑒 = 𝑝[(𝐿𝑑 − 𝐿𝑞 )𝑖𝑑 𝑖𝑞 + ψ𝑓 𝑖𝑞 ]
(3)
2

The conversion of electrical energy into mechanical energy in
synchronous machines is governed by the following equation:
𝐽

𝑑
𝑑𝑡

Ω = 𝐶𝑒 − 𝐶𝐿 − 𝐶𝑓

With:
Ld :
Lq :
P:
p ψf iq :

(4)

Inductance in the longitudinal axis or directly;
Inductance quadrature axis or transverse;
Number of pairs of poles;
That the torque will be obtained with a machine
with smooth poles;
𝜳𝒇 :
Which corresponds to the flux coupling between
the rotor and the stator;
CL:
Is the load torque or load torque imposed on the
machine shaft;
J:
Moment of inertia of the rotating parts of the
machine set – load;
Ce :
The electromagnetic torque;
Cf =f Ω : The friction torque and f is the friction coefficient;
Ω:
The mechanical rotation speed (ω p = Ω);

MODELING OF MACHINE

The permanent magnet motors are similar to the salient
pole motors, except that there is no field winding and the field
is provided instead by mounting permanent magnets in the
rotor. The excitation voltage can’t be varied. The elimination
of field coil, DC supply and slip rings reduces the motor loss
and complexity. These motors, also known as “Brushless

III. FIELD-ORIENTED CONTROL

1
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The model of PMSM is a multivariable and highly
coupled system, faced with this complexity vector control
produced a decoupling between the control variables of the
PMSM and therefore makes it possible to obtain a linear
dynamic model similar to that of a DC motor. The current
control and speed commands in the repository Park naturally
by digital controllers.
Fig. 2. Global scheme of vector control with conventional PI
control
B.

Regulation

The control of current vector control is reduced to two internal
loops are made for the direct control of the flux and torque.
B.1. Flow Corrector

A.

The flow is controlled by proportional and integral corrector
(PI) whose transfer function is:
𝐾𝑝𝑑
𝐾
𝑅𝑒𝑔_𝑑(𝑠) = 𝑖𝑑 (1 +
𝑠)
(7)

Principle

𝑆

In this case, the machine is without saliency and without
absorber, the magnets being arranged on the surface of the
rotor. This technical consists to maintaining the reaction
armature flux in quadrature with the rotor flux produced by the
system of excitation like in case of the machine of DC. For an
optimal working with a maximum torque, the simplest solution
for a synchronous machine is to maintain the direct current
equal to zero 𝑖𝑑 = 0, and to control the speed by the quadrature
current (𝑖𝑑) with the voltage 𝑈𝑞[6]. To obtain a reduced and
decoupled model of the machine, the expression of the
electromagnetic torque becomes:
3

𝐶𝑒 = 𝑝ψ𝑓 𝑖𝑎

Fig. 3. Flow Control
With:
𝐹𝑑 (𝑠) =

As the flow is constant, the torque is directly proportional to iq:
Ce =Kt iq With: K: coefficient depends on the machine
ω
d

q

𝐾𝑝𝑑

vd

Is = iq

1
𝑅𝑠

1+𝑇𝑑 𝑠

=

𝑖𝑑
𝑣𝑑1

, 𝑇𝑑 =

𝐿𝑑
𝑅𝑠

To determine the Kp and Ki parameters of the corrector, simply
compensate the dynamics of the system by the zero introduced
by the latter.
The way forward consist on beginning the compensation time
constant of the system, putting:

(6)

2

𝐾𝑖𝑑

The loop flow corrector is shown in figure:

𝐾𝑖𝑑

vq

B.2.

Id = 0

= 𝜏𝑑

(8)

Torque Corrector

ψf

Reg q has the same form of Reg d with the transfer functions
form is:

is
a
0

Fig. 1. Principle of field-oriented control of PMSM
𝑅𝑒𝑔_𝑞(𝑠) =
The d axis stator current component plays the role of the
excitement and adjusts the value of the flux in the machine.
The q axis component acts as the induced current and can
control the torque.
The Vector Control then controls to the two components
(id) and (iq) of the stator current by imposing voltages (vd) and
(vq) that fit. To impose voltages (vd) and (vq), simply impose
the reference voltages (Vqref) and (Vdref) at the input of the
inverter. Using the controller we get the reference currents
(Iqref) and (idref) [9]. The global pattern of the principle of
PMSM vector control is shown in the figure:

𝐾𝑖𝑞
𝑆

(1 +

𝐾𝑝𝑑
𝐾𝑖𝑞

𝑠)

The loop torque corrector is shown in figure:

Fig. 4. Torque loop controlled by a PI

2

(9)
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With:

𝐹𝑞 (𝑠) =

1
𝑅𝑠

1+𝑇𝑞 𝑠

=

𝑖𝑞1
𝑣𝑞

,

For currents id and iq (Fig.7.a,b) during start-up, we
observe current peaks that are quite significant. In fact, and
after a very short time, the current stabilized at their nominal
values. The velocity curve (Fig.7.c) shows strong oscillations
during the transient regime, this regime lasts 0.02 s drunk, and
there after the rate converges to its rated speed of 157 rad/sec.
Steady state at time t = 0.2s, we apply a load which causes a
change in speed for a short time (oscillations) and then
stabilizes in synchronism and resumed the steady state.
Regarding the instantaneous torque (Fig.7.d), we can report the
presence of oscillations in the power for a very short time when
starting. A strong current surge appears and which is necessary
to develop a couple for the machine to produce a rotational
movement. However, after the disappearance of the transitional
arrangements, the couple tends to zero as we train engine
without load.
Meter to highlight the importance of the technique of vector
control; we'll conduct tests of robustness of this control. The
simulation results of the Fig.8.9.10 shows the performance test
speed against the uncertainties on the parameters (R, J and L)
using the vector control. Under the effect of the variation of the
stator resistance and inductances we find that such alteration
does not affect the robustness of order. and under the effect of
the variation of inertia we find that the dynamic speed is
slightly delayed.
In conclusion of simulation, we can say that the vector control
gives very satisfactory results.

𝐿𝑞

𝑇𝑞 = 𝑅

𝑠

By posing:
𝐾𝑝𝑞
= 𝜏𝑞
𝐾𝑖𝑞
The current loops therefore correspond to a first order, simply
set the system dynamics through an appropriate choice of τd
and τq. These are chosen such that the time constant of the
controlled closed loop system to be less than the time constant
in an open loop [10].
B.3. Speed Corrector
When the current loop correction is enabled, it is possible to
put in place and in cascade a desired speed loop. The speed
corrector allows the determination of the reference torque to
maintain the speed constant. [9][10].
The block diagram of the speed control is given by:

Fig. 5. Speed Control
Is added to the loop filter to remove the excess due to the
existence of a (zero) in the FTBF system (Machine + PI
Corrector). An integral action is necessary to cancel the error in
steady state.

VI.

In this article, we discussed the simulation of a PMSM model
powered by an inverter. The simulation results shown above
govern the behaviour of the machine with load without
introducing the control appearance. The strong coupling and
non-linearity between the variables of the PMSM make the
development of an efficient control law to bring the PMSM to
operate in very difficult or impossible nominal conditions. The
simulation results show that the decoupling is maintained, the
dynamic tracking point is satisfactory and disturbance rejection
is effective. Test robustness of this control has been proven,
and the simulation results shown in Figures justify and confirm
this deduction. To this end, we can say that the assumptions
imposed in the specification have been successfully validated.

V. SIMULATING RESULTS
For the validation of the theoretical study, we made
simulations using Simulink / Matlab by using the model
parameters illustrated in Table-1.
Parameters
Rated voltage
Resistance Phase
Cyclic inductance on the
direct axis
Cyclic inductance on the
transverse axis
Amplitude of the flux of the
permanent magnets
Moment of inertia
Coefficient of viscous friction

Symbol
V
R
Ld=Ls

Value
100V
0.8Ω
0.0011H

Lq=Ls

0.0011H

Ψf

0.2Wb

J
f

0.00011kg.m2
0.000019N.m/rd/s

CONCLUSION

Table-1: Operational parameters of the PMSM
The curves on Fig.7 show the responses model of the
Permanent Magnet Synchronous Machine (PMSM).
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Abstract—Since Ultra Wide Band (UWB) applications are
very sensitive to interference with narrow band applications, in
this work, a simple UWB monopole antenna with three band
rejections is proposed. Therefore, it is able to overcome the
interference with WLAN (5.15 –5.84) GHz, WiMAX (3.3 –3.6)
GHz and ITU band (8.025–8.4) GHz. Three slots are inserted into
the antenna geometry in order to generate the three rejected
bands. The position and the dimensions of the three slots are
critical factor hence parametric optimizations are carried out in
order to obtain the three rejected UWB performance with
notched bands. The size of the antenna is reduced maximally
which could serve in reducing the size, the weight and the power
consumption. Broadband characteristic of about 100 % is
obtained with S11 less than -10 dB when the three selected bands
are successfully excluded. The proposed geometry is designed
and simulated using CST Microwave Studio while the obtained
results are presented and discussed.
Keywords—ultra wide band (UWB) antenna; rejection band;
interferences; worldwide interoperability for microwave Access
(WiMAX); wireless local area network (WLAN); international
telecommunication union (ITU)

I. INTRODUCTION
The frequency spectrum from 3.1 to 10.6 GHz has been
dedicated for Ultra Wide Band (UWB) communication
applications since 2002 [1]. Since that time, UWB technology
has been gained an increased interest in research due to its
countable advantages. As it provides the UWB systems with
low power consumption, high rate data transmission, low-cost
fabrication and particularly the ability to co-exist spectrum
with others narrowband systems spectrum such as WiMAX
(3.3 – 3.6), WLAN (5.15 – 5.825), X band for downlink
satellite communication (7.25 – 7.75), ITU (8.025 – 8, 4) in the
same operating spectrum. However, low power UWB systems
signals could considerably distorted by the high-power
narrowband systems signals [2]. As a consequence, the
performance and the efficiency of the UWB systems will be
evidently reduced. Thus, the motivation to implement such an
UWB system which has the power to avoid the interferences of
narrowband systems is the aim of numerous researches
nowadays. Particularly, antennas as main elements for any
wireless communication have been solicited as a suitable par in
the system to integrate some filtering functionality in.

Therefore, UWB antennas with rejected band have been
emerged as powerful solution to overcome the present
problem. Among the common and easiest mechanism to
achieve rejected bands is to insert slots into the antenna
geometry. And so, the current distribution on the antenna
surface can be interrupted then rejected band can be
straightforwardly resulted. Many recent works address several
UWB antennas with single band rejection as in [3, 4, 5 and 6].
Some others report the rejection of dual bands like in [7, 8, 9
and 10]. As far as the interferences of narrowband are various,
UWB antennas with multiple band rejection could be more
required.
Therefore, in this work, UWB monopole antenna with three
rejected bands; WLAN (5.1 –5.842) GHz, WiMAX (3.3 –3.6)
GHz and ITU (8.025–8.4) GHz is proposed. Three slots are
introduced to the antenna surfaces for producing rejected
bands. The effect of the three slots on the antenna behaviour
will be analysed and presented. The design steps are addressed
along with the optimization results. More details about the
design, optimization and the obtained performance are
presented in the subsequent sections.
II. ANTENNA DESING AND OPTIMIZATION
Fig. 1 illustrates the geometry of the proposed
configuration. The antenna structure has a square shape of
dimensions 35 x 35 mm2. It consists of circular disc patch with
50 Ω microstrip feed line printed on the upper surface of RF4
dielectric substrate where the ground plane is printed on the
back surface. The substrate has thickness h = 1. 5 mm,
permittivity εr = 4.3 and loss tangent δ = 0.025. Slots’ etching is
common way to achieve rejected bands; therefore three slots
are etched from the ground plane and the patch of the antenna,
so the current distribution on antenna surfaces could be
interrupted where rejected band will be resulted. Tow
optimization steps are handled in this section; the first one
deals with optimization of the basic UWB antenna dimensions
when the second is to check out the proper positions and
dimensions of the three slots in order to reject WLAN band
(5.15 – 5.825), WiMAX band (3.3 – 3.6) and ITU band (8.025
–8, 4) from the UWB spectrum. Optimization and simulation
are performed using commercial electromagnetic software CST
Microwave Studio.
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also decreased in the higher frequency region. The optimal
value of the ground plane Lg is found to be its maximum Lg =
12 mm with taking into account the length constraint. As
shown in Fig. 2.b, when Lg is lower than 12 mm, high
mismatching in the return loss is observed between 6 GHz and
8 GHz. R = 11 mm is the constraint value of the radius and it
is also the optimal one as illustrated in Fig. 2.c. High return
loss is acquired between 5 - 7 GHz between 8 - 10 GHz. It can
be pointed out that, the bandwidth is getting decreased in the
lower frequencies whenever the radius is decreased.
This study reveals that the three parameters d, Lg and R are
critical parameters which needed to be chosen carefully. The
final optimization parameters of the UWB antenna basic
structure are summarized as follows: W = 35 mm, L= 35 mm,
Lg = Lf = 12 mm, Wf = 3 mm, d = 0.5 mm, R = 11 mm.
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In order to obtain an UWB characteristic over the
frequency rage 3.1 – 10.6 GHz, the ordinary simple UWB
monopole antenna is designed. By taking in to account some
constraints such as small volume, lightweight and low-cost,
parametric optimization is carried out in to pick out the
optimal parameters value that controls the resonance behavior
of the antenna. The antenna parameters are given as follow: L:
length, W: width, Lg: ground plane length, R: Circular patch
radius, d: distance between the ground plane and the patch, Lf
the microstrip feed line and Wf is its width. L and W were
fixed at 35 x 35 mm2. In order to find the optimal parameters,
it was necessary to study the effect of every parameter on the
reflection coefficient of the antenna separately.
As shown in Fig. 2.a, the optimal value d is 0.5 mm,
because when d is less than 0.5, higher return loss is appeared
in between 8 GHz and 9 GHz. While d is near to 1, the
maximum return loss peak decreased and the band width is
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Fig. 2 Parameters effect on reflection coefficient (a) d effect (b) Lg effect
(c) R effect
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B. Slots Optimization and Results
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Fig. 3 UWB antenna with no slot (a) antenna faces (b) simulated
return loss
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Fig. 4 UWB antenna with S1 WLAN rejection. (a) antenna faces
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The antenna geometry with the final optimized parameters
of the previous section is shown along with its simulation
result in Fig. 3 a and b. Large impedance bandwidth of about
122 % is obtained against a return loss less than -10 dB. To
create the three rejected bands, three slots referred to as S1, S2
and S3 are etched from the antenna metallic elements (patch
and ground plane). The positions and the lengths of the three
slots affect powerfully the rejected bands in terms of central
frequency, bandwidth, and return loss magnitudes over the
rejected band.
The final optimization parameters of the antenna with S1,
S2 and S3 are given as follows: W = 35 mm, L = 35 mm, Lg =
Lf = 12 mm, Wf = 3 mm, d = 0.5 mm, E = 5 mm, Ls1= 6.95
mm, Lu1 = 4.5 mm, Wu1 = 4.5 mm, Lu2 = 9 mm, Wu2 = 12
mm, R = 11 mm. Hence, three configurations are studied to
analyse the effect of every slot independently and finally they
will be combined in the fourth configuration for triple band
rejection.
S1 is aimed to supress WLAN band (5.15-5.82) GHz from
the UWB spectrum. Fig. 4.a shows the antenna configuration
when S1 is etched from the ground plane. As a result, an
impedance bandwidth of about 119 % is obtained with a
rejected bandwidth of 12 % around 5.5 GHz, as shown in Fig.
4.b. The surface current simulation at 5.5 GHz displays an
intensive current accumulation around S1 which proves its
responsibility on WLAN bad rejection, Fig. 8.a.
The antenna configuration with the U-shaped slot S2 taken
from the circular patch is shown in Fig. 5.a. The purpose of S2
is to reject the ITU band (8.05-8.40) GHz. Simulation result in
Fig. 5.b illustrates an impedance bandwidth of 115 % and
rejected a bandwidth of 6 %. Fig. 8.b shows the simulation of
current surface distribution at central frequency 8.2 GHz. It is
observed that the current is collected around S2 which reveals
that the slot S2 conducted to ITU band rejection.
In order to eliminate the WiMAX band (3.3-3.6) GHz
from the UWB spectrum, the second U-shaped slot S3 is
etched also from the circular patch as in Fig. 6.a. The
simulated return loss S11 against frequency in Fig. 6.b shows
an obtained impedance bandwidth of 109 % and rejected band
width of 8.5 %. The functionality of S3 is proved through the
current distribution simulation at 3.5 GHz. The current
concentration around S3 as depicted in Fig. 8.c. demonstrates
the role of S3 in WiMAX bad rejection.
The main objective is to supress the three bands WiMAX,
WLAN and ITU simultaneously. For that reason, the three
configuration of Fig 4.a, Fig 6.a and Fig. 6.a are combined
together in one structure where the three slots are etched from
the same structure as depicted in the final new configuration
of Fig. 7.a. Simulation result shows that the three bands are
successfully rejected as illustrated in Fig. 7.b. large band
width of about 100 % is obtained against 30 % is rejected
from the UWB spectrum. Obviously, the three slots are
responsible for the rejection of the three bands which can be
noted through the current distribution simulation in Fig. 8.d.
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Fig. 5 UWB antenna with S2 and ITU rejection (a) antenna faces (b)
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Fig. 8 Current distribution simulation (a) with S1 (b) with S2 (c) with S3
(d) with S1, S2 and S3
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simulated return loss

The gain of the proposed antenna is simulated at
frequencies 3.1 GHz, 4 GHz, 6.2 GHz and 10 GHz; it shows a
gain of 2.65 dB, 1.49 dB, 4.02 dB and 4.54 GHz respectively.
A good efficiency is obtained 2.68, 2.49, 5.18 and 5.74. Fig. 9
illustrates the simulated radiation of the antenna where it
shows an omnidirectional radiation pattern in the E-plane as
well as in H-plane. Some distortions in the radiation pattern
from are remarkable in the high frequencies regions.
III. CONCLUSION
The objective of this paper is attained which was the design
and simulation of UWB antenna with rejection of WIMAX,
WLAN and ITU bands. The first part of this work dealt with
the UWB antenna designed and dimensions optimization.
While in the second part, three slots are introduced into the
antenna geometry in order to produce the three rejected bands.

The dimensions and the positions of the slots were a key
solution to control the slots effect on the antenna behaviour.
Indeed, the rejection of WiMAX (3.3 –3.6) GHz, WLAN (5.15
–5.84) GHz and ITU (.025–8.4) GHz bands are effectively
accomplished with a return loss less than -10 dB and with
adequate widths of the rejected bands. Moreover, good
radiation efficiency is obtained over the whole UWB spectrum.
Practical validation is going to be handy in future work.
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Identification of a boiler system using TS fuzzy model
H. KADID
Abstract – This paper describes the application of identification algorithm clustering type
Gustafson-Kessel nonlinear dynamical systems. From input-output data the algorithm generates
fuzzy models of Takagi-Sugeno. This type of modeling is applied to a non-linear numerical model.
The non-linear input / output model of the system is decomposed in several described by
membership functions and fuzzy rule-based local linear systems. The results are presented and
prospects for future work....

Keywords: : fuzzy model, model type Takgi-Sugeno, identification, nonlinear system

I.

Où r dénote le nombre de règles du modèle.

Introduction

The complexity of a system can be characterized by
several factors: the number of its components, the
relationship between these elements, their
characteristics, the dynamics of the system ... etc..
Modeling and identification of nonlinear systems
are complex tasks if traditional control technical are
used. This is due to the presence of uncertainties
and high non-linearity in the process. Fuzzy logic
thus presents a promising alternative for systems
characterized by complex dynamics.

p

 Ai ( x) : X  0,1

II. FUZZY SYSTEM MODELLING
The use of fuzzy sets for modeling was originally by
L.A.Zadah, as a new approach to describe the addition of
sufficiently complex systems. This description is made by
means of a suitable information processing based on the
rules of the type 'If ... Then'. The nature of fuzzy models
based on rules, allows the use of information in the form
of expressions of natural language, which facilitates the
formalization of expert knowledge and the
transparency and interpretability of the model. In
addition, fuzzy models have a flexible mathematical
structure that can approximate a large number of complex
nonlinear
systems
with
good
accuracy.
According to the special structure of the resulting
proposal, there are two types of fuzzy rule-based models:
2.1 MAMDANI-TYPE FUZZY MODEL
In which the antecedent and consequent are both
proposals using fuzzy linguistic variables:

Ri Si x est Ai Alors y est Bi, i = 1,…, r

xX  is the variable of the antecedent, which
q
represents the system input and yY  is therefore
variable, which represents the output of the fuzzy system.
Usually the size of the space is taken as the result of q =
1. X and Y correspond respectively to the areas (universe
of discourse) of input variables and output. Ai and Bi are
linguistic words corresponding to the qualitative values
associated with the variables x and y base. These
linguistic terms are described by fuzzy sets defined by
membership functions μ, that maps each of the universe
of discourse to the interval [0,1] as follows:

(2)

,  Bi ( y) : Y  0,1

In this case the fuzzy model is essentially a qualitative
expression that describes the behavior of the system using
natural language.
2.2 FUZZY MODEL OF TAKAGI-SUGENO (T.S)
The second category of fuzzy models is based on the
method of reasoning TS was proposed by [1] [3]. This
type of model is formed by logical rules that have a fuzzy
antecedent and a consequent, which is a specific function
of the variables involved in the antecedent of the
following form:

Ri : Si x est Ai Alors yi =fi(x) i =1,…,r

(3)

Where R denotes the i-th rule, r is the model number of
the rules contained in the rule base. x  p is the input
variable (antecedent) and y  is the output variable
(result). Ai is the fuzzy subset of the antecedent of the i-th
rule, which, in this case, by a membership function
(multivariate) of the form:

 Ai ( x) :  p  0,1

(4)
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Typically the functions fi are chosen as appropriate
parameter functions with the same structure for each rule
where only the parameters varied A form of
parameterization is often used as refined, given by:

y i  aTi x  d i

(5)

where ai  p is a parameter vector and di is a scalar.
This model is called the affine Takagi-Sugeno model. For
modeling this parameterization is preferable since it
allows decomposing a nonlinear behavior in linear local
models. Figure 1 is an illustrative example of a function
of one variable y = f (x) represented by four rules affine
TS type. The overall pattern is formed by concatenating
the local model segments and softening by a non-linear
surface.

the organization of data into groups. Clustering technical
can be applied to quantitative, qualitative or a mixture of
both [3 ] [5] . The fuzzy clustering methods allow objects
belonging to different groups simultaneously, with
different levels of membership.
The concept of similarity among the objects may be
understood as a mathematical similarity defined by a
standard for measuring the distance between vectors , or
data , as a distance of a vector data group to a prototype
object. The prototypes are usually not known in advance .
They normally appear simultaneously with the
application of clustering algorithms partition data [4] .
The prototypes can be vectors of the same size as the data
objects , but they can also be defined as geometric
objects of "high level" , such as in space or linear and
nonlinear functions .
 z11


 z 21
Z 

 

 z n1

Fig.(1) :(a) A linear

approximation model T.S
Ci =ai x+ bi

i=1,4

In the case of dynamic systems TS type the rules take the
following form:

z12



z1 N

z 22



z 2N







z n2



z nN











(9)

For modeling dynamic systems, the columns of Z contain
the samples of observed physical variables in the system
over time (position, velocity, temperature, etc..) To
represent the dynamics of the system, it is necessary
'typically include past values of the variables in the
matrix Z. for example, the case of a system represented
by a discrete second order NARX model:

y(k+1) = F(y(k),y(k-1),u(k),u(k-1))
Ri : If

u(k) est Bi1 et…et u(k-nu+ 1) est Binu
Then

(10)

y(k) est Ai1 et…et y(k-ny+ 1) est Ainy et

ny

nu

j 1

j 1

yˆ i (1)   a ij y (k  j  1)   b iju (k  j  1)  d i

Ri rules of a dynamic model TS have the following form:

If :

i=1,…,r (6)

y(k)est Ai1et y(k-1)est Ai2et u(k) est Bi1 et u(k-1) est Bi2

The overall output of the model is calculated from the
expression:
r

then :

ŷ (k+1) =ai1y(k) +ai2 y(k-1) + bi1u(k) + bi2u(k-1) + di

(7)

y (k  1)    i (k ) yˆ i (k  1)
i 1

in which [0, 1] r  i(k)1.

So the matrix Z takes the form data.
(8)

i 1

The term  i(k) can be seen as the standard weight.
for each rule IF-THAN for each model.
2.3. NONLINEAR IDENTIFICATION METHODS OF FUZZY
CLUSTERING.
The objective of the cluster analysis is the classification
of objects according to the similarity between them and

 y (2)


 y (3)
T
Z 

 

 y ( N 1)

y (1)

u (2)

u (1)

y ( 2)

u (3)

u (2)







y ( N  2)

( N 1)

u ( N  2)











(11)
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A) FUZZY C-MEANS CLUSTERING (FCM)

Most analytical fuzzy clustering algorithms are
based on the optimization objective function fuzzy
c-means (FCM). It reads as follows:
c

N

m
J ( Z ,  , V )    (  ik ) z k  v i
i 1 k 1

2

fixed, which is equivalent of keeping
cluster constant, ie

|Ai|= ρi , ρi >0

The following expression is obtained for Ai:

2.

  0,1c N is the membership matrix: µik represents
the degree of membership of zk in cluster i
(initialized randomly)
nc
is the matrix of the prototype vector
V 

3.

(center) vi,
n N
: is the matrix representing all available
Z 
observations zk

4.

5.

2
DikAi



z k  vi

2
Ai



z k  vi 

T

(16)

(13)

Ai

The FCM clustering algorithm is an iterative process
where:
1.

the volume of

Ai ( z k  vi) : Is a normal

quadratic distance considered space, which defines
the distance measure between zk observation and vi
center within the measured using the measurement
in matrix Ai.
m∈[1, + ∞ [ factor for defining the degree of
partition

1/ n
Ai   i det F i  F i1

(17)

where Fi is the covariance matrix of the ith fuzzy
group defined by:

Fi 

T

m

N

 (  ik ) ( z k  vi )( z k  vi )

k 1

N

 (  ik )

(18)

m

k 1

The clustering algorithm Gustafson & Kessel GK can be
summarized as follows:

Repeat for l =1,2,...
For this algorithm, it is necessary to select a number of
clusters (1 <c <N) and define the weight exponent m> 1.
Should also choose the stopping tolerance ε> 0 the
iterative process, in the FCM matrix Ai is usually
identity. Measuring the distance is Euclidean and groups
are
hyer-spheres
in
n-dimensional
space.
The process is repeated until:

Step 1 : Calculate the cluster centers (means) :
m

N

vli 

l 1
 (  ik ) ( z k )

k 1
N

l 1
 (  ik )

1  i  c.

m

k 1

 l   l 1

 ,

l =1,2,...

(14)
Step 2 : Calculate the variance-covariance matrices:

B)

CLUSTERING WITH FUZZY COVARIANCE
(GUSTAFSON & KESSEL ALGORITHM)

MATRIX

The extension of the FCM algorithm proposed by
Gustafson and Kessel has the advantage of taking into
account the specific form of each class. In particular, it
allows the detection of hyper ellipsoidal classes typically
better adapted to the geometry of the observations. For
this, for each cluster, the distance measurement is defined
using a matrix Ai:
2
DikAi

 ( z k  vi ) Ai ( z k  vi )
T

m

N

Fi 

l 1
 (  ik ) ( z k  v li )( z k  vli )

T

k 1

N

l 1
 (  ik )

1  i  c.

m

k 1

Step 3 : Calculer les distances :
2
 ( z k  vi ) Ai ( z k  vi )
DikAi
T

Avec

Ai   i det F i 

1/ n

F i1

(15)

For optimization purposes, the matrices Ai, should be
subject to some constraints, and since constraints are
generally imposed on the determinants, so we'll allow
variation of matrix Ai while their determinants remain

Step 4 : Mise à jour de la matrice d'appartenance :
If

pour
1

DikAi > 0
 lik 

c

 ( D ikAi D jkAi )

j 1

(k ≤ i ≤ c, 1 ≤ k ≤ N)
2 /( m 1)
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c

Where p is the vapor pressure in the drum (p = 83
kg/cm2) , x1 and x2 are state variables for the water
swelling and the effects of compaction ( x1 = x2 = 0) , w
is the flow rate of the feed water ( = 73 kg / s ) , L is the
deviation of the water level relative to the mean (m ),  f

i 1

is the fluid density (  f = 0.8 kg/m3 ) u1, u2 and u3 are

Else
et  lik  0,1 avec   lik  1

 lik  0 si DikAi  0
Until:

 l   l 1   ,

From the point of view of identification of dynamical
systems, the GK algorithm allows a geometric
interpretation because the very structure of the covariance
matrix of each group provides information on the shape
and orientation of each respective group. This feature is
used for the approximation hyperplanes ellipsoidal
surfaces that represent the dynamics [7] nonlinear
systems. Thus noting that the smallest eigenvector of the
ith cluster, and considering the data matrix as Z = [XT, Y].
Therefore parameters of the fuzzy rules given by the
Equation (4) for the affine TS model type can be
determined using the method of least squares total TLS
from the expression...
1

y 

T

1

( ix) x 

 iy




 Ti v i

 iy

respectively the position of the fuel valve , the position of
the steam valve , and the position of water supply valve ,
and is αcs steam quality (the mass ratio ) , and qe is the
vaporization
rate
(
kg
/
s
)
.
For identification we choose a sampling period Te = 1sec
. Identification data comprise a sequence of 2,000
samples . The first 1000 samples were used for training
and the remaining 1000 to validate the fuzzy model.
Figure ( 2 ) shows the input signals used for identification
. The behavior of the output variables of the process to
the experience of identification in the figure ( 3)

(19)





T

di

ai

Fig.(2) input U1, U2 and U3 to the identification signals

Where they result values of ai and di

ai 

di 

1

 iy

1

 iy

 
ix



1

 ip 1



i1 ,

 i 2 ,  ip



T

( Ti ) vi

III. SIMULATION
The boiler presented here is based on the Åström and
Bell [3] study. This model is a MIMO 4th order nonlinear system derived by physical and empirical methods
as follows (20):
dx1 / dt  (u3  x1 ) / 20;

Fig.(3) : The outputs of the nominal system (identification data)

dx2 / dt  (3.55ws  x2 ) / 20;

dp / dt  0.0018u 2 p9 / 8  0.9u1  0.15u 3 ;
d f / dt  (141u 3  w s ) / 85;

(20)

L  0.05(0.13073  f  100 cs  q e  67.975);

LINÉAIRE

ws  (1.1u2  0.19) p;

 cs 

(1  0.001538  f )(0.8 p  25.6)

 f (1.0394  0.0012304p)

The MIMO system is decomposed to three inputs (u1 (k),
u2 (k) and u3 (k)) and two outputs (y1 (k) y2 and (k)) in
four fuzzy models MISO type to the Takagi-Sugeno first

;

qe  (0.85u2  0.147) p  45.6u1  2.5u3  2.1

III.1. MODÈLE DE TYPE T.S POUR UN SYSTÈME NON-

;
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output and the second seven fuzzy output models. Under
these conditions, the order of the system, linked to the
constant ny (order of output), nu(order entry) and nd (pure
delay) is then expressed by the following structures:...

ny=

1
1
1

1
1
1

1

nu= 1

1
1

1
1

1

nd= 1

1
1

1
1

Where the factors '1 'indicates the presence of a
functional dependence between the variables. Thus, the
dynamic equations of NARX type for each rule Ri with 1
 i  c associated with each output yj (k) at time k, j =
{1,2} in both fuzzy models are then the following general
form:
If :
y(k)est Ai1et y(k-1)est Ai2et u(k) est Bi1 et u(k-1) est Bi2
Then :

ŷ j (k+1) =ai1y(k) +ai2 y(k-1) + bi1u(k) + bi2u(k-1) + di
Where :

yˆ j (k) represents any of the outputs of interest:

yˆ 1 (k ) ou yˆ 2 (k ) .
We divide the space of representation into five groups to
y1 (k) and seven groups for y2 (k) and blur parameter
partition m is taken equal to 1.92.
Now we will present the rules obtained for each of the
two outputs of the Takagi-Sugeno fuzzy models.
 Output 1
Rule n°1:
If
y1(k-1) is A11 And y2(k-1) is A12 and u1(k-1) is
A13 and u2(k-1) is A14
Then ŷ 1(k) = 9.27.10^{-1}y1(k-1)+3.06y2(k1)+0.017u2(k-1)
Rule n°2:
If
y1(k-1) is A21 And y2(k-1) is A22 And u1(k-1) is
A23 And u2(k-1) is A24 And u3(k-1) is A25
Then
ŷ1(k) = 0.997y1(k-1)+0.05y2(k-1)+
0.38 u2(k-1)
Rule n°3:
If y1(k-1) is A31 And y2(k-1) Is A32 And u1(k-1) Is A33
And u2 (k-1) is A34
Then
ŷ 1(k) = 0.3y1(k-1)-15y2(k-1)+6.9u2(k1)-3.8u3(k-1)
Rule n°4:
If y1(k-1)is A41 And y2(k-1) Is A42 And u1(k-1) Is A43
And u2(k-1) Is A44
Then
ŷ 1(k) = 0.997y1(k-1)+8.53*10^{4}y2(k-1)+0.283

Rule n°5:
If y1(k-1) is A51 And y2(k-1) Is A52 And u1(k-1) Is A53
And u2 (k-1) Is A54
Then
ŷ 1(k) = 0.996y1(k-1)+3.99*10^{3}y2(k-1)+0.404
 Output 2
Rule n°1
If
y1(k-1) Is A11 And y2(k-1) Is A12 And u1(k-1)
Is A13
Then ŷ 2(k)= 2.84*10^{-5}y1(k-1)+0.859y2(k1)+8.81u2(k-1)-0.02
Rule n°2:
If y1(k-1) Is A21 And y2(k-1) Is A22 And u1(k-1) Is A23
Then ŷ 2(k)= -4.96*10^{-3}y1(k-1)+ 0.37*u1(k-1)+ 0.3
Rule n°3:
If
y1(k-1) Is A31 And y2(k-1) is A32 And u1(k-1) Is
A33
Then
ŷ 2(k) = -5.06*10^{-6}y1(k-1)+y2(k1)+0.06*u2(k-1)
Rule n°4
If
y1(k-1) Is A41 And y2(k-1) Is A42 And u1(k-1)
Is A43
Then
ŷ 2(k) = -5.05*10^{-6}y1(k-1)+ y2(k1)+0.31u2(k-1)
Rule n°5
If
y1(k-1) Is A51 And y2(k-1) Is A52 And u1(k-1)
Is A53
Then
ŷ 2(k) = -4.75*10^{-6}y1(k-1)+y2(k1)+3.92*10^{-4}
Rule n°6
If
y1(k-1) Is A61 And y2(k-1) Is A62 And u1(k-1)
Is A63
Then
ŷ 2(k) = -4.86*10^{-6}y1(k-1)+ y2(k1)+0.8u3-0.007
Rule n° 7
If
y1(k-1) Is A71 And y2(k-1) Is A72 And u1(k-1)
Is A73
Then
ŷ 2(k) = -5.05*10^{-6}y1(k-1)+y2(k1)+0.006u2(k-1).

IV. MODEL VALIDATION
To assess the quality of the approximation (digital
perforation) obtained by the TS fuzzy models [2] [6], we
use the criterion VAF (Variance For Accounting),. The
VAF criterion is given by the following expression:

VAF = 100% [1-(var(Y-Ym))/var(Y)]

(21)
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Where Y is the ideal signal and Ym is the prediction of
the fuzzy model.
The digital quality of the approximation is measured
using the VAF criterion described above. The results are
summarized in the following Table.1:

Estimated outputs and actual outputs are shown in Figure
(8), can be seen from this figure that the dynamic of the
identified model is similar to that of the real system.
soties[réelle(Y)-éstimée(Ym)
110

Variable
y1(k)
y2(k)

Phase
d’entraînement
(VAF)
97.45 %
98.70 %

Phase de validation
(VAF)

100

96.11 %
97.67 %

90

Table.2: Digital Performance Validation of T.S model. (results with
the GK algorithm)

80

Figures (6) and (7) respectively show the actual and
estimated system responses of the training phase and
validation phase.
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Fig.(8) : Actual and estimated outputs of the
system
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Fig.(6) : Actual responses (red) and estimated (blue) system
(training phase)

1000

V. CONCLUSION
Using the technical of fuzzy GK clustring in the product
space, it is possible to group a set of data generated by a
nonlinear system, fuzzy sets of data that describe locally
linear models. The model of Takagi - Sugeno ( TS )
Global is formed by the concatenation of the local submodels and can be seen as a continuous approach
softened by a nonlinear surface, where the number of
rules does not depend on the amount of input segments
and outputs, but the number of linear regions .
For proper results in TS -type modeling using the
algorithm clustering, it is necessary to have an
appropriate set of input-output identification data. The
parameters of the input signal must be selected in order to
completely excite the dynamics of the system in
frequency and in amplitude. According to the values
obtained for the VAF criterion, it has been shown that it
is possible to obtain good results with a fuzzy TS model
type capable of approaching linearly segments. The form
of rules obtained is interesting because it will be useful
for the interpretability of the model in the prediction and
control us.

Fig. (7) : Actual responses (red) and estimated (blue)
of the system (the validation phase)

Prospects for future work can be directed towards the
development of a diagnostic system of sensors and / or
parametric defaults via this model.
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Abstract – This
In this article which presents a theoretical and experimental study of parabolic trough collector
concentrator, the theoretical study is based on the implementation through thermal balances. In
this work, we propose the practical realization of any concentrator having a 2.88 m2 opening and
it is equipped by a solar semi-electronic tracking system with a closed circuit of the heat- transfer
fluid.
The experimental side has studied the influence of the prototype's orientation on the
performances of training. Several trials have been carried out in order to have the possibility of
attending the temperatures that can ensure the vaporization of water. These trials have been
preceded in different conditions of climatic operation. The results are provided and have been
discussed.
Keywords: Solar Energy, Experimentation, Parabolic Trough, Solar Collector.

I.

Introduction

Henceforth, the solar energy is an essential solution for
the human life’s development. The most basic processes
surviving in the earth, such as the photosynthesis and the
cycle of rain are due to the solar energy.
The solar systems with concentration offer the ability to
produce the electricity through the solar energy, the
temperatures that can exceed the 500 °C and the
conversion yield is generally high.By using the direct
solar radiation. This one is considered as a principle
resource which is very considerable in the planet; these
technologies provide a real alternative to the
consumption of fossil resources with low environmental
impact and high potential for cost reduction, as well as
the possibility of the hybridization of these installations.
Today, thousand of captors produce a power more than
674 MW in the desert of Mojave south California, this
power present 90% of the solar capacity set up in the
world. [1]
Many researches are carried out in order to study the
absorber, the different performances of pipes such as the
absorber pipes without glass envelop [2] and pipes with
glass envelop. It means that our study is based on two
different elements in the concentrator cylindrical
parabolic concentrator which are: direction and absorber
pipe.

In 2010, Fernandez-Garcia et al [3] and in 2011,
Hepbasli and Alsuhaibani [4] claimed that Parabolic
trough solar collectors are supposed to be one of the most
promising technologies to take the place of the fossil
fuels applied to the power plant, industrial process heat,
desalination, air-conditioning, refrigeration, chemistry
production, and irrigation. It was also claimed So
beneficial for the developing countries with the rapid
economic increase to solve the environmental problems
brought in by the consumption of the fossil fuels is this
clear energy technology. To take China for instance,
currently nearly three quarters of its electricity is
generated by the coal-fired power plants while its rich
solar resource is expected to be fully utilized to reduce
the greenhouse gas emissions.
Recently, in 2015, In 2015 Coccia et al. [5] designed
and manufactured a PTC constructed in fiberglass and
extruded polystyrene with a rim angle of 90° and a
concentration ratio of 9.25. To assess the collector
thermal efficiency, several tests have been applied to
various conditions experimental according the ASHRAE
standard 93-2010. The results indicate that the efficiency
curve is comparable to that existing in literature with
intercept of 0.658 and the slope equal to 0.683. Reddy [6]
achieved the optimization of the PTC performance with
different receivers’ configurations. The optimization of
all receivers shows that the porous disc enhanced the
receiver to improve the efficiency of the PTC and reduce
the angular thermal gradient in the receiver.
The current paper aims to present the results obtained
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during tests on PTC. The PTC in question was designed
and installed in Energetic physics Laboratory. University
of Constantine 1, Algeria.

II.

Some Projects

Algeria has created a green momentum by launching an
ambitious program to develop renewable energies. The
program consists of installing up to 22 000 MW of power
generating capacity from renewable sources between
2011 and 2030, of which 12 000 MW will be intended to
meet the domestic electricity demand and 10 000 MW
destined for export.
In this program, renewable energies are at the heart of
Algeria’s energy and economic policies: It is expected
that about 40% of electricity produced for domestic
consumption will be from renewable energy sources by
2030.
Solar should achieve by 2030 more than 37% of national
electricity production. Despite its relatively low potential,
wind energy is not excluded from the program as it
constitutes the second axis of development with a share
in electricity production expected to reach about 3% in
2030.
Algeria also plans to install some experimental size units
to test the various technologies in renewable energies
such as biomass, geothermal energy and desalination of
brackish water [9].
The national program adopted by the government
includes the realization of 27 photovoltaic power plants,
27 diesel hybrid power plants and TG, six solar thermal
power plants and seven wind farms.
The larger power plants that Algeria will achieve will be
solar thermal type and be installed in the southern
regions. Three power plants with a capacity of 150 MW
each will be built in El Oued and Bechar.
As for the 27 photovoltaic power plants they will be
connected to the interconnected network north, the most
important (48 MW) will be located in the Wilaya of
Djelfa, followed by that of M'sila which will have a
capacity of44 MW. Other photovoltaic power plants will
be realized in Ouargla, Tolga, El-Bayadh, Mghair,
AinBeida, Naama and Saida.
The diesel power plants and TG will supply the isolated
southern networks. These are small power plants that will
provide electricity to poorly supplied localities such Tin
Alkoum, Tin Zaouatine, M'Guiden, Idless Deb-Deb.
The more powerful will be located in Adrar (20MW).
Finally, for the seven wind turbines included in the
program, they will be with a capacity of 50 MW and 20
MW for each of them [10].

III. THEORETICAL STUDY
III.1 The Radiation
The solar absorber receives the global solar radiation
illustrated as follows:
G ∗ = D∗ + S ∗
(1)
III.2 Rate of Concentration
The most common definition of the concentration rate
is based on the notion of the surface. It is given as a ratio
of the surface of the opening in the receiver surface. [7]
C = Ac /Aab

(2)

It is an indicator of the quantity of energy delivered
per unit of area of a given collector. One distinguishes
three definitions from the concentration [8]
Ideal concentration (Gauss).
Geometrical concentration.
Optical concentration (energy).
III.3. Thermal Balance
The thermodynamics law which expresses the increase
of internal energy of a system , is written as follows:
𝐐𝐢 = ṁ𝐢 𝐂𝐩𝐢

𝐝𝐓𝐢

(3)

𝐝𝐭

In this work, we consider the internal energy as a
stocked energy in the heat-transfer fluid, so the stocked
energy is done as follow:
Q i = ∑ qi + Q

(4)

∑ 𝐪𝐢 : The different types of thermal
exchange.
Q : The tarnished source.
Thermal Balance of Heat Transfer Fluid
𝐐𝐢 = qcnv.ab.f =ṁi Cpi (Tfs − Tfe )

(5)

Thermal Balance of the Absorber Pipe
Q i.ab = ṁab Cpab

dTab
dt

= −qcnv.ab.v − qcnv.ab.f − qryn.ab.v + qcnd.ab +
𝚀𝑎𝑏
(6)
Thermal Balance of the Glass
Q i.v

= ṁv Cpv

dTv
dt

= −qcnv.v.e − qryn.v.e + qcnv.v.ab − qryn.v.ab +
qcnd.ab + 𝚀𝒂𝒃
(7)
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III.4. The System of Non Linear Equation
The Glass
dTv
= −π D4 Lhair (T3 − Tamb )
dt
− εv π σ D4 (T3 4 − Tamb 4 )
2πK eff (T2 − T3 )
σ π D2
+
+ 1
(T2 4 − T3 4 )
1−ε
D
)
ln(D3 /D2
+ v ( 2)

ṁv Cpv

εab

εv

D3

+ 𝚀v

(8)
(B)

The Absorber
ṁab Cpab

dTab
2πK eff
(T2 − T3 )
= −
D
dt
ln ( 3)
D2

−

− h1 πD1 L(T1 − T2 )

σ π D2
1
εab

+

1−εv D2
εv

( )

(T2 4 − T3 4 ) + 𝚀ab

(9)

D3

The Heat Transfer Fluid

(C)

ṁf Cpf (Tfs − Tfe ) = h2 πD1 L(T1 − T2 )

(10)

VI. Experimental Study
VI.1. The Realization
The Different Steps of Contribution of Cylindrical
Parabolic Concentrator

(D)
Fig. 1. the cylindrical parabolic concentrator.
These four photos show the different steps of the
designing of this cylindrical parabolic concentrator. In
the beginning, the structure of the galvanized support is
designed to form the semi- cylindrical solar parabolic
concentrator as it is shown in the figure 1 (A), the figure
1 (B) shows the location and the pasting of mirrors on
cylindrical iron. However, for the figure 1 (C), they
present the final form of our cylindrical parabolic body.
(A)
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temperature in the different parts of the cylindrical
parabolic concentrator:
TABLE 1
MAXIMUM TEMPERATURE AT THE OUTLET AND THE
ABSORBER TUBE.

𝐓𝐬 max
𝐓𝐚𝐛𝐬 max

Temperature°C

Hour

Date

127
108

12 :55
13 :20

July 25th 2014
July 25th 2014

Performance Test and a Bi-Axial Orientation (Slanting)

Fig. 2. model guidance

The tests are done on July 29th 2014 from 9h00 till
16h, it was a clear day but there was some wind at the
beginning with an ambient temperature 𝟒𝟏𝐨 C.

VI.2 Experimental Results
Performance Test with Vertical Orientation
The figure (2) shows the results of the test which is
done on July 25th2014. There was an ambient
temperature 41°C with an occasional wind.
In the beginning, the temperatures were very close. Then,
they were increased especially in the absorber and the
outgoing temperature.
Fig. 4. Experimental results of cylindrical parabolic concentrator
with a bi-axial orientation done on July 29th2014.

After the method’s change of the bi- axial orientation
of cylindrical parabolic concentrator, we have noticed an
increase in the fluid’s temperature at its outgoing, in this
case, the capitation of solar rays is very important where
the huge use of solar energy is insured.
We noted a temperature𝟏𝟑𝟕𝐨 Cwhich have attended
only 𝟏𝟐𝟕𝐨 C during the last experience that proves

the performance of this case.
The next table proves the experimental results:
TABLE 2

Fig .3. Experimental results of cylindrical parabolic concentrator with
vertical orientation done on July 25th2014.

After 80 minutes, we observe that the temperature of
the absorber has exceeded the temperature of heattransfer fluid in the outgoing but it does not stay a long
time till the fluid’s temperature exceeds the temperature
of the absorber in the outgoing, it attended its maximum
127° C at 12H 55mn. Then, it is decreased to 77° C at
16h in the end of the experimental session.
We notice quite changes of heat in the absorber
pipe under the influence of the variety and the speed of
the wind. The following table indicates the maximum

MAXIMUM TEMPERATURE AT THE OUTLET AND THE
ABSORBER TUBE.
Temperature°C

Hour

Date

𝑻𝒔 max

137

13 :20

July 29th2014

𝑻𝒂𝒃𝒔 max

122

13 :30

July 29th2014

International Conference on Technological Advances in Electrical Engineering (ICTAEE’16.), October 2016

V. Conclusion
This work suggests a theoretical and experimental
study of cylindrical parabolic concentrator. The
theoretical study is based on the solar rays, the thermal
balance and the equation system, and then we have
realized a cylindrical parabolic concentrator with a
system, which allows the absorption using the best
method of solar energy.
We have remarked that the temperature of the
outgoing heat-transfer fluid has exceeded 100°C with a
difference in time according to the applied method.
Considering these experiments, we deduce that the biaxial orientation of solar concentrator is the most
efficient method. Out of the other experiments.
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Influence of Pulse Width Modulation Signal’s Frequency and Duty
Cycle on Boost Converter
M. Kaouane1, A. Boukhelifa2, A. Cheriti3

Abstract – This paper presents the study of a digital pulse width modulation (PWM) signal
generator and the influence of the parameters of this control signal on Boost converter.
The proposed digital technique to generate this signal is designed in a way to have all control of
the switching frequency and the duty cycle by using a simple and fast algorithm. This technique
can be easily used with the most of DC-DC converters; it also helps to make and test new
configurations of DC-DC converters.
The simulation results from MATLAB/Simulink and the experimental results show that testing the
DC-DC converters with different parameters as duty cycle is needed to find and define the optimal
parameters that allows the converter operates with good performance.

Keywords: PWM, DC-DC converter, switching frequency, duty cycle.

I.

Introduction

Switching power converters are used in electrical
applications to convert and transfer the energy delivered
by the power generator to the loads; in many power
electronic applications like in renewable energies
electronics domain, it is required to convert a fixed
voltage source into a variable voltage source. DC-DC
converters can be used as switching-mode regulators to
convert a DC voltage, normally unregulated, to a
regulated output voltage. A DC-DC converter can be a
step-down converter (Buck function), a step-up converter
(Boost function), or it can be a step-down/step-up
converter (Buck-Boost function).
There are various techniques to regulate DC output
voltage. The most efficient method of DC voltage
regulation is to incorporate Pulse Width Modulation
(PWM) control within the converter at a specified
frequency and duty cycle. The controlled switching
device is normally a BJT, a MOSFET, or an IGBT. The
commonly used techniques are: single PWM, multiple
PWM and sinusoidal PWM. [1]
Pulse Width Modulation generators are increasingly
applied in many new electrical applications that require
superior performance. Recently, developments in power
electronics and semiconductor technology have lead
improvements in power electronic systems. Hence,
different techniques and circuit configurations of Pulse
Width Modulation controls of DC-DC converters have
become popular and considerable interest by the
researchers. A number of Pulse width modulation
(PWM) schemes are used to obtain the suitable output
parameters of the converter as voltage and current. [2]
The PWM signal can be generated based on the use of

either analog circuits or digital circuits. The classic
method is to make an analog technique generally based
on the comparison of a reference control voltage and a
sawtooth signal, so that the output PWM signal is the
result of the comparison of those signals. However, this
technique presents a low efficiency and changing the
parameters of the PWM signal can’t be done in a suitable
way. At the opposite of analog method, the use of a
digital technique to generate PWM signal is easier and
more suitable. [3]
In this paper, we propose to test a Boost converter with
a digital PWM signals generator which is based on a
program charged to a microcontroller supposed to be the
core of circuit, the program is the translation of the
proposed algorithm that allows to control the frequency
and the duty cycle of the PWM signal.
This paper is organized as follows: the Boost converter
operating is presented in the next section; in the third
section, the PWM signals generator is explained with its
block scheme and its algorithm; the fourth section shows
the simulation and the experimental results and some
discussion; the paper ends with a conclusion of the
presented work.

II.

Study of Boost Converter

The block diagram of the system to be discussed in
this work is shown in Fig. 1. The system consists of a DC
generator, a Boost DC/DC converter controlled by pulse
width modulation (PWM) technique with variable
frequency and duty cycle, where its output is connected
to a DC load presented by lamps.
The variations of frequency and duty cycle are
introduced to see the impact on the output signals of the
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converter and analyze the curves of each signal which
leads to know and define the right interval where the
converter should give good efficiency and less ripples.

Ig

Is
L

DC
Generator

+
_

+ DC
_ Load

Boost
Converter

Vg

+

+
_

Vs

C

_

f

PWM
control

Fig. 3. First operating mode “Q closed, d open” for DT Seconds

α

Fig. 1. Block diagram of the studied system.

Ig

The proposed DC-DC converter is based on the
classical version of the Boost converter which is a stepup DC/DC converter. Fig. 2. shows the basic electrical
scheme of this converter; it is composed of a power
switch Q; an inductor, L; a diode, d; and an output
capacitor, C. [4,5]
The converter is studied in open loop mode. The
control of the switch is assured by the pulse width
modulation technique.
This design allows the converter to have the ability to
operate in a large interval of input and output voltages by
making the changes in the frequency and the duty cycle
of the PWM signal that controls the power switch and
that is generated in the control circuit. In continuous
conduction working, The Boost converter has two
operating modes “power switch closed, diode open” and
“power switch open, diode closed”. Figure 3 and Figure
4 show respectively the equivalent circuits of these
operating modes. [6]
Where, Vs and Vg are the output and input voltages,
respectively; the terms Is and Ig are respectively the
output and input currents; T is the period of the PWM
signal driving the switch (s), D is the duty cycle of the
PWM signal (%) and ton is the operating time of the
switch per one period (s).
The duty cycle D is defined as the ratio of the time of
the first operating mode per one period to the total
switching period, it is given by:
=

(1)

Ig

Is
L

Vg

+
_

+

d
Q

Vs

C

_

Is
L

Vg

+
_

Vs

C

_

Fig. 4. Second operating mode “Q open, d closed” for (1-D)T Seconds

During the first operating mode, while the power
switch Q conducts, the diode d is open, the converter
circuit model reduces to Fig.3.
The inductor voltage vL, the capacitor current iC, and
the DC source current ig, are given by:
( )=
( )=−

(2)
( )

(3)

( )=

(4)

With the assumption that the converter operates with
small inductor current ripple and small capacitor voltage
ripple, the magnetizing current iL(t) and the output
capacitor voltage Vs(t) can be approximated by their DC
components, IL and Vs, respectively.
≈

(5)

≈−

(6)

( )≈
(7)
During the second operating mode, the power switch is
open, and the diode conducts. The converter circuit
model reduces to Fig. 4. The inductance voltage vL, the
capacitor current iC, and the DC source current ig, for this
operating mode are [7]:
( )=
( )=

Fig. 2. Boost converter’s basic electrical scheme

+

− ( ) ≈
( )−

()

≈

−
−

(8)
(9)
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( ) ≈

( )=

(10)

In continuous-conduction operating, since in steadystate inductor principle, the average inductance voltage
VL over one time period is zero, where VL knows two
states, so that from equations (5) and (8) :
<

>=

× ( ) + (1 − ) ×

−

=0

(11)

So that, the output voltage can be written as next:
=

1

(12)

1−

Fig. 5. Block diagram of a digital technique.

Application of the principle of charge balance to the
output capacitor leads to:
<

>=

<

× −

+ (1 − ) ×

>= (1 − ) × (

) −

−

=0

=0

(13)

(14)

III. The PWM Generator
Fig. 5 shows the block diagram of the digital PWM
signals generator of the discussed system. The electronic
circuit of it consists of a microcontroller, an
amplification stage based on a transistor working in
commutation mode, and a power switch driver to
generate the PWM signal with its suitable parameters.
The used microcontroller in this application has an
analog-digital converter which allows inserting the
values of the frequency and the duty cycle which are
entered using two potentiometers; this programmable
integrated circuit also has a PWM output; The code is
edited with a specific Software and then transferred to
the microcontroller, this code is the flowchart’s
translation of the proposed digital generator which is
given in Fig. 6. [8]

Fig. 6. Basic flowchart of the proposed PWM signals generator.

An amplification circuit based on transistor in
commutation mode is used to bring the PWM signal to
an amplitude able to operate with the driver, this last one
is a high voltage, high speed power MOSFET and IGBT
driver, it gives two complementary regulated PWM
signals to be used to control the power switches. The
electronic board of the PWM generator circuit is shown
in Fig. 7.

Fig. 7. The PWM signals generator board.
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IV.

Results and Discussion

The studied DC-DC Boost converter has been
simulated using MATLAB/Simulink environment. The
output of the system is connected to an R-L load, and the
input of the system is presented by a DC generator.
For the next simulations, the input voltage is chosen to
be 15 volts; the switching frequency of the converter is
set to 10 kHz. Four simulations are done for four
different values of duty cycle (20%, 40%, 60%, and
80%)

Fig. 9. The input voltage curve.

The Simulink model comprises: L1= 160 µH, C = 330
µF, R = 5 Ω, L2 = 500 µH. A MOSFET is used as a
switch of the converter; this model is given in Fig. 8.
The simulation results are presented in the next
figures:
- The input voltage curve is given in Fig. 9.
- Fig. 10. shows the curve of the pulse width modulation
signal driving the power switch of the converter.
- Fig. 11 shows the output voltages curves for different
values of duty cycle.
- Zooms of the converter’s output voltages curves for the
higher duty cycle ( = 80%) simulation and the lower
duty cycle ( = 20%) simulation are respectively given in
Fig. 12 and Fig. 13.
- Also, The MOSFET’s Drain-Source voltages curve of
each simulation is given in Fig. 14.

Fig. 10. pulse width modulation signal curve.

 = 80%
 = 60%
 = 40%
 = 20%

Experimental results from a similar Setup, with a DC
voltage source as generator and DC lamps as load are
illustrated in Table.1.
Fig. 11. Output voltages curves for different values of duty cycle

Fig. 8. Simulink model of the studied converter in open loop mode.

Fig. 12. Zoom on output voltage ripple duty cycle 80 % .
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which very important and not suitable for certain
applications.
The values of both frequency and duty cycle must be
well defined especially when the converter is used in its
open loop model where no output regulation is
implemented.
In the experimental setup it was clear that the
converter in such case can’t be used for a duty cycle
higher than 40%; otherwise the loss will important and
the ripple will increase; for the simple presented above
the Boost converter gives good results duty ratio of 30%
where the efficiency of power is 84.69% against 80.04%
for 40%.

Fig. 13. Zoom on output voltage ripple duty cycle 20 % .

 = 80%

V.

This paper presents the study of DC-DC Boost
converter under variable duty cycle of PWM signal that
controls its power switch.
This converter was simulated using the Matlab /
Simulink platform. The results show that the choice of
duty cycle and of frequency is very important to have the
output voltage that the converter needs to provide using a
PWM circuit generator; This circuit is based on a simple
algorithm that allows controlling the frequency and the
duty cycle of the PWM signal.

 = 60%
 = 40%
 = 20%

Fig. 14. Drain-Source voltages curve of each simulation.

TABLE I
EXPERIMENTAL RESULTS
(%)

Vin
(v)

Iin
(A)

Vout
(v)

Iout
(A)

Pin
(W)

Pout
(W)

η
(%)

10

15.00

1.62

15.11

1.35

24,48

20.40

83.33

20

15.00

1.98

17.09

1.45

29.7

24.78

83.43

30

15.00

2.31

19.18

1.53

34.65

29.35

84.69

40

14.78

3.02

21.92

1.63

44.64

35.73

80.04

α

Conclusion

The proposed algorithm is converted to a code edited
using specific softwares and charged to a microcontroller
which is the core of circuit. The experimental results with
Boost converter show that the test is needed to define the
optimal frequency and duty cycle to obtain fewer losses
and fewer noises in the output signals of the DC-DC
converter.
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A numerical and empirical evaluation of the thermal performances of
solar water heating system
Mokhtar GHODBANE1 , Boussad BOUMEDDANE1
1

Faculty of Technology, Mechanical department, University of Blida 1, Algeria

Abstract –This paper is concerned with assessing the thermal performances of a solar water
heating system which is dependent on a linear Fresnel receiver (LFR) as a solar energy converter.
The main objective of this paper is validation the experimental work carried out in the winter of
2015 on the concentrator in the climatic conditions of Algerian city “Blida” by a numerical
simulation, where the tap water used as a heat carrier fluid. This simulation was used to solution
of the energy balance equations of the absorber tubes and the water, where the solution is based
on the finite difference method with an implicit scheme. After the solution of nonlinear equations,
the program performed by using the MATLAB language gives the thermal efficiencies, the
absorber temperatures, the water temperatures at the absorber tubes outlet, and thermal losses
coefficients. The thermal efficiency of the reflector is exceeded 29%. The results obtained proved
the existence of substantial convergence between the experimental and the numerical results,
where in all cases the water temperature exceeded 347 K.

Keywords: linear Fresnel receiver, thermal energy, thermal efficiencies, solar water heating
system.

I.

Introduction

Fresnel collectors have two types: the linear Fresnel
reflector (LFR) and the Fresnel lens collector (FLC) [13]. The linear Fresnel mirror concentrator technology is
still young and has taken place in the field of
concentrating solar systems, this technology was
conceived by the French physicist Augustin-Jean
FRESNEL (1788-1827), he was used this technique in
the optical system of the marine indication headlights [4].
The work of Alessandro BATTAGLIA is the origin of
the concentration technique by linear Fresnel reflector [5,
6]. The Italian mathematician Giovanni FRANCIA
(1911-1980), designed the first prototype of linear
Fresnel concentrator with the downward facing aperture
covered with glass honeycomb tubes at Marseille built in
1962, he got on the performance equal to 60% and steam
water temperature equivalent to 450°C [7]. In the general
case and according to the literature searches, the
performance of this type of concentrator is varied
between 30 and 40% [2, 3, 8, 9].
In this day of many international institutions are
investing and working to develop this technology, for
instance at Almeria in Spain, the German company
NOVATEC BIOSOL built the first commercial linear
Fresnel reflector plant in the world. This electric station
has a capacity of 1.4 MW, and since March 2009, their
power supplies the local electricity power lines [10]. In

France and since August 2010, CNIM group invested the
only module of its Linear Fresnel solar concentrator at
the site of LAGOUBRAN to generate electricity from a
steam turbine [10]. In Australia, the company Areva has
developed the technology of a linear Fresnel concentrator
for electricity generation, Australia has two central, the
first is Kimberlina in Bakersfield, California with a rated
power of 24 MW, the second central will be built in
Koggan Creek near Dalby at Australia, where their
capacity equal to 44 MW [10].
The water-heaters are an essential instrument in our
daily lives; it use of large-scale domestically and
industrially. There are many scientific research
conducted on solar water-heaters, which it has been used
several types of solar collector [11-15]. This paper aims
to characterize the thermal performances of a solar
system for heating water which is based on a linear
Fresnel solar converter in the city of Blida, Algeria. The
thermal study was made by numerical simulation; this
simulation is developed by the MATLAB programming
language according to equations of energy balance (fluid
and absorber tubes). This thermal modeling enabled us to
calculate each of: the thermal efficiencies, the absorber
temperatures, the water temperatures at outlet of absorber
tubes and the thermal losses coefficients. The numerical
results were compared with the experimental results
which conducted in the winter of 2015.
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II.

Thermal modeling

TABLE 2
OPTICAL PROPERTIES OF MATERIALS USED.

The solar reflector adopted in this study is a linear
Fresnel concentrator; this solar concentrator has been
designed and installed at the Mechanics department of
SAAD DAHLAB University_ Blida 1, at Algeria. Figure
1 presents a prototype of a linear Fresnel reflector with a
full surface of reflecting mirrors equal to 1.65 m² [2, 3].

Properties
absorption Coefficient of absorber tubes, α
surface Reflectance of the mirror, ρm
Emissivity of absorber tube, εA

Value
0.8
0.85
0.12

Figure 3 illustrates the mirrors configuration at 12:00.

Fig. 3. The configuration of mirrors at 12:00 [2, 3].

Fig. 1. Scheme of the experimental device [2, 3].

Figure 2 presents the dimensions of trapezoidal cavity
with the four absorber tubes.

Table 3 includes the configuration of each mirror
according to the geometric parameters of our prototype at
12:00. These configurations account from the equations
mentioned in the both articles of P.L. Singh and al. [16,
17], the focal distance (f) between the absorber tubes and
the central mirror equal to 1300 mm.
TABLE 3
MIRRORS CONFIGURATION ACCORDING TO THE GEOMETRIC
PARAMETERS OF THE CONCENTRATOR (LFR).

n
0
(Central
mirror)
1 et 6
2 et 7
3 et 8
4 et 9
5 et 10
Fig. 2. Geometric shape of the trapezoidal cavity
geometry [2, 3].

Table 1 includes the geometric parameters of the
collector.
TABLE 1
DIMENSIONAL GEOMETRIC OF THE SOLAR COLLECTOR.
Element
External diameter of the
absorber (D A,ext)
Internal diameter of the
absorber (D A,int)
Mirror length (Lm)
Mirror width (W)

Value

Unity

22

mm

20

mm

1500
100

mm
mm

The optical parameters of the collector are illustrated
in table 2.

Position
(Q) (mm)

Distance between
the mirrors (S) (mm)

Inclinati
on (θ)
(°)

0

0

0

50
150
250.8
353.1
457.7

0
0
0.8525
2.737
5.566

2.528
5.337
8.065
10.69
13.18

The absorber tubes are made of Copper covered with
an adapted a selective coating; they are placed along the
focal line of the linear Fresnel concentrator. The heat
exchange existing in the system takes place between the
heat transfer fluid and the absorber tubes.
These the several simplifying assumptions were used
during the calculation:
 The fluid flow is one-dimensional;
 The all properties of the fluid (water) depend on
the temperature;
 The temporal variation in the thickness of the
absorber tubes is negligible;
 The exchange by conduction in the absorber is
negligible;
 The thermal flux is uniformly distributed on the
level of the absorber tubes.
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k
S   W. cos( θ  θ )
e
t
n
n 1

Figure 4 demonstrates the various forms of heat
exchanges which take place in the absorber tubes and
environment around him.

(4)

Where W is the mirror width, θt is the angle in the
transversal plane and θn is the slope angle of an nth mirror
element.
Eq. (5) enables us to calculate the heat flux exchanged
by convection between the cylindrical absorbent tubes
and fluid (water).

q
Fig. 4. Energy balance on the level of the absorber tube [2, 3].

2.1.

Heat exchange between the absorber and the
fluid

The temperature modeling is based on the energy
balances, which are characterized by the differential
equations of fluid temperatures (TF) and absorber
temperature (TA). Eq. (1) presents the thermal power
emitted by the sun and received by absorber tubes [18,
19].

q

absorbed

 0.7 α ρ

m

γ S 
e

DNI 1  cos (δ)sin (h)
2

2

(1)

factor α is the absorption coefficient of the absorber
tubes, ρm is the reflectance factor of the mirror,  is the
interception factor and DNI is the direct solar radiation, δ
is declination angle, h is the sun altitude.
The declination angle (δ) is the angle between the
terrestrial equator planes and the earth-sun direction. This
angle varies throughout the year symmetrically of -23°26
'to 23°26' [20]. The declination (δ) is the point’s latitude
of the earth which are achieved by the midday sun (noonsolar), it is directly related to the number of day (j) of the
year as it turns out in the eq. (2) [21].

δ = 23,45° sin [0,980° (j + 284)]

(2)

But the height of the sun (h) is the angle that the sun
direction with its projection on the ground, it varies from
0 ° to 90 ° in the southern hemisphere (Nadir), vanishes
at sunrise and sunset and is maximal in the south-solar.
It’s in term of the latitude (φ) and the hour angle (ω).

h = arcsin(cos  cos δ cos ω + sin  sin δ)

(3)

Se is the effective surface of mirror aperture; this
surface can calculate by the following equation [22]:

gain



h A
T T
F A,int A
F



(5)

It was observed that the eq. (5) associated with the
coefficient of heat exchange by convection (hF), this
coefficient related to the mode of fluid flow. So, hF given
by the following expression:

Nu  K
F
h 
F D
A,int

(6)

Where KF presents the thermal conductivity of the
fluid.
In this study the flow regime of the water is laminar
(Re<2300), the Nusselt Number (Nu) in type of flow is
given by [19, 23, 24]:

Nu  3.66 

0.0668Re F Pr

D A,int
L
2

D

3
1  0.04 Re F Pr A,int 
L 


(7)

The factor (ReF) presents Reynolds number which is
expressed by the following relation [25]:

4  ρ  QV
F
Re 
F πD
μ
A,int
F

(8)

μ F which indicates the dynamic viscosity of
With
the fluid, where the analogy of Reynolds number is
established by the intimate bond viscosity phenomena
and heat transfer.
The Prandtl number (Pr) will be written in the
following form [26]:
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ν
Pr  F
F α
F

T A (X,0)  T A, initial (t)  T amb (0)

(9)

(16)

Eq. (17) illustrated the global heat exchange between
the absorber and the environment.
νF is the kinematic viscosity, it’s defined by [27]:

q

μ

ν  F
F ρ
F

(10)

The fluid thermal diffusivity (αF) is defined by [28]:

F
α 
F ρ C
F
F

(11)

The energy balance for the heat transfer fluid
circulating in the absorber tubes is expressed by the
following relationship:
ρ F  C F  π  D A, int

T F (X, t)
t

 q gain  ρ F  C F  Q V

T F (X, t)
X

(12)

The initial conditions and boundary conditions of eq.
(12) are:

 T F (0, t)  T F, inlet (t)  T amb (t)
 (X,0) 
T F, initial (t)  T amb (0)
T F

(13)

Heat exchange between the absorber and the
ambient
The energy balance for the absorber tube is given by
the following equation:
2.2.

T (X, t)
ρ A  C A  π  ( D A, ext - D A, int ) F
t
 q absorbed (t)  q out (X, t)  q gain (X, t)

With, (qout) is the heat quantity at the output of the
absorber tube element.

h

ext, conv

q

ext, ray

w

A

A, ext

(T  T
)
A
amb

h

w

 5.7  3.8 V
w

ρ F  C F  Q V  ΔX  T F (X  ΔX, t)

(15)

Eq. (16) presents the initial conditions of the eq. (15).

(18)

(19)

The radiation exchange between the absorber tubes
and the environment (qext,ray) can calculate by the eq.
(20).

q

ext, ray

ε

A

σ A

(T 4  T 4 )
A, ext A
amb

(20)

For the analysis and dissemination of equations, the
finites differences method was used to discretize the
principal equations of the phenomenon. Eq. (21) and eq.
(22) present the equations of the unknowns (TA) and (TF )
after deployment and analysis of the previous equations
[2, 3].
T F, j (t)  

QV
π  DA,int  ΔX

T F, j (t) 

ρF  CF T
F, j

ρF  CF T

 QV
F, j  1
T F, j  1(t) 
 π  DA,int  ΔX

F, j

T A, j (t)  

(21)

1
h F  π  DA,int (T A, j  T F, j)
 π  DA,int  ΔX

QV
(q absorbed (t)
π(D A, ext  D A, int )

 h w  π  D A, ext (T A, j (t)  T amb (t))

q out (X  ΔX, t) 

(17)

According to McAdams (1954) [19], the heat transfer
coefficient of wind (hw) is given by:

ρF  CF T
(14)

ext, conv

The convection exchange between the absorber and
the environment (qext, conv) can account by using the eq.
(18).

q

K

q

ext

(22)

 ε A  σ  π  D A, ext (T 4 (t)  T 4 (t))
A, j
amb
 h F  π  D A, int (T A, j (t)  T F, j (t)))

To solve this system reformulates of all relations, the
equations (21) and (22) can be written in the form of a
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2.3.

The thermal losses coefficient

Solar energy which descends on the absorber tubes is
not entirely transmitted to the fluid; a part is dissipated in
the form of thermal losses between the absorber and
ambient air. The thermal loss coefficient is given by the
following relation [29]:

U

L

ε

A

σ (T 2  T 2 )(T  T
)
A
amb A
amb

ηη

opt



L

Thermal efficiency

A



T T
A, ext A
amb
DNI  A
C



(24)

Where ηopt is the optical efficiencies of the collector
(LFR), it can be calculated by the eq. (25) [30].

opt

 0.7 α ρ

m

γ

1  cos 2 (δ )sin 2 (h)

750
700
650
600
550
500
450
400

January 22nd, 2015
February 19th, 2015
Polynomial of January 22nd, 2015
Polynomial of February 19th, 2015

350
300
250
200

9

10

11

12

13

14

15

16

17

time [hour]

(25)

Through the fig. 5, it is obvious to note that the
maximum direct solar radiation value registered on 19
February at 13:00, where is reached 760 W/m². During
the experiments, some clouds were observed, specifically
between 12:00 o'clock and 14:00 o'clock for the 22nd
January. In general, the direct solar radiation increases
from sunrise to reach the maximum in the middle of the
day and then it is back down in the evening. So, the use
of solar energy is well-suited of our applications that
need to coincide with the sunniest hours a day.
The optical efficiency (ηopt) of our concentrator is
29.5%. The water flow during the experiments and
during the simulation is equal to 0.015 kg/s. The water
temperature (Tfi) at inlet of the absorber tubes is equal to
12 °C. Table 4 includes the summary of the maximum
values of the thermal efficiencies for our concentrator.
TABLE 4
MAXIMUM VALUES OF THE THERMAL EFFICIENCIES.

date

η

800

(23)

The thermal efficiencies of our concentrator are given
by the following equation [29]:

U

850

Fig. 5. Recorded direct solar radiation during the testing days.

With (σ) is Stefan-Boltzmann constant (σ = 5.66897
10−8 W/m2 K4).

2.4.

(January 22nd and February 19th, 2015).
Direct-normal irradiance [W/m²]

matrix as follows: [A].[T]=[B], where [A] represents the
coefficient matrix, [T] is the vector of unknowns and [B]
is the vector of the second member (B is not null). The
method of Gauss-Seidel with total pivot was adapted for
the resolution of this system, because this method
converges rapidly and removes the matrix inversion.

III. Results and discussion
Algeria is among the countries that have great
potential solar energy in the world [2, 3, 24, 31-34].
Blida is one of the Algerian cities; this site was chosen to
conduct our experiment work. The geographic
coordinates of Blida are altitude = 260 meters, its latitude
= 36°28'N and its longitude = 2° 49 'E. Two types of the
relief characterize Blida; the first is the Mitidja plain with
fertile land and its very low slopes; the second is the zone
of the Blidian Atlas and piedmont. The average annual
temperature is fairly stable; it is about 11.5 ° C in winter
and 33 ° C in summer. The average annual rainfall is
about 600 mm, it is more important in the Atlas. The
dominant winds in Blida city are the wind from the east
and west, and the sirocco in summer. Figure 5 presents
the variation of the direct-normal irradiance (DNI)
depending on time for the two days of the manipulation

22/01
19/02

Maximum value of thermal
efficiency
Numerical

Experimental

0.29210466
0.29199905

0.29212
0.29205

After the maximum values, the efficiency is decreased
because the high quantity of the thermal loss. This loss is
resulting from the rising absorber tubes temperature and
ambient air temperature at the same time. There is a
convergent gap between the experimental and numerical
performance, this means that the good orientation of the
solar concentrator mirrors towards the sun during the
manipulation. Therefore, our device has a better
efficiency in cold weather conditions.
In this section, it is presented the comparison curves
between the experimental and numerical results. Figs. 6a6b illustrate the evolution of experimental and numerical
results of absorber tubes temperature versus the time, but
the figs. 7a-7b present the evaluation of experimental and
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numerical results of water temperature versus the time.

(a) Day of January 22nd

water temperature [K]

350.0

absorber tubes temperature [K]

(a) Day of January 22nd
370
365
360
355

347.5
345.0
342.5
340.0
337.5
335.0

Numerical solution
Experimental results

332.5
330.0
9

10

11

350

12

13

14

15

16

17

time [hour]
Numerical solution
Experimental results

345
340
9

10

11

12

13

14

15

16

17

time [hour]

Based on the figs. 7a-7b, similarity is noticed between
the experimental and the numerical results, this means
the good agreement between the numerical approaches
and the experimental values. It is clear to see that the
temperature variation depends in particular on the
incident direct solar radiation and the surrounding
climate of site.

(b) Day of February 19th

(b) Day of February 19th

352.5

water temperature [K]

absorber tubes temperature [K]

355.0
370
365
360
355
Numerical solution
Experimental results

350

350.0
347.5
345.0
342.5
340.0
337.5
335.0

Numerical solution
Experimental results

332.5
330.0
9

345
9

10

11

12

13

14

15

16

17

11

12

13

14

15

16

17

time [hour]

time [hour]

Fig. 7. Evolution of experimental and numerical
temperature of the water.

Fig. 6. Evolution of experimental and numerical
temperature of the absorber tubes.

Table 5 includes the comparison between the
maximum values of temperature (experimentally and
numerically).

TABLE 5
MAXIMUM VALUES OF TEMPERATURE.

Date

According to the figs. 6a-6b, the absorber tubes
temperature increase with the start of the day until it
reaches it maximum value, and then back down
influenced by the lack of the quantity of direct solar
radiation. The effect of clouds on January 22nd is very
apparent on the results, the absorber tubes temperature
(experimentally and numerically) dropped at 13:00. when
the solar radiation on February 19th is stronger than
January 22nd , this means the absorber tubes temperature
on February 19th is greater than January 22nd.

10

22/01
19/02

Absorber temperature
(K)
Numer
Experime
ical
ntal
364.29
363
367.31
367

Water exit temperature
(K)
Numer
Experime
ical
ntal
348.58
347
354.25
352
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From the figs. 6a-7b, the temperature depends mainly
on the solar power received by absorber tubes; this
absorbed power in term of concentrator geometrical
characteristics, optical parameters, and direct solar
radiation received by the collector. The water
temperature (TF) is lower than (TA) for the two days,
because the inner face of the absorber tubes absorbs the
infra-red radiation, which undergoes an increase in the
temperature (TA) (greenhouse effect). Consequently, the
temperature of the external face is lower, because the
winds create a convection phenomenon with the external
side of the absorber tubes.
The incidental solar energy absorbed by the absorber
is not completely transmitted to the water in the form of
heat; some quantity is dissipated as heat loss between the
absorber tubes and the ambient air. This means that the
heat loss coefficient (UL) is an essential factor to
determine the performance of our device, which when
this factor is smaller, undoubtedly the efficiency of the
concentrator would be better. Figs. 8a-8b present the
evaluation of the heat loss coefficient in terms of the
difference between the absorber tubes temperature and
the ambient air temperature.
(a) Day of January 22nd
1.050

The thermal efficiency decreases when the solar
insolation increases, this decrease is due to thermal losses
that believe with rising water temperatures respectively
at the inlet and outlet of the absorber tube. So, the
thermal losses increase rapidly when:
 The temperature of the inlet water increases;
 The temperature of the absorber tubes increases.
Using an absorber tube with selective surface allows
very significant reduction of these losses. In our case, the
emissivity of our absorber tubes in the vicinity of 0.12,
this value of emissivity could reduce greatly the thermal
losses by radiation. In order to reduce heat loss, the
transparent cover can be used around the absorber,
because the transparent cover (glass tubes) is used to
reduce convection losses between the absorber tubes and
ambient air through the restraint of the stagnant air layer
between the absorber tubes and the glass tubes. Also, it
reduces radiation losses from the collector because the
glass tubes are transparent to the shortwave radiation
received by the sun, but it is nearly opaque to long-wave
thermal radiation emitted by the absorber tubes (infrared
greenhouse effect). the usage of glass tube around the
absorber tubes in parabolic trough concentrator was used
in a previous work [31, 32, 35]; this technique gives very
good results, where the efficiency of the concentrator
exceeded 60 %.

1.025

There is another method to reduce losses by
convection by creating vacuum (technique of suppressing
convection) between the absorber tube and glass tube;
where the vacuum envelope reduces convection and
conduction losses between them.

1.000

UL [W/m².K]

0.975
0.950
0.925
0.900
0.875
0.850
0.800
25

Therefore, the correlation for the thermal loss
coefficient of our prototype is given by:

Numerical solution
Experimental results

0.825
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A
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(26)

1.025

With a coefficient of determination (R²) on the graph
is equal to 0.9989.

UL [W/m².K]

1.000
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0.950

February 19th, 2015
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Experimental results
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Fig. 8. Evolution of the thermal losses coefficient.
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With a coefficient of determination (R²) on the graph
is equal to 0.9978.
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The Linear Fresnel reflector or more properly sense
our solar water heating system produces the hot water
using the sunlight as an energy source; this energy is
available throughout the year. The hot water is required
frequently to use in domestic uses (kitchen, bathroom,
Swimming pools, etc.). The linear Fresnel concentrator is
a device which supplies hot water, and that can complete
the other types of solar water heaters (electricity, fossil
fuels, etc.). The use of the linear Fresnel reflector as a
solar water heating system is an economical, efficient
and sustainable.

IV.

[3]

[4]

Conclusion

The linear Fresnel concentrator is a system that
transforms solar energy into thermal energy. The primary
aim of this paper was the validation of experimental
results from a numerical simulation for the solar water
heating system, where the linear Fresnel receiver as a
device for thermal conversion. The performance of solar
concentrator was evaluated in situ, where the tap water
was used as a heat transfer fluid. The water is heated by
the absorbed solar power that is transmitted by
convection to the absorber tube.
The study was started with thermal modeling of the
absorber tubes which was built on a very precise
mathematical model; the model is based on the energy
balance between absorber tubes and transfer fluid. The
implicit finite difference method was used to discretize
the governing equations of the phenomenon. A computer
program was developed to control performance of the
concentrator. The program is written in the MATLAB
language.
The numerical results were compared with
experimental results; it observed that the experimental
and numerical results are convincing. The thermal
efficiency of the concentrator exceeded 29%; the water
temperature has reached up to 347 K, which the
temperature range is low (at 60 °C to 80 °C). Results
indicate that the performance of the solar reflector has a
direct relationship with the direct solar radiation, the
geometric and optical characteristics of a solar collector
components and the climatic conditions of the site
studied. The linear Fresnel reflector relies on solar
energy, this latter can be used as solar water heating
system; where the use of this device will solve many
problems in many industrial of domestic areas.
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Analysis Study of Radar Probability of Detection for Fluctuating and
Non-fluctuating Targets
Naceur. AOUNALLAH1, Ali. KHALFA2

Abstract – The radar analyst can develop and use mathematical statistical techniques that lead
to accurate prediction or adapting models to estimate the target detection performance. In radar
detection theory, the detection probability, false alarm probability, number of samples
noncoherently integrated for a detection test, and signal-to-noise ratio (SNR) are closely
interrelated. The present paper is intended to provide an overview of the radar probability of
detection calculations and its related parameters. The main methods and procedures for
predicting the detection performance of non-fluctuating and fluctuating targets are described. An
analysis of the performances of the studied models is included, along with some representative
simulation examples.

Keywords: Radar signal processing, radar detection, probability of detection, probability of false
alarm, Swerling target model

I.

Introduction

The
first
applications
of
radio
were
telecommunications and radio-navigation, but by the
early 20th century, precursors considered the ability to
detect the presence of metal objects through the use of
electromagnetic waves. The word RADAR itself, which
is now universally adopted to designate a material
satisfying these requirements for detecting, locating, and
identifying reflecting objects over long distances. The
term RADAR was coined in 1941 as an acronym for
Radio Detection and Ranging. This acronym of American
origin replaced the previously used British abbreviation
RDF (Radio Direction Finding). However, due to its
wide use, the word has become a standard noun in
English, and almost all people have had an experience
with radar [1].
In general, radar systems use modulated waveforms
and directive antennas to transmit electromagnetic energy
into a specific volume in space to search for targets.
Objects (targets) within a search volume will reflect
portions of this energy (radar returns or echoes) back to
the radar. These echoes are then processed by the radar
receiver to extract target information such as range,
velocity, angular position, and other target identifying
characteristics [2].
Basic Radar functions can be classified as detection,
tracking, or imaging and the most fundamental problem
in radar is detection of an object or physical
phenomenon. The target detection problem in a radar
system is naturally a statistical problem that random
fluctuations, due to noise located at the receiver output,
corrupt the target signal and influence the detector
performance. The receiver detection of a target refers
then to a decision made by the radar detector concerning

presence or absence of the useful signal in the presence
of additive noise.
The first research in detection theory that has been
used in radar signal was made by Marcum [3]. He
considered the detection of a completely known signal in
white Gaussian noise using multiple received samples.
This research was continued by Swerling [4]-[6], and
since then, radar detection has been consistently
developing. The fundamental theory behind detection
and classification was developed in mathematical
statistics and decision theory, and signal detection is a
special case of hypothesis testing theory in statistical
inference [7],[8].
The organization of this paper is as follows: section II
describes briefly the radar system and its operational
blocs and characteristics. Section III formulates the
problem under consideration and presents the detection
techniques. Section IV deals with the numerical results
and brief discussion analysis, while section V contains
our conclusions.

II.

RADAR System

Radar is an electromagnetic system that detects,
locates, and recognizes target objects. It transmits
electromagnetic signal and then receives echoes from
target objects to get their location or other information.
The received signal is frequently accompanied by noise
and clutter. The disturbances may cause serious
performance issues with radar systems by concluding
these signals as targets. The basic parts of a radar system
are illustrated in the simple block diagram of Fig.1.
Radar equipment consists of a transmitter, an antenna, a
receiver, and a signal processor. Radar transmitters and
receivers are usually located in the same place. Each
block of radar system has a specific operation:
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•
•

•

•

•

•

The waveform generator is a unit whose
purpose is to create and control the waveform to
be modulated and transmitted by the transmitter.
The transmitter, for its side, produces powerful
pulses and/or waveforms of electromagnetic
energy at precise time intervals and sends them
to the antenna system.
The main role of the antenna is to provide a
transducer between the free-space propagation
and the guided-wave propagation. The antenna
system includes a transmitting function and a
receiving function. During transmission is to
concentrate the radiated energy into a shaped
directive beam which illuminates the targets in a
desired direction. During reception the antenna
collects the energy contained in the reflected
target echo signals and delivers it to the
receiver.
The target reflected energy is received by the
receiver from the antenna system. Then, the
receiver performs amplification, filtering, and
demodulation on the received signal.
The computer/signal processor performs
complex mathematical computations on the
demodulated signal to extract target velocity
and/or range information.
The timing-and-control block affords timing
information to synchronize various signals and
to control the operation of other radar
components.

we describe this problem in terms of a hypothesis test
between the following pair of statistical hypothesis [9]:
𝐻0 ∶ 𝑦(𝑡) = 𝑛(𝑡) + 𝑐(𝑡)
(1)
𝐻1 ∶ 𝑦(𝑡) = 𝑠(𝑡) + 𝑛(𝑡) + 𝑐(𝑡)
(2)
If we note 𝑝𝐻0 (𝑟) the probability density of the noise
envelope |𝑛(𝑡) + 𝑐(𝑡)|, the detection threshold 𝑇 is
fixed by the value of the given probability of false alarm
𝑃𝑓𝑎 .
+∞

𝑝𝐻0 (𝑟)𝑑𝑟

𝑃𝑓𝑎 = �

𝑇

(3)

while, denoting 𝑝𝐻1 (𝑟) the probability-density function
(PDF) of the envelope of the complex signal embedded
in noise |𝑠(𝑡) + 𝑛(𝑡) + 𝑐(𝑡)|, the detection probability
PD is classically given by :
+∞

𝑃𝐷 = �

𝑇

𝑝𝐻1 (𝑟)𝑑𝑟

(4)

Generally, target signal is modeled either as a random
variable in the single pulse case or as a very simple
stochastic process in the pulse train case [10]. In the
latter case only completely correlated or completely
uncorrelated pulse-to-pulse fluctuations can be
considered. So, target signals can be classified into
fluctuating target models and non-fluctuating target
models.
III.1. Target fluctuation models
Swerling extended Marcum’s works which are
methods for predicting the detection performance of nonfluctuating targets to incorporate what has become
known as the four Swerling models which concerned the
fluctuating targets [11].
• Detection of Swerling I
The Swerling I model signifies fluctuating amplitude,
constant within a scan, but uncorrelated from scan to
scan. The probability of detection for this type targets
was derived by Swerling as the following formula:
𝑃𝐷 = 𝑒 −𝑇⁄(1+𝑆𝑁𝑅) 𝑓𝑜𝑟 𝑁 = 1
(5)

Fig. 1. Basic block diagram of a radar system

III. RADAR Detection Probabilities
The purpose of this section is to illustrate the
mathematical model that determines the radar generated
signal and to show mathematically how the detection
problem can be described in terms of two decision
hypothesis (detection, or false alarm). Then, it gives
different methods of radar detection used either for a
fluctuating or non-fluctuating target.
We consider the basic problem of detecting the
presence or absence of a complex signal 𝑠(𝑡) with
envelope 𝐴 in a set of measurements 𝑦(𝑡) = 𝑦𝐼 (𝑡) +
𝑖 𝑦𝐽 (𝑡) corrupted by a sum of independent additive
complex noises corresponding to the clutter echoes 𝑐(𝑡)
and white Gaussian thermal noise 𝑛(𝑡). Mathematically,

𝑃𝐷 = 1 − Γ(𝑇, 𝑁 − 2) + �1 +
.Γ�

𝑇

1+1⁄𝑁.𝑆𝑁𝑅

1

𝑁.𝑆𝑁𝑅

�

𝑁−1

, 𝑁 − 2� 𝑒 −𝑇⁄(1+𝑁.𝑆𝑁𝑅) 𝑓𝑜𝑟 𝑁 > 1 (6)

Where 𝑇 is the threshold, 𝑁 is the number of integrated
pulses, and 𝛤 represent is the incomplete gamma function
defined as:
𝑎

•

𝛤 (𝑎, 𝑁) = �
0

𝑥 𝑁 𝑒 −𝑥
𝑑𝑥
𝑁!

Detection of Swerling II

(7)

The formula for the probability of detection for
Swerling II type targets is given by:
𝑇
𝑃𝐷 = 1 − Γ �
, 𝑁� ; 𝑁 ≤ 50
(8)
1 + 𝑆𝑁𝑅
In this model, the PDF is as for Swerling I case, but
the fluctuations are more rapid and are taken to be
independent from pulse to pulse.
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Detection of Swerling III

In the case of Swerling III targets, the probability of
detection is given by the following expression:
𝑃𝐷 = �1 +

2

𝑁.𝑆𝑁𝑅

�

𝑁−2

�1 +

𝑇

1+𝑁.𝑆𝑁𝑅 ⁄2

−

2(𝑁−2)
𝑁.𝑆𝑁𝑅

�

. 𝑒 −𝑇⁄(1+𝑁.𝑆𝑁𝑅 ⁄2)
(9)
The fluctuations are independent from scan to scan as
in case Swerling I.
• Detection of Swerling IV
The probability of detection for Swerling IV model is
given by the following expression:
𝑁

𝑆𝑁𝑅 𝑁
𝑁!
𝑆𝑁𝑅 −𝑘
𝑃𝐷 = 1 + �
� �
�
�
𝑆𝑁𝑅 + 2
𝑘! (𝑁 − 𝑘)! 2
𝑘=0

2𝑇

.Γ�
, 2𝑁 − 𝑘 − 1�
(10)
2+𝑆𝑁𝑅
The PDF is as for case Swerling III, but the
fluctuations are independent from pulse to pulse.
III.2. Target non-fluctuation models
In this class of non-fluctuation we have two main
models
• Detection of Swerling V
A common, fifth, target type is a constant RCS (Radar
Cross Section) target. This is termed a Swerling 0 target
by some and a Swerling V target by others. It is the
simple case implies constant amplitude or no fluctuation.
𝑃𝐷 = 𝑃𝐷1 (10𝑙𝑜𝑔(𝑁. 𝑆𝑁𝑅), 𝑒 −𝑇 )
− 𝑒 −𝑇−𝑁.𝑆𝑁𝑅

𝑁

𝑇
��
�
𝑁. 𝑆𝑁𝑅

𝑚=2

𝑚−1
2

𝑃𝐷1 is the single pulse:
1

. 𝐼𝑚−1 �2√𝑇. 𝑁. 𝑆𝑁𝑅�(11)

𝑃𝐷1 = �1 − 𝑒𝑟𝑓�√𝑇 − √𝑆𝑁𝑅�� +
2

. �1 −

√𝑇−√𝑆𝑁𝑅
4√𝑆𝑁𝑅
2

Where 𝑒𝑟𝑓(𝑥 ) =

√

+

2
𝑒 −�√𝑇−√𝑆𝑁𝑅�

1+2�√𝑇−√𝑆𝑁𝑅�

𝑥

16𝑆𝑁𝑅
2

2

4√𝜋√𝑆𝑁𝑅

−⋯�

(12)

∫ 𝑒 −𝑢 𝑑𝑢 is one form of the error
𝜋 0

function.
𝐼𝑚 (𝑥) is the modified Bessel function of the first kind
and order 𝑚.
•

parameters using the following sequence of calculations
[13]:
𝐶=

𝑆𝑁𝑅𝑑𝐵 +5𝑙𝑜𝑔10 𝑁

, and

6.2+4.54⁄√𝑁+0.44

𝐷=

IV.

10𝐶 −𝐴

1.7+0.12𝐴

Albersheim detection probability is:
1
𝑃𝐷 =
1 + 𝑒 −𝐷

, then the
(14)

Numerical Simulations

The purpose of this section is to investigate radar
system performance mainly based on the probability of
detection curves. We have used the Matlab software to
program and develop the different types of targets which
are theoretically described and studied previously in the
above section. We can show firstly the plots of detection
probabilities versus signal-to-noise ratio for given false
alarm probability for all the six target cases, then the
plots of the probability of detection value versus the
signal to noise ratio for several values of probability of
false alarm are depicted, and finally, 3D representations
are presented in order to illustrate the variation of the
SNR as function of detection probability and number of
integrated samples for a fixed value of false alarm
probability.
Comparison between detection probabilities
1
0.9
0.8
Probability of Detection (P.D)

•

0.7
0.6
0.5
0.4
Nonfluctuating
Swerling I
Swerling II
Swerling III
Swerling IV
Albersheim

0.3
0.2
0.1
0
-10

-5

0

20
15
10
5
Signal to Noise Ratio (SNR (dB))

25

30

Fig. 2. Probability of detection as a function of SNR for different
target models when N = 10, and Pfa = 10-6

Detection of Albersheim

Walter Albersheim [12] derived a simple formula for
signal to noise ratio, which is required to achieve a given
level of performance for envelope detection of nonfluctuating signal, in narrow band noise. The Albersheim
equation is given as:
4.54
𝑆𝑁𝑅𝑑𝐵 = −5𝑙𝑜𝑔10 𝑁 + �6.2 +
�
√𝑁+0.44
(
)
. 𝑙𝑜𝑔10 𝐴 + 0.12𝐴𝐵 + 1.7𝐵
(13)
Where 𝐴 = 𝑙𝑛�0.62⁄𝑃𝑓𝑎 �, 𝐵 = 𝑙𝑛(𝑃𝐷 ⁄(1 − 𝑃𝐷 )), and
𝑃𝑓𝑎 means the false alarm probability.
However, it can be rearranged to obtain a solution for
detection probability (𝑃𝐷 ) in terms of the other

The results illustrated in fig.2 and fig.3 lead us to
make the following observation; for high detection
probabilities, more signal-to-noise is required for all
target models.
The fig.2 and fig.3 show also a comparison between
the six detection probabilities with 10 and 100 pulses
integrated respectively. For all these models, greater
number of pulses integrated requires low signal-to-noise
ratio to yield a good probability of detection. For low
number of pulses integrated, on the other hand, the
reverse of this relationship is correct. In addition, the
comparison between fig.2 and fig.3 indicate also that
when the number of integrated pulses is larger, the more
likely it will be for the fluctuations to average out, and
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the curves of Swerling II and Swerling IV will approach
to the constant target case which represents nonfluctuating (Swerling V) and Albersheim models.

Swerling IV
1
0.9

Comparison between detection probabilities

0.8
Probability of Detection (P.D)

1
0.9

0.7
0.6
0.5

0.5
0.4
0.3
Pfa=1e-06
Pfa=1e-08
Pfa=1e-10
Pfa=1e-12

0.2

0.1
0
-10

0.1

Nonfluctuating
Swerling I
Swerling II
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0.3
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0

5
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Signal to Noise Ratio (SNR (dB))

25

0
-10

30

Fig. 3. Probability of detection as a function of SNR for different
target models when N = 100, and Pfa = 10-6
Swerling I
1
0.9
0.8
Probability of Detection (P.D)

0.6

0.4

0.7
0.6
0.5
0.4

-5

0
5
10
Signal to Noise Ratio (SNR (dB))

20

various values of Pfa when N=50

The performance comparisons showed through these
figures allows us to say, for a given SNR, the detection
probability is inversely proportional to the value of the
false alarm probability. This statement is true either for
scan-to-scan detectability (i.e. Swerling I) or pulse-topulse detectability (i.e. Swerling IV).
The following figures show an example of the
variation of the required SNR as a function of probability
of detection (Pd), probability of false alarm (Pfa), and
number of integrated pulses (N) for various target models
(the four Swerling fluctuation models, the nonfluctuation model, and Albersheim’s model) . In this
example, the value of Pfa is fixed to 10-6 and Pd and N
vary.

0.3

Swerling I

Pfa=1e-06
Pfa=1e-08
Pfa=1e-10
Pfa=1e-12

0.2
0.1
0
-10

15

Fig. 5. Probability of detection for Swerling IV versus SNR, for

-5

0
5
10
Signal to Noise Ratio (SNR (dB))

15

40

20

Fig. 4. Probability of detection for Swerling I versus SNR, for various
values of Pfa when N=50

30
SNR (dB)

Probability of Detection (P.D)

0.8

0.7

20
10
0

Fig.4 shows plots for the probability of detection value
of Swerling I as scan-to-scan fluctuation versus the signal
to noise ratio for several values of probability of false
alarm. In other part, fig.5 shows plots for the probability
of detection value of Swerling IV as pulse-to-pulse
fluctuation versus the signal to noise ratio for several
values of probability of false alarm.
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D

Fig. 6. Signal to noise ratio as a function of probability of detection
and number of integrated pulses for Swerling I targets
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Swerling II
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Fig. 7. Signal to noise ratio as a function of probability of detection

Fig. 10. Signal to noise ratio as a function of probability of detection

and number of integrated pulses for Swerling II targets

and number of integrated pulses for non-fluctuating (Swerling V)
targets
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Fig. 8. Signal to noise ratio as a function of probability of detection
and number of integrated pulses for Swerling III targets

Fig. 11. Signal to noise ratio as a function of probability of detection
and number of integrated pulses for Albersheim targets
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Fig. 9. Signal to noise ratio as a function of probability of detection
and number of integrated pulses for Swerling IV targets

By visualizing fig.6 and fig.8, we can not notice a
great difference because Swerling I and Swerling III are
both scan-to-scan fluctuating targets. The comparison
between the figure of Swerling II and that of Swerling IV
allows us to deduce the similarity because Swerling II
Swerling and IV are of unique type which is pulse-topulse fluctuating targets. We cannot almost distinguish
the difference between the representations of fig.10 and
fig.11 because both are from the same class of targets.
Finally, the following general remarks can be drawn
through our simulation’s analytical work:
1. For detection probability upper than 50%, nonﬂuctuating targets (Swerling V and Albersheim) are
easier to detect than any ﬂuctuating targets which can
make detection more difficult by requiring a higher SNR
for example.
2. The way in detection of the fluctuating targets is not
the same. In fact, pulse-to-pulse ﬂuctuations (Swerling II
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and Swerling IV) are easier to detect than scan-to-scan
ﬂuctuations (Swerling I and Swerling III) for detection
probabilities higher than 50%.
3. The converse of the above two remarks is occurred
for detection probabilities less than 50%.

V.

Conclusion

The radar detection probabilities can be calculated by
Swerling for four different fluctuation models of cross
section. In two of the four cases (Swerling.I and
Swerling.III), it is assumed that the fluctuations are
completely correlated during a particular scan but are
completely uncorrelated from scan to scan. In the other
two cases (Swerling.II and Swerling.IV), the fluctuations
are assumed to be more rapid and uncorrelated pulse to
pulse. The models presented and described in this paper
are simple algorithms which give quick solutions for the
radar detection of targets. They are also important due to
their fast computation speed and simple solution
performance.
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Abstract— In this paper, firstly, a brief description of
sensorless speed indirect field orientation control using MRAS for
an induction motor is proposed; this description is realized using a
graphical software developed by National instruments, this
software, called Laboratory Virtual Instrument Engineering
Workbench (LabVIEW), permits us to design this kind of
sensorless speed Control of induction motor, through simulation,
thus, it could be used as illustration in the industrial applications.
secondly, we proposed a CompactRIO as a real time simulator in
order to simulate this kind of sensorless speed Control. Based on
this simulation, a new method for modeling and controlling of
induction motor based on LabVIEW is discussed.
Keywords -- induction motor, labVIEW, field orientation
control, RF-MRAS, Sensorless speed control, CompactRIO,
Vector control.

I. INTRODUCTION
The Induction motor is widely used in high performance
drive system, which do not require fast dynamic response,
because of its advantages like high efficiency, very simple,
extremely rugged, [2]-[1]. In recent years there has been a
great demand in industry for adjustable speed drives [3][15]-[1]. The concept of vector control has opened up a
new possibility that induction motors can be controlled to
achieve dynamic performance as good as that of DC
motors. The vector control of Induction motors requires
precise position of rotors and signal of speed to achieve the
field orientation. Traditional movement control system used
mechanical transducers to measure the position and speed
of the rotor. But they increase the cost and decrease the
reliability of the system and even constrain the adaptability
of the system to certain conditions. Over the past decade,
speed sensorless control strategies have aroused great
interest among induction motor control researchers. In
these strategies, the motor speed is estimated and used as a
feedback signal for closed-loop speed control. In the past
few years, lots of researches and papers offered ways to

eliminate the sensors, such as Luenberger, Kalman,
Nonlinear, MRAS, Redundant etc [1].
MATLAB simulink block sets are widely used in
simulation of all kind of systems. MATLAB was used [8][9]-[4] for several simulation techniques of induction motor
such as indirect field oriented control and for a sensorless
speed vector control and for different electric machines.
But Simulink lack the imitation of physical instruments
or equipment in appearance and operation. Considering the
above[4], Sensorless vector speed control of induction
motor with MRAS was simulated using
National
Instrument(NI) product called Labview.
Modeling of inverter and induction motor using
Labview was discussed in [4]. [5] treated field oriented
control of IM drive using Labview . Labview was also used
in [6] as a simulation tool of indirect field orientation
control of IM, Speed control of DC motor in [7], etc
In order to make a simulation fast we use a CompactRIO
provided by NI company.
In this paper, Labview is used as a simulation tool to
simulate the sensorless indirect field oriented vector control
using MRAS wherein the induction motor model and the
scheme of the sensorless method were constructed using
control design and simulation toolkit. The program is
simulated on computer and on CompactRIO to see the
difference.
II. COMPACTRIO (CRIO)
cRIO, (as shown on figure 1), is recommended and
promoted by National Instruments company as a rugged
industrial control and acquisition system that incorporates
[16]three components: a processor running a real-time
operating system (RTOS), a reconfigurable FPGA, and
interchangeable industrial I/O modules. The real‑time
processor offers reliable, predictable behavior and excels at
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floating-point math and analysis, while the FPGA excels at
smaller tasks that require high-speed logic and precise
timing. Often CompactRIO applications incorporate a
human machine interface (HMI), which provides the
operator with a graphical user interface (GUI) for
monitoring the system’s state and setting operating
parameters.[17]as shown on figure 1
The real-time controller contains a processor that reliably
and deterministically executes LabVIEW Real-Time
applications and offers multirate control, execution tracing,
onboard data logging, and communication with peripherals.
Additional 2 options include redundant 9 VDC to 30 VDC
supply inputs, a real-time clock, hardware watchdog timers,
dual Ethernet ports, up to 2 GB of data storage, and built-in
USB and RS232 support [17].

panel, the block diagram and the connector panel. The front
panel allows the user to build controls and indicators [10].
The controls are including Cons, push buttons, dials, and
other input mechanism. Indicators are graphs, LEDs, and
other output displays. Meanwhile, the block diagram allows
user to add code though VIs and structures to control the
front panel objects. The connector panel permits user to
represent a single VI as a sub VI icon which can be called
in another VI [10].
The main elements of labVIEW programs are illustrated in
Fig. 2:
Front panel

Block diagram

connector

CompactRIO provides us a several method of
programming according to the application and we can use it
as what we want. So, in our case we use it as a real time
simulator.
CompactRIO software is called Labview.
Fig. 2. The three main elements of LabVIEW software

IV. INDUCTION MOTOR MODEL AND VECTOR CONTROL
STRATEGY

1) Dynamic Model of Induction Motor
a) Mathematical Model of Induction Motor in -  - 
frame
Fig. 1 CompactRIO architecture

III. LABVIEW DESCRIPTION
LabVIEW is a graphical programming language for data
acquisition, analysis and presentation [4]. The
programming method used in Lab VIEW is G
programming. When Comparing with text-based
programming, Lab VIEW is user friendly where the user
can design the program by simply arranging and wiring the
relevant icons together. [10] LabVIEW programs are called
Virtual Instruments (VI) because their appearance and
operation imitate physical instruments, such as
oscilloscopes and multi-meters. [4] Lab VIEW doesn't need
any programming experience from user and so it can be
done fast and easy for all users. Lab VIEW also has an
extensive library of math functions similar to MATLAB
libraries and also formula nodes that allow text-based
programming for certain code sections that require complex
logical structures. Like other conventional programming,
Lab VIEW has standard features such as looping structures,
data structures, event handling, and object-oriented
programming. Lab VIEW has front-end interface
applications that allow user to design and control systems.
In general Lab VIEW has three main elements: the front

As usually iron losses, saturation of the electromagnetic
circuit and anisotropy of the geometric structure are
neglected when developing the mathematical model of the
induction motor. A dynamical model of induction motor in
a stationary reference frame, by choosing the stator currents
as state variables is given
is , i s and the rotor flux  , 
r r 
as [1] :
K
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L
Tr  r time constant;
Rr
Rs , Rr Stator and rotor resistances.

Rr Lm *
(4)
ids
Rr  Lm s
The torque component of the stator current can be obtained
from the torque prescription if the flux level is known and
hold constantly [10]

r 

Ls , Lr : Stator and rotor self inductances.
Lm : Mutual inductance.

The two axis stator voltages and currents in synchronously
rotating frame are related to the three phase representations
by the following equation

1
 x 
2 

 
3 
 x 
0

1
3
2

1   x 
a
2   x 
b

3
x 

2   c 

(2)

3 p Lm
(5)
r iqs
2 Lr
In this situation, the current component on q axis and the
flux component on d axis are zero. They permit us to
rewrite the relation that gives the slip as
Ce 

where x may represent either the voltage or current.
is the synchronous speed.

sl  s   

s   sl  r

Where:
is the slip speed and
is the rotor speed. The
field oriented control requires to keep the magnetizing
current at a constant rated value by setting
.Hence
the torque producing current component can be adjusted in
accordance with the torque demand. [1]
b) Mathematical model of Induction motor in d-q frame
A dynamic model of IM written on the d-q synchronous
rotating frame is given by choosing the stator currents
isd,isq and the flux rd , rq as state variables, as:
K


  isd  s isq  T rd  K rrq 
r

  1
 isd  
K    Ls
   s isd   isq  K rrd  rq 
Tr  
d  isq  

 0
 
1
dt rd   Lm
   isd  rd  s  r   rq  
Tr
  0
rq   Tr
L
  0
1
m
 isq  s  r  rd  rq  
Tr
 Tr



0 

1  vsd  (3)

 Ls   vsq 
0 

0 

c) Vector Control Strategy
The control of the induction motor is performed
according to the required performances. Wherein, Vector
control is widely used for different control possibilities.
One of the vector control possibilities of the induction
motor is indirect field orientation control .The direct field
orientation control presents some offset and noise problems
in the low speed domain. However indirect field orientation
control appears as an alternative based on torque or slip
prescription. The torque control is based on stator current iq
torque component control or slip control [10].
In the indirect field orientation control, the rotor flux is
controlled through the stator current flux component id,
[11]-[6]. For a given flux value, the current component
value that produces the flux is:

*
Rr iqs
*
Lr ids

(6)

V. RF-MRAS SPEED OBSERVER
Among various MRAS schemes, Rotor Flux (RF), back
EMF and reactive power techniques are the most popular
strategies which have received a lot of attention [12].
The basic concept of MRAS is the presence of a
reference model which determines the desired states and an
adaptive (adjustable) model which generates the estimated
values of the states. The error between these states is fed to
an adaptation mechanism to generate an estimated value of
the rotor speed which is used to adjust the adaptive model.
This process continues till the error between two outputs
tends to zero [13]-[14]
Fig. 3 shows the basic structure of RF- MRAS

V
s 

Reference
Model
I

X_ref
+

s 

PI
Adjustable
Model

X_adju





Fig. 3. Basic structure of the MRAS method

So, this method uses, as a reference model, the voltage
model, while the adjustable model is the current one. The
equations of the asynchronous machine are expressed in the
stationary frame.
The reference model (voltage) is given by:
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d


 V s  Rs i s   Ls dt i s 


L 
d
d

  r _ ref  r  V s  Rs i s   Ls i s 
dt
Lm 
dt 
The adaptive model (current) is given by:
 
L
d 
1 
 r _ aj  m i s   r _ aj     r _ aj
dt
Tr
Tr
L
d
 r _ ref  r
dt
Lm

(7)

 
L
d 
1 
(8)
  r _ aj  m i s    r _ aj    r _ aj
dt
Tr
Tr
The reference model (7) is based on stator equations and is
therefore independent of the motor speed, while the
adaptive model (8) is speed-dependant since it is derived
from the rotor equation in the stationary reference frame.
To obtain a stable nonlinear feedback system, a speed
tuning signal (εω) and a PI controller are used in the
adaptation mechanism to generate the estimated speed. The
speed tuning signal and the estimated speed expressions
can be written as [14]:

ˆ  K  

p   r _ ref

ˆ
.

 r _ aj



 r _ ref

ˆ
.



 r _ aj 

t


ˆ
ˆ
K   
.

.
d
i   r _ ref  r _ aj
 r _ ref  r _ aj 
0

Fig. 5. Block diagram of sensorless speed vector control using MRAS

In this situation we have two modes of regulation; one on
open Loop which gives the current Isd. The second one, on
closed loop, which gives the torque reference based on the
speed error as it is shown in Fig. 6.
The block diagram of the subsystem which calculates the
commutation sequences of the inverter is shown in Fig. 7.


(9)

The main electrical elements of the sensorless speed vector
control using RF-MRAS are shown in Fig. 4

Fig. 6. Speed regulator block diagram

Fig. 7. Commutation sequence

Fig. 4. Sensorless speed vector control using MRAS scheme

Fig. 8shows the simple simulation block diagram of twolevel PWM inverter.

VI. SIMULATION RESULTS
a) Block diagram for sensorless speed vector control
usingMRAS
The following scheme represents the block diagram of
the sensorless speed vector control using MRAS of the
induction motor developed on Labview, where we have
exploited equations (4)-(9) in order to build it. We can find
in it different subsystems and sub VI; speed regulator,
MRAS, Commutation sequences, inverter and Park
transformation subsystems, are the main ones.

Fig. 8. Block diagram of the inverter
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The block diagram of RF-MRAS subsystem is shown on
Fig.9 wherein we find the reference, the adjustable models
and the adaptive mechanism.

TABLEI. Induction motor parameters
Machine
parameter

Value

Machine
parameter

Value

Rs

1.9733

Lm

0.2303

Rr

1.7810

J

0.0408

Ls

0.2406

Cr

0.00305

Lr

0.2406

Pole number

2

Fig. 9. Block diagram of RF-MRAS

b) Simulation Results on CompactRIO
cRIO configurations shown in Fig. 10 have been built as
follow:

Figure 12 shows the speed and torque waveforms; initially
the induction motor runs without load torque at speed of 100
(rad/s) till t=1 s where a load of 12N.m is applied to it.

Fig. 12. Speed and torque signals for induction motor

Fig. 10 CompactRIO configuration

1.
2.

Create a real time project ;
Choose the architecture type: in our case we
choose “custom project” as shown in Fig. 11

Fig. 13. Simulation results of induction motor current
Fig. 11 .Architecture type

3.
4.

Choose a CompactRIO programming mode and a
target:
Select a VI to be charged and simulated

In order to simulate this kind of sensorless speed control,
simulations are carried out for an induction motor using the
following machine parameters mentioned on table1;

According to figures 12 and 13, we can find that the speed
follows the target one, but we remark that this method is
limited in transient response. Hence, the application of the
load torque doesn’t affect the regulation of the speed due to
the PI regulator.
The form, in the graph of the torque developed by the
motor, is affected by commutation; furthermore, we
perceive that when we apply the load torque it has been
entirely compensated.
We note, when running, that simulation doesn’t take a long
time compared with simulation on desk or on computer.

Second International Conference on Technological Advances in Electrical Engineering (ICTAEE’16), Skikda University
October 24-26, 2016
VII. Conclusion
In this paper, we have presented a new method for
simulation of the sensorless speed indirect field orientation
control using RF-MRAS of the induction motor based on
LabVIEW software, which is a complex virtual instrument
platform. As, computers’ clock compared with a real time
platform are limited we proposed to simulated on
compactrio which gives us results in quick time.
CompactRIO can be used in different case to develop a wide
range of control configurations.
This platform permitted us to validate the proposed method
of modeling of induction motor field orientation through
simulation. Finally, we have illustrated some simulation
results found using virtual instrumentation in order to
emphasize the effectiveness of such platforms in the
industrial development.
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Abstract: The vibration signal of a rolling bearing carries important information which can be used in early damage
detection and fault diagnosis, however this signal is usually noisy and the information about the fault in the early stage
of its development can be lost. In this paper the EMD decomposition combined with minimum entropy deconvolution
(MED) and the correlation coefficient is a powerful tool in signal processing is presented. Firstly, the signal is treated
by MED technique. Secondly, the filtered signal by MED filter is decomposed into a number of IMFs using the EMD
decomposition, which combines an estimation of correlation coefficient between the filtered signal and its IMFs .After
The selection of relevant modes, MED is applied for amelioration the sensitivity of kurtosis. Experimental results and
industrial measurement analysis show that this method can extract fault characteristics of roller bearing effectively.
Keywords: Empirical Mode Decomposition , minimum entropy deconvolution , Bearing faults, correlation coefficient

I. Introduction
Bearing fault detection is critical in preventing machine
failure and ensuring machine is operating in optimal
condition. However, the monitored bearing vibration signal is
often corrupted by interference signals from other sources in
the machine..
We thus proposed to combine the EMD decomposition with
MED filter, and calculate the coefficient correlation between
the filtered signal and each IMF to select the relevant modes.
In this paper we have also used kurtosis as indicator to
extract periodic impulses due to defects. The paper is
organized as fellows section 2 introduces the basic of EMD.
section 3 presents the MED method .in section 4 is applied
for bearing faults diagnosis. in section 5, a conclusion of this
paper.

(1) In the whole data set, the number of extrema and the
number of zero-crossings must either equal or differ at most
by one.
(2) At any point, the mean value of the envelope defined by
local maxima and the envelope defined by the local minima
is zero.
For a given signal x , EMD algorithm can be described as
follows:
(1) Identify all the local extrema , then connect all the local
maxima (resp. minima) by a cubic spline line as the upper
envelope.
(2) Compute the envelope mean

(3) Calculate difference between the signal x  t  and m1 is
the first component,

h1 , i.e:

x  t   m1  h1

II. The EMD Algorithme
The EMD method is a sifting process based on the local
oscillation of the signal. By this method, the signal will be
decomposed into a finite sum of IMFs and a residue, where
the IMF should satisfy [1][2]:

m t 

if

(1)

h1 is an IMF, then h1 is the first IMF component of

x t  .
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(4) If

h1 is not an IMF, h1 is treated as the original signal

and repeat (1)–(3); then treat

h1 as the x , get h1,1 .If h1,1 is an

IMF, stop; Otherwise, continue:

h1  m1,1  h1,1

......
h1,k 1  m1,k  h1,k

(2)

Fig. 4 illustrates the deconvolution process involved in the
MED filtering. Pre-whitening can be achieved by using an
autoregressive model (AR) [11].The AR filter can be
modeled as in Eq. (7), Sawalhi et Randall. (2007) [11] used
the kurtosis of the residual signal as a guide to select the AR
model order.
The objective of the deconvolution is to find the coefficients

 n and hi  n as,
2
N h
i 1  n   hi  n 
SD  
hi21  n 
n 0

(a delay of

consecutive sifting results, namely hi 1

c1  n  .
(5)once

hi  n  is termed as

(7)

The MED searches for an optimum set of filter coefficients
that recover the output signal (of an inverse filter) with the
maximum value of kurtosis (Eq. (8)).

process as described above is carried out on
the next residue signal

O  f k l  

 n ,

(4)

r1  n  is treated as a new signal, and



2
  y  n 
 n 1


2

(8)

with the general filter given by:
L

y  n    f k l  1  n  l 

r2  n  . Therefore, the residue signal

(9)

l 1

Optimum filter settings occur when the objective function
achieves:

thus obtained can be expressed in general as,



(5)

process of decomposing the signal into IMFs is terminated.
The whole process is ended with rN has at most one

 0

(10)

  n  l 

(11)

 O  f l 
  f l 

rj  n  becomes a constant or monotonic function, the
By using the formula

y  n 

extremum, thus, we have:
N

x   c j  rN

n 1

N

sifting

r1  n  to obtain

rj  n   rj 1  n   c j  n 

 y  n
4

c1  n  is obtained, it is then subtracted from the
r1  n   x  n   c1  n 

If

 k   g k  nk  * hk

(3)

N

original data to get a residue r1

The residue

lm is allowed to make the inverse filter causal)

(Nandi et al., 1997) .

When the value of SD resides within a predefined range, the
sifting process is terminated, and

f k , which achieves hk f k    k  lm  ,

of the inverse filter

The stopping condition is: (SD) is calculated from the two

f l 

(6)

j 1

the signal
residue.

x is decomposed into a finite sum of IMFs and a

we get
N

 y  n
2

III. Minimum Entropy Deconvolution Technique
The minimum entropy deconvolution technique MED was
originally presented by Ralph Wiggins (1978) [5] offers a
different approach to seismic deconvolution. The MED is a
deconvolution aimed for extracting the fault impulses while
minimizing the noise [8]. It was used initially by Endo and
Randall [7] to enhance the impulses arising from spalls and
cracks in gears. It was then adopted by Sawalhi et al. [13] to
enhance the detection of faults in rolling element bearings.

n 1
N

 y  n
4

N

 y  n   n  1 
3

n 1

n 1
L



m 1

N

f  m    n  l    n  m 
n 1

Eq. (12) can be written in matrix form:

(12)
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b  Af

(13)

IV. Hybrid Method Based On EMD And
MED Filter

The solution for the optimum inverse filter is found
iteratively as Eq. (13) is highly non-linear. The iterative steps
involve the following [6]:
Step 1: Compute the autocorrelation matrix A .

The procedure for the hybrid method is briefly described as
follows:

Step 2: Assume the initial value of the inverse filter

Step 1: Filter the raw signal using MED technique .

coefficients f . (Note: a delayed impulse was assumed as
the initial vector value).

Step 2: Decompose the vibration signal measured in
diagnosis location by EMD.

 0

Step 3: Compute the output signal

1 0

0
y   using the input signal

and initial optimum filter coefficients

f

0

(i.e. solve

Eq. (9)).
Step 4: Compute the column vector b
 0

signal e1

1

busing

Step 3: Filter each IMF using MED technique .
Step 4: Calculate the correlation coefficients between the
IMFs and the filtered signal, and choose the IMF with larger
cross-correlation coefficient as the resultant signal.

0
y   and input

(i.e. calculate the value in the left- hand side of Eq.

V. Experiments and Application

(13)).

The practical experimental data comes from Case
Western Reserve University (bearing Data center) [13].
Bearing test rig device is shown in Fig.2. Vibration data was
collected at 48,000 samples per second.

Step 5: Solve for new filter coefficients.

f    A1b 
1

1

Step 6: Compute the error criterion (change in the filter
coefficient values):



err  f     f 



1

 

 E f

 0

2

0



 f  0

E  f  
1

(15)

2 1/2

(16)

The iteration finishes when the expected value of error

E  err   tolerence
 0

then

1

update the filter coefficients: f
and repeat the
 f
process from Step 3. A condition was set also to abort the
iteration if the value of the

E  err  was found to be

a) Healthy bearing
0.5
0
-0.5

magnitude

magnitude

diverging. The effectiveness of the impulse enhancement by
the MED technique is demonstrated in the next section

Fig.2. The practical experimental data test system diagram.

magnitude

E  err   tolerence . If

0

0.05

0.1

0.15
time (s)
b) Outer race fault

0.2

0.25

0

0.05

0.1

0.15
time (s)
c) Inner race fault

0.2

0.25

0

0.05

0.1

0.2

0.25

5
0
-5

2
0
-2

0.15
time (s)

Fig.3. vibration signals(a) healthy bearing,
fault.,(c) signal with inner race fault.
Fig.1.The proposed inverse filtering (deconvolution) process of vibration
signal using the MED technique

(b) signal with outer race

Fig.3 displays the vibration signals measured from the test
bearings under three conditions: (a) signal from a healthy
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TABLE.I

magnitude
magnitude

After application the MED filter, the filtered signal of the
bearing with outer race defect is shown in Fig.4(b).using the
EMD decomposition for the filtered signal ,the majority of
the noise is distributed in IMF2,and only the periodic signals
reside in IMF1,Fig 5 illustrate the first four IMFs of the
filtered signal .as indicate in Table 1,IMF 1 has a larger
correlation coefficient (0.6880) .Hence, IMF1 was taken as
the final resultant signal recovered from the raw vibration
signal.

the filtred signal for healthy bearing

magnitude

bearing, (b) signal from a bearing with outer race fault, (c)
signal from a bearing with inner race fault.

1
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THE COEFFICIENT CORRELATION BETWEEN THE FILTERED SIGNALS AND ITS
IMFS OF EMD

C outer

C inner

C healthy

IMF

0.6880

0.5504

0.3881

IMF2

0.5701

0.4590

0.2757

IMF3

0.3939

0.4954

0.4845

IMF4

0.1642

0.4616

0.5859

Fig.4. The filtered signals by MED (a) healthy bearing, (b) signal with outer
race fault,(c) signal with inner race fault.
TABLE.II
KURTOSIS VALUES OF THE ORIGINAL SIGNALS AND ITS IMFS

IMF5

0.1530

0.1931

0.2836

IMF6

0.1157

0.0557

0.2377

IMF7

0.0778

0.0147

0.0438

IMF8

0.0147

0.0057

0.0002

IMF9

0.0027

0.0001

0.0045

IMF10

-0.0003

-0.0002

0.0014

IMF11

-0.0002

-0.0001

0.0030

IMF12

0.0013

-0.0003

0.0157

IMF13

0.0023

-0.0001

0.0043

signal

Raw signal

Filtered
signal by
MED

IMF
selected

Healthy
bearing

2.8066

3.0526

3.3847

IR defect

6.1013

8.7780

31.5499

OR defect

6.9043

20.2647

37.7057

an inner race defect. Fig 4(c) shows the filtered signal by
MED and Fig 6 shown the first four IMFs for the bearing
with an inner race defect ,IMF1 has the largest correlation
coefficient (0.5504),the kurtosis of the raw signal of bearing
with an inner race defect is 6.10 ,whereas the kurtosis of the
filtered signal is 8.77,and by applying the proposed hybrid
method ,the signal was successfully separated from the large
noise and its kurtosis increased dramatically to 31.54.

For the bearing with an outer race defect, the kurtosis of the
raw signal is 6.90, the kurtosis of the filtered signal by MED
filter is 20.26, and the kurtosis of IMF1 increases to 37.70.
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IMF 4

Similar observations can be made from the results
corresponding to the bearings with

0

0.1

IMF 3

Table 2 compares the kurtosis values of the raw signal, the
filtered signal by MED filter and the selected IMF of EMD of
filtered signal for each bearing condition.

IMF 1

0.05

0
-0.01

Fig.5. The first four IMFs of signal with outer race defect
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and Hilbert spectrum to the fault diagnosis of roller
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270.
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Fig.6. The first four IMFs of signal with inner race defect

The envelope and FFT were carried out on the IMF selected
for each bearing condition, the results benefits from the
spectrum shown in Fig 7(a). The Characteristic frequency can
be clearly observed .Therefore; it is identified as the inner
race defect. Similarly, outer race defect can be identified. The
spectrum is shown in Figure 7(b).
(a)

signal with inner race defect

Magnitude

BPFI
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[5] R.A. Wiggins, Minimum entropy deconvolution,
Geoexploration 16 (1978) 21–35 (September 1978).
[7] Endo H., Randall R.B. 2007.;Application of a minimum
entropy deconvolution filter to enhance Autoregressive
model based gear tooth fault detection technique .
Mechanical Systems and Signal Processing, vol. 21, p.
906-919.
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Maximum correlated Kurtosis deconvolution and
application on gear tooth chip fault detection.
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Fig. 7. Envelope spectrum (a)inner race defect (b)outer race defect

VI.

Conclusions

In this paper hybrid method based on MED filter and EMD
combined with correlation is proposed. its consists in first ,to
filter the signal by using MED, the obtained signal is
decomposed by EMD into several IMFs. The correlation
coefficient between each IMFs and the original signal are to
select the relevant mode and better IMF. in our method IMF1
was taken as the final resultant signal recovered from the raw
vibration signal. The results showed the effectiveness of the
proposed method.
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Performance Evaluation of Multicarrier SPWM Strategies
for Five-Level Flying Capacitor Inverter
Rachid TALEB, Zinelaabidine BOUDJEMA, Fayçal CHABNI, Adil YAHDOU
Abstract – Carrier-based methods have been used widely for switching of multilevel inverters
due to their simplicity, flexibility and reduced computational requirements compared to space
vector modulation (SVM). This paper focuses on Multicarrier Sinusoidal Pulse Width Modulation
(MCSPWM) strategy for the three phase Five-Level Flying Capacitor Inverter (5LFCI). The
inverter is simulated for Induction Motor (IM) load and THD for output waveforms is observed for
different controlling schemes.

Keywords: Flying capacitor inverter; Multicarrier sinusoidal pulse width modulation; Induction
motor.

I.

Introduction

Inverters are widely used in modern power grids; a
great focus is therefore made in different research fields
in order to develop their performance. Three-level
inverters are now conventional apparatus but other
topologies have been attempted this last decade for
different kinds of applications. Among them, Neutral
Point Clamped (NPC) inverters, flying capacitors
inverters also called imbricated cells, and series
connected cells inverters called cascaded H-bridge
inverters [1-3].
The cascaded multilevel inverters have more
advantages than other topologies, because it does not
require any balancing capacitors and diodes. Cascaded
inverters need separate DC sources for each H-Bridge, so
there is no voltage balancing problem, but isolated DC
sources are not readily available, this is the main
drawback of this topology. In this paper Flying Capacitor
Inverter is controled with the Level Shifted scheme of
Sinusoidal PWM, i.e., Phase Diosposition (PD), Phase
Opposition Displacement (POD) and Alternative Phase
Opposition Displacement (APOD). The inverter is
simulated for Induction Motor (IM) and THD for output
waveforms is observed for differnt controlling schemes.
The THD for the output waveforms is observed and the
technique with least THD is seleted for furhter
simulations.

place. The flying capacitor involves series connection of
capacitor clamped switching cells. This topology has a
ladder structure of DC side capacitors, where the voltage
on each capacitor differs from that of the next capacitor.
The voltage increment between two adjacent capacitor
legs gives the size of the voltage steps in the output
waveform. Figure 1 shows the Five-Level Flying
Capacitor Inverter (5LFCI).

Fig. 1. Five-Level Flying Capacitor Inverter (5LFCI)

II.1.

II.

Flying Capacitor Structure

The capacitor clamped inverter alternatively known as
flying capacitor was proposed by Meynard and Foch in
1992 [4]. The structure of this inverter is similar to that
of the diode-clamped inverter except that instead of using
clamping diodes, the inverter uses capacitors in their

Operation of Flying Capacitor

In the operation of Flying Capacitor Multilevel
Inverter (FCMLI), each phase node (a, b, or c) can be
connected to any node in the capacitor bank (V1, V2, V3).
Connection of the a-phase to positive node V3 occurs
when S1 and S2 are turned on and to the neutral point
voltage when S2 and S'1 are turned on. The negative node
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V1 is connected when S'1 and S'2 are turned on. The
clamped capacitor C1 is charged when S1 and S'1 are
turned on and is discharged when S2 and S'2 are turned
on. The charge of the capacitor can be balanced by
proper selection of the zero states. In comparison to the
three-level diode-clamped inverter, an extra switching
state is possible. In particular, there are two transistor
states, which make up the level V3. Considering the
direction of the a-phase flying capacitor current Ia for the
redundant states, a decision can be made to charge or
discharge the capacitor and therefore, the capacitor
voltage can be regulated to its desired value by switching
within the phase. As with the three-level flying capacitor
inverter, the highest and lowest switching states do not
change the charge of the capacitors. The two intermediate
voltage levels contain enough redundant states so that
both capacitors can be regulated to their ideal voltages.
Similar to the diode clamped inverter, the capacitor
clamping requires a large number of bulk capacitors to
clamp the voltage. Provided that the voltage rating of
each capacitor used is the same as that of the main power
switch, an N level converter will require a total of (N1)(N-2)/2 clamping capacitors per phase in addition to
the (N-1) main dc bus capacitors.
Unlike the diode clamped inverter, the flying capacitor
inverter does not require all of the switches that are on
(conducting) in a consecutive series. Moreover, the flying
capacitor inverter has phase redundancies, whereas the
diode clamped inverter has only line-line redundancies
[5-7]. These redundancies allow a choice of
charging/discharging specific capacitors and can be
incorporated in the control system for balancing the
voltages across the various levels.
The voltage synthesis in a five level capacitor clamped
converter has more flexibility than a diode clamped
converter. Using Fig. 1 as the example, the voltage of the
five level phase leg "a" output with respect to the neutral
point n (i.e. Van), can be synthesized by the following
switch combinations:
1. Voltage level Van = Vdc/2, turn on all upper switches S1
and S4.
2. Voltage level Van = Vdc /4, there are three
combinations:
a. Turn on switches S1, S2, S3 and S'1 (Van = Vdc/2).
b. Turn on switches S2, S3, S4 and S'4 (Van = 3Vdc/4).
c. Turn on switches S1, S3, S4 and S'3 (Van = Vdc/2).
3. Voltage level Van = 0, turn on all upper switches S3, S4
and lower switches S'1, S'2.
4. Voltage level Van = -4Vdc/4, turn on all upper switches
S1 and lower switches S'1, S'2 and S'3.
5. Voltage level Van = -Vdc/2, turn on all upper switches
S'1, S'2, S'3 and S'4.
II.2.

Features of Flying Capacitor

The major problem in this inverter is the requirement
of a large number of storage capacitors. Provided that the

voltage rating of each capacitor used is the same as that
of the main power switch, an N level converter will
require a total of (N-1)(N-2)/2 auxiliary capacitors per
phase leg in addition to (N-1) main dc bus capacitors.
With the assumption that all capacitors have the same
voltage rating, an N level diode clamp inverter only
requires (N-1) capacitors.
In order to balance the capacitor charge and discharge,
one may employ two or more switch combinations for
middle voltage levels (i.e., 3Vdc/4, Vdc/2, and Vdc/4) in one
or several fundamental cycles. Thus, by proper selection
of switch combinations, the flying capacitor multilevel
converter may be used in real power conversions.
However, when it involves real power conversions, the
selection of a switch combination becomes very
complicated, and the switching frequency needs to be
higher than the fundamental frequency. In summary,
advantages and disadvantages of a flying capacitor
multilevel voltage source converter are as follows.
II.3.

Advantages and Disadvantages of FCMLI

Advantages:
Compared to the diode-clamped inverter, this topology
has several unique and attractive features as described
below:
 Added clamping diodes are not needed.
 It has switching redundancy within the phase, which
can be used to balance the flying capacitors so that
only one dc source is needed.
 The required number of voltage levels can be achieved
without the use of the transformer. This assists in
reducing the cost of the converter and again reduces
power loss.
 Unlike the diode clamped structure where the series
string of capacitors share the same voltage, in the
capacitor-clamped voltage source converter the
capacitors within a phase leg are charged to different
voltage levels.
 Real and reactive power flow can be controlled.
 The large number of capacitors enables the inverter to
ride through short duration outages and deep voltage
sags.
Disadvantages:
 Converter initialization i.e., before the converter can
be modulated by any modulation scheme the
capacitors must be set up with the required voltage
level as the initial charge. This complicates the
modulation process and becomes a hindrance to the
operation of the converter.
 Control is complicated to track the voltage levels for
all of the capacitors.
 Precharging all of the capacitors to the same voltage
level and startup are complex.
 Switching utilization and efficiency are poor for real
power transmission.
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 Since the capacitors have large fractions of the dc bus
voltage across them, rating of the capacitors are a
design challenge.
 The large numbers of capacitors are both more
expensive and bulky than clamping diodes in
multilevel diode-clamped converters.
 Packaging is also more difficult in inverters with a high
number of levels.

below the zero reference value, however there is a 180
degree phase shift between those above and below zero,
Fig. 4.

III. Multicarrier Sinusoidal PWM
Techniques
Multicarrier PWM techniques entail the natural
sampling of a single modulation or reference waveform
with carrier signals, typically triangular waveforms [810]. They can be categorized as follows:

Fig. 4. POD carriers’ waveform for 5LFCI

IV.

III.1. Alternative Phase Opposition Disposition (APOD)
This technique requires each of the (N-1) carrier
waveforms, for an N level phase waveform, to be phase
displaced from another by 180 degree alternatively as
shown in Fig. 2.

Simulation results

The three phase Five-Level Flying Capacitor Inverter
(5LFCI) is modeled in MATLAB-Simulink environment.
Simulations are performed for different values of
modulation index m (0.8, 0.9, 1) and the corresponding
%THD are measured using the FFT block and their
values are shown in Table 1. Figs. 5 to 10 show the
simulated output voltage of 5LFCI fed IM (1.5kW) and
their harmonic spectrum and torque characteristics of IM
with above strategies but for only one sample value of m
= 0.9. Table 2 shows the oscillation band of
electromagnetic torque (Te) of chosen 5LFCI.
400
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Fig. 2. APOD carriers’ waveform for 5LFCI
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-400

This technique is similar to APOD, except the carriers
are in phase as shown in Fig.3.

-600

0

0.005

0.01

0.015

0.02

Fundamental (50Hz) = 319.8 , THD= 13.56%
1
0.8
0.6
0.4

Fig. 3. PD carriers’ waveform for 5LFCI
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Fig. 5. Output voltage waveform (V) and its FFT for the APOD method

International Conference on Technological Advances in Electrical Engineering (ICTAEE’16.), October 2016

50

400

40

200

30

0

20

-200
-400

10

-600
0

-10

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0

0.005

2

0.01

0.015

0.02

Fundamental (50Hz) = 319.7 , THD= 9.19%

Fig. 6. Electromagnetic torque (Nm) of IM for the APOD method

1

400

0.8

200
0.6

0
-200

0.4

-400
-600

0.2

0

0.005

0.01

0.015

0.02

0

0

10

20

30

40

50

60

70

Fig. 9. Output voltage waveform (V) and its FFT for the POD method
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TABLE I

%THD FOR DIFFERENT MODULATION INDICES
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V.

Conclusion

In this work the simulation results of three phase FiveLevel Flying Capacitor Inverter (5LFCI) fed Induction
Motor (IM) load with various modulating strategies are
obtained through MATLAB-Simulink. The output
quantities like phase voltage, THD spectrum for phase
voltage, and torque characteristics of IM are obtained. It
is observed that the PODPWM method presents better
performances than the other methods (PDPWM &
APODPWM).
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Abstract – This work presents a blind watermarking scheme Quantization Index Modulation
(QIM) techniques to embed watermark bits into the middle subbands of wavelet domain. QIM
methods, in addition to the high capacity-robustness trade-offs, are simple and have a small
computational cost. A comparison has been done between two versions of this technique. To
improve the robustness of the proposed scheme we have compare a scheme performed on the
original image and a second based on bloc decomposition of the image. The watermarking
proposed algorithm is evaluated against compression, filtering and other attack and it has good
quality in terms of robustness, imperceptibility and capacity.

Keywords: Watermark, Quantization Index Modulation, Wavelet.

I.

Introduction

The spreading of digital multimedia products such as
image, audio, video nowadays has made copyright
protection a necessity. Digital watermarking has emerged
as a leading technique that could solve the fundamental
problem of legal ownership and content authentication
for digital multimedia data. Firstly, watermarking
schemes employed blind embedding approaches and did
not utilize knowledge about the original image content.
However in the recent research works, watermarking
algorithms with blind detection that allow the use of the
original content for embedding the watermark have been
developed. These schemes could be then modelled as
communications with side information which are known
as informed watermarking. They have two main
branches: informed coding and informed embedding. In
the informed coding, a watermark template is directly
generated from the host document. In the informed
embedding, coded watermark signal is shaped depending
on the cover signal [1]. Many algorithms have been
proposed to put the informed watermarking principals at
work. Costa [2] exposed a theoretical scheme based on a
structured code word that takes into account this side
information called as Scalar Costa Scheme (SCS).
However, this later is not practical. Thus several research
groups
have
proposed
suboptimal
practical
communication schemes based on Costa’s idea [1, 3, 4].
The first scheme was proposed by Chen and Wornell
[5], called Quantization Index Modulation (QIM) that
provides a computationally efficient method for
implementing codes based on Costa’s work. The

popularity of QIM is in part, due to its easier
implementation,
computational
flexibility
and
amenability to theoretical analysis. A version of QIM
known as Dither Modulation (DM) [6] - and many other
variants- has been proposed and provides better
performance than the original QIM [7].
Watermarking techniques can be classified into three
main broad categories. The first includes spatial domain
watermarking techniques, in which watermark embedding
is achieved by directly modifying the pixel intensity
values of the host image. The second category includes
frequency domain techniques, which embed the
watermark by modifying the transform domain
coefficients. The third category includes the feature
domain techniques, which take into account regions,
boundaries, invariant features and object features to
overcome the watermark synchronization issue caused by
geometric distortions [8].
Our proposed system belongs to the second category.
We will use the wavelet domain which is the most
preferable transform among all other transforms in
watermarking. This is due to the fact of localization in
both spatial and frequency domain.
In this paper we will expose different results obtained
by using the QIM and its variants methods in image
watermarking. The watermark will be embedded in
selected coefficients of the middle subbands (HL and
LH) of DWT domain by means of the QIM methods. At
the detecting phase, the embedded information will be
extracted by computing minimum distances. We will
present two versions of this scheme: the first uses the
subbands of the original image for embedding the mark.
The second scheme performs the decomposition of the
original image into blocks before applying the proposed
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algorithm. Several experiments are done in order to
improve the robustness of the algorithm.
This paper is organised as follows. In section 2, we
present the proposed algorithm in details. The used
versions of QIM techniques are explained in section 3. In
section 4 we expose the obtained results concerning the
robustness against several attacks.

II.

apply the Inverse DWT (IDWT) to get the watermarked
image.

I original
image
k1

Exposed method
DWT

The main constraints of a watermarking algorithm
are: robustness, imperceptibility, security and capacity.
The proposed blind watermarking system is based on the
use of Discrete Wavelet Transform (DWT) domain and
QIM techniques. In general, transform domain technique
meet robustness when compared with spatial domain. The
DWT is used in digital watermarking because of a
number of advantages, which include its compatibility
with the image coding standard JPEG 2000, its excellent
time-frequency features and its good match to the human
visual system (HVS) characteristic [9]. As we can find
the extensive literature of wavelet theory, the discrete
wavelet transform decomposes the image into four
subbands which are: the approximation subband LL and
three details subbands containing the horizontal, vertical
and diagonal details noted as HL, LH and HH.
Two versions of QIM technique are studied; the
Scalar QIM (SQIM) and Dither Modulation QIM (DMQIM). They will be presented in section 3.
Security of the proposed scheme is guaranteed by two
secrets keys. The first one noted k1 is used to generate the
watermark as a pseudo random binary sequence. The
second key (k2) is used in DM-QIM technique and will be
explained in section 3.
II.1.

watermark w :
Binary sequence

01101001…
…

k2

LL
Generation of
dither vector
d (n.0)

LH

HL
HH

Host signal x composed on high
coefficients of HL and LH subbands

Quantization of these
coefficients by using
𝑦 = 𝑄∆𝑤 (𝑥)
Watermarked subbands
LL
LH w

HLw
HH
Inverse DWT

Iw
watermarked
image

Watermark embedding scheme

The insertion process of watermarking scheme used in
this work is shown in figure 1. As indicated in figure 1,
the watermark w is formed by a binary sequence
generated with a secret key k1. The host signal x is formed
by the highest coefficients of HL and LH subbands
resulting from first level decomposition DWT. The
subbands LL and HH generally are not suitable for
embedding watermark because the insertion in the first
one will lead to a serious degradation since it contains the
most important information of an image. HH subband is
insignificant compared with LH and HL, so it is difficult
for a watermark to survive against attacks such as lossy
compression [10].
The mark w combined with the host signal vector x by
means of the QIM technique, produces the watermarked
vector y. The number of these used coefficients or the
length of x vector is equal to the watermark w length
noted by L. It defines the capacity of the proposed
scheme.
With these watermarked coefficients formed in vector
y, we obtain finally the watermarked subbands. Then we

Fig 1: Insertion process of the proposed algorithm

II.2.

Watermark extraction scheme

The detection process consists on extraction of the
watermark by computing a minimum distance between
the received watermarked signal y’, and its closest
quantization point.
The flowchart illustrated on figure 2 describes the
different steps of the extraction process. The
watermarked and eventually attacked image will
decomposed by first level DWT. In the middles
watermarked subbands HL’ and LH’, the same
coefficients in embedding process will be selected. The
decoder makes a decision about the extracted bit (0 or 1)
based on a comparison between the received sample y’
and there quantized versions. The detection can be
performed with a minimum distance decoder as it will be
explained in section 3.
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I’w watermarked image
(Eventually attacked)

message. The standard quantization operation with step
size Δ is defined by:
𝑥
𝑄(𝑥, ∆) = 𝑟𝑜𝑢𝑛𝑑 ( ) . ∆
(1)
∆

The function round (.) denotes rounding the value to the
nearest integer [6].
The watermarked signal y marked with a binary signal w
is defined by:

DWT decomposition
LL
LH’w

HL’w

𝑄 (𝑥)
𝑦={ 0
𝑄1 (𝑥)

HH

𝑖𝑓
𝑖𝑓

𝑤=0
𝑤=1

(2)

Detection in QIM is performed without access to the
original data or the original rmark.
The watermark extraction can be done by computing
the minimum distance between the received watermarked
signal y’, and its closest quantization point with each w
quantizer:

Selection of watermarked coefficients from HL’
and LH’ subbands

𝑤 ′ = 𝑎𝑟𝑔𝑤 𝑚𝑖𝑛|𝑦 ′ − 𝑄𝑤 (𝑦 ′ , ∆)|

(3)

Where w’ is the detected watermark.
Yes

|𝑦′ − 𝑄∆0 (𝑦)|
< |𝑦′ − 𝑄∆1 (𝑦)|

No

III.1. Scalar QIM

𝑤𝑖 = 0

𝑤𝑖 = 1

01101001… …

Extracted
sequence

A key aspect of the design of QIM systems involves
the choice of practical quantizers that will be used to
embed the watermark. In Scalar QIM (SQIM) [8] and in
order to embed one bit of the m original message in the
real valued sample x, we use the indicated equation as:
𝑄∆𝑤 (𝑥)

= 𝑄∆ (𝑥 − 𝑑𝑤 ) + 𝑑𝑤 where {

𝑑𝑤 = −
𝑑𝑤 =

∆

4
∆
4

𝑤=0
𝑤=1

(4)

So we have designed two quantizers Qw (w= 0, 1) used
to embed the watermark.
Comparison between the extracted mark and
the original one

Fig 2: extraction scheme of the proposed algorithm

III.2. Dither Modulation
A specific scalar version of QIM, known as Dither
Modulation (DM), is usually adopted for its characteristic
that in DM, all the lattice quantizers are scalar and
uniform. There is one base quantizer function and m
dithered vectors replace the other quantizers [9]. The
embedding function is given by:

III. Quantization Index Modulation
The QIM technique was proposed for the first time by
Chen and Wornel [5] in 2001. It represents a new
watermarking scheme based on the framework of
communications with side information. It provides
considerable performance such on terms of easier. A
quantizer maps a value to the nearest point belonging to a
class of predefined discontinuous points. Each of these
quantizers is modulated with a different watermark

𝑦𝑛 = Q ∆ (𝑥(𝑛) + 𝑑(𝑛, 𝑤(𝑛))) − 𝑑(𝑛, 𝑤(𝑛))

where

𝑑(𝑛, 1 ) = {

𝑑(𝑛, 0 ) +
𝑑(𝑛, 0 ) −

∆
2
∆
2

𝑖𝑓

𝑑(𝑛, 0 ) > 0

𝑖𝑓

𝑑(𝑛, 0 ) < 0

(5)

n= 1, 2 ...L and d (n, 0) is a pseudorandom signal which
is usually chosen by a secret key k2 with a uniform
distribution over [-Δ/2, Δ/2]. L is the number of samples
per embedded watermark bit. For watermark extraction,
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we use the same method explained in section of QIM
technique.

0.5
DM-QIM
SQIM

0.45
0.4

IV. Experimental results

0.35

BER

0.3
0.25
0.2
0.15
0.1
0.05
0

0

50

100

150
quantization step

200

250

300

Fig 4: BER variation with quantization step
38
DM-QIM
SQIM

37
36
35
PSNR

The first part of experiments tests the robustness of the
scheme using the two versions of QIM techniques to
allow us to determine the best and the most robust among
these two methods. The second part compares the
performances of the algorithm to the same scheme but
based on block decomposition. The original image is first
decomposed to blocks and each part of the watermark is
inserted in each block.
The proposed system based on scalar and DM
algorithms is applied on several usually used greyscale
images (figure. 3). The robustness of the used algorithm
is expressed by counting the Bit Error Rate (BER) after
decoding a watermarked image. This measure aims to
indicate the number of erroneously decoded message bits.
The minimum distance indicated by equation (3) is
employed for detection process.

34
33
32
31
30

(a)

(b)

(c)

(d)

Fig 3: Peppers (a), Lena (b), Barbara (d) and Baboon (c) used images.

29
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capacity
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Fig 5: PSNR as a function of capacity

IV.1. Robustness tests
Robustness performance of the proposed global
scheme is evaluated against different typical signal
processing operations such as JPEG compression, various
noise addition, histogram equalization and filtering are
performed on watermarked used images.

From figure 6, it can be observed that the system
based on DM-QIM performs better than SQIM based
one. We can obtain a BER=0 for quality factor superior
than 50% for a DM-QIM. This is not the case for SQIM
method.
0.45
DM-QIM
SQIM

0.4
0.35
0.3

BER

Several factors operate in conception of quantized
watermarking scheme. First, the choice of step
quantization has direct relation with the extraction
process; an appropriate step makes a perfect extraction of
the inserted mark. The number of embedding bit has an
influence on the visual quality of the image so the
imperceptibility of the watermark. Also this number
designs the capacity of watermarking which has an
inverse relation with robustness. So we should make
tradeoffs with all this parameters for designing a
watermarking scheme. Figures 4 and 5 illustrate the
variation of BER with quantization step and PSNR with
capacity respectively for Lena image. As shown in figure
5 for a capacity equal to 200 we have a PSNR superior to
34 db. In literature we consider that a watermark is
imperceptible if the PSNR is superior to 33db [11].
In our work we have take Δ=300, L=200 because they
guarantied tradeoffs mentioned above.

0.25
0.2
0.15
0.1
0.05
0
10

20

30

40
50
60
JPEG quality factor

70

80

90

Fig 6: BER variation vs. JPEG compression from the two techniques
SQIM and DM-QIM

The same result is obtained from the other attacks
which they are mentioned in table 1. The scheme based

International Conference on Technological Advances in Electrical Engineering (ICTAEE’16.), October 2016

0.4

0.3
0.25
0.2
0.15
0.1
0.05
0
10

TABLE 1. VALUES OF BER OBTAINED FROM LENA IMAGE FOR
DIFFERENT ATTACKS.

methods

DM-QIM

global scheme
bloc based scheme

0.35

BER

on DM-QIM is robust under noise addition, histogram
equalisation and contrast adjustment. It is clearly shown
that the obtained BER from DM method for all tests is
lower than those obtained from SQIM one. This implies
that DM method is very more robust.
In reference [12], the authors present different
methods of QIM technique. Under JPEG compression,
the best result of BER (equal to zero) is obtained for a
quality factor between 60%-70%. Our proposed method
seems to be better since this factor is between 40%-50%.
For geometrical attacks the proposed scheme is not
robust and this is expected since the wavelet domain is
not invariant to geometrical transformations.

20
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40
50
60
JPEG quality factor

70

80

90

Fig 7: BER variation vs. JPEG compression from the two schemes
0.45

SQIM

attacks

global scheme
bloc based scheme

0.4
0.35

Histogram-equalization

0

0.485

Contraste adjustment
Median filtering

[3 3]

0

0.13

0.48

0.5

BER

0.3
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Salt and Pepper noise 1%
5%

0.005
0.035

0.5
0.47

Poisson noise

0

0.5

0
0.22

0.515
0.54

0.1
0.05

Gaussian noise

10%
50%

The second part of the experiments consists on the
comparison between the proposed scheme using the
original image and the second performing the
decomposition of the original image into blocs before
applying the proposed algorithm. The objective is to
improve the robustness of bloc decomposition based
scheme. From figure 7 and 8, we can show that the bloc
based scheme performs better than the global one. The
same result is confirmed for the other attacks and for all
used image. This result is noted in the literature
references as we can find in [13].

V.

0

0

0.1

0.15
0.2
0.25
0.3
0.35
Salt and Pepper parameter

0.4

0.45

0.5

Figure 8: BER variation vs. noise addition from the two schemes
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Abstract – This paper presents recent studies of electrical energy transfers in multisource renewable energy systems.
The system is composed of two sources (photovoltaic and lead-acid battery bank), specific zero voltage switch full-bridge isolated
buck DC/DC power converters and the load.
The main contributions of this work are first the presentation of dynamic equations describing the coupling of buck converters,
then the control design of multi-sources renewable energy systems, the study is based on an accurate model of the DC/DC converters
coupled on the DC bus. The aim is to show that the proposed control gives good results in terms of robustness and stability according
to the fluctuations of renewable sources and the load variations, The simulation results are presented and show a fast dynamic
response of the DC bus voltage and robustness to load and input voltage variations.
Keywords: Multisource renewable energy systems, modeling, control, DC bus, performances, evaluation.

I.

Introduction

Electrical energy is an essential factor for the development of
the human societies. The limited reserves of fuel oils and their
unstable prices have significantly increased the interest in
renewable energy sources (photovoltaic modules, wind turbine,
etc). Combining renewable energy and conventional energy
sources with a battery bank for storage, forming a hybrid
energy system, can provide an economic, environment friendly
and reliable supply of electricity. That's why the design of
hybrid power systems has received considerable attention in the
last decade [11].
The development of hybrid topologies reduces the probability
of energy supply shortage. With the incorporation of energy
storage, it also reduces the use of diesel generators (which are
commonly required in generation systems based on a single
renewable energy source). In this context, hybrid energy
systems frequently combine solar and wind energy sources
(taking advantage of their complementary nature) with a leadacid battery bank (to overcome periods of scarce power
generation) [01].
Our contribution of this paper is to propose a modeling
approach that details the coupling and uncoupling of several
DC/DC power converters on a DC bus. This approach is
systematic and the resulting average state-space model depends
only on the number and characteristics of converters. Then we
develops a strategy of order which consists in controlling the
voltage of bus and makes it possible to provide the power
necessary to the load by controlling the voltage on the
continuous bus and by ordering the current delivered by each
source.

II. Topology of the multisource system
The multisource renewable energy systems that are studied
are depicted in Figure. 1.

Figure.1. Example of multisource renewable energy system
[01].
Such systems are made up of heterogeneous power
sources[for example photo-voltaic modules, diesel generators,
wind turbines, storage batteries, and variable loads supplied in
single-phase or three-phase alternative form (inverter)].
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A. Coupling of One DC/DC Power Converter on the
DC Bus
Phases
Phase 01
Phase 02
Phase 03
Phase 04

Figure.2. ZVS full-bridge isolated buck DC/DC power converter
[02].

III. Modeling of the DC/DC power converters
coupling on the DC bus
In this section, we develop the coupling model of several
DC/DC converters on a DC bus. The converters are driven by
local current controller and a global controller that regulates the
voltage on the DC bus according to a reference value UDC.
For more comprehension, the model of a single DC/DC
power converter coupled on the DC bus is first presented. Then,
the case of two sources and two converters is described. This
makes it possible to highlight the coupling equation which
describes the dynamic behavior of the DC/DC power converters
connected on the DC bus. This last result is then extended to n
DC/DC power converters and leads to the development of a
modular model.
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Figure.3. Structural diagram of the ZVS full bridge isolated
buck converter.

Figure.4. Structural diagram corresponding to phases
1 and 3.

Closed from
t = 0 à t =T
t =T à t = T / 2
t = T/2 à t=T/2 +T
t =T /2 +T à t= T

The structural diagram of the ZVS Full Bridge Isolated Buck
Converter
is represented in Fig.3. The converter will be
controlled in order to run in continuous conduction mode.
The full bridge control (Q1 to Q4) is realized by a phase shift
controller UC3879. The duty cycle value  is modified by the
phase shift between Va and Vb voltages. The average output
voltage S, the ripple inductance current

i L

and the ripple

output voltage S are given by the relations (1) to (3), where
T0 is the switching period and T is the period of signals Va and
Vb.
The average output voltage S is:
S = n φVg° with: 0 < φ < 1
The ripple inductance current

 iL  I L max  I L min 

(01)

i L

nVg 1   T0
L

The ripple output voltage S is:
nVg
1   T02
S 
8 LC
Were:
 : is the duty cycle value.

(02)

(03)

T0 : is the switching period.

L

C

Interruptors
Q1Q4
Q1d3
Q2Q3
Q2d4

Four phases must be distinguished:

The structural diagram corresponding to phases 1 and 3 is
depicted in Fig.4 and that corresponding to phases 2 and 4 is
represented in Fig.5.
rp, rs are the transformer primary and secondary resistances.
LM is the transformer magnetizing inductance.
CDC is the DC bus capacity and Rch the load is supposed to
be resistive.

Figure. 5: Structural diagram corresponding to phases 2
and 4.
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i g 

V g 

Y  i L  U   

Vd 
 s 

V.2.1 Phase 01. (Q1Q4) Closed (from t = 0 to
t =T)
i M
X   i L
 s

What leads to the following representation of state:

 n(2rmos  rp )
  (2rmos  rp )

0  1 0



L
L
M
M

  LM

2

  n(2rmos  rp )  n (2rmos  rp )  (rs  rL )  1   n  2 
X 
X

U  A1 X  B1U

L
L
L  L L

1
1   0 0 

0



Ceq
Req Ceq  



1
Y  0
0

n
1
0

0
0 X  C1 X  D1 U
1

0
avec D1  0
0

0
0
0

V.2.2 Phase 03. (Q2Q3) Closed (from t = T / 2 to
t = T / 2 +T)

Figure 07: Chronogram of operation of the chopper in
continuous operating process.
The parameters which intervene in the model are:
i M: Transformer magnetizing current (A).
iL : Source current (A).
S : DC/DC power converter output voltage (V).
Vg: Source voltage (V).
Vd : Threshold diode voltage (V).
Ig : Source current (A).
rmos: MOSFET transistors channel resistance IRFZ44
(international rectifier) (V).
rp,rs : Transformer primary and secondary resistances (V).
LM Transformer magnetizing inductance (H).
n: Report/ratio of transformation of the transformer.
L : Coil inductance (H).
rL : Coil resistance ().
Cdc : DC bus capacitor (F).
Rch : Load resistance ().
C eq  C dc  C e : Equivalent capacitor (F).

Req  Re // Rc : Equivalent resistance ().
To arrive at the representation of state, values of state, exit
and order, commun runs to the whole of the four phases, which
we have choose are the following:

What leads to the following representation of state:
n(2rmos  rp )
  (2rmos  rp )

0  1 0


LM
 LM
  LM

2
   n( 2r  r )  n ( 2r  r )  ( r  r )
1   n  2
mos
p
mos
p
s
L
X 
U  A1 X  B..U
X 
L
L
L  L L



1
1 
0 0

0



C eq
Req C eq  



1 n 0 
0 0 
Y  0 1 0 X  C3 X  D3 U avec
D3  0 0
0 0 1
0 0
The differential equations of phase 3 are very close to those
of phase 1. The principal difference is due to the inversion of
tension e1 (complete bridge out of H).

V.2.3 Phase 02. (Q1d3) Closed (from t =T to
t =T /2)
What leads to the following representation of state:

  (rmos  r p )

1 

0
0 

0 L 
L
M
M





 rL
1 
 2


X 
0
X

0
U

L
L 
L 




1
1
0
0
0




C eq Req C eq 




0 0 0 
0
Y  0 1 0 X  C 2 X  D2 U avec D2  0
0 0 1
0

0
0
0
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V.2.4 Phase 04. (Q2d4) Closed (from t = T / 2 +T to
t =T)

Vref

The structural element (figure 09) allows same manner as
phase 2 to obtain the model of following state:

  (rmos  rp )

1 

0
0 
0


LM
LM 






r
1 
 2
L
X 
0
X  0
U


L
L 
L 

0 0 
1
1 
0




C eq Req C eq 




0 0 0 
0 0 
Y  0 1 0 X  C 4 X  D4 U avec D4  0 0
0 0 1
0 0

C2(P) U(P)

C1(P)

Vcons

iLmes(P)

A1

∅

A2

Vs(P)

H1(P)

iL(P)

S(P)
H2(P)

Kc1

Ku

Figure 10: Functional diagram of the control loops in cascade
[03].
V.1 Synthesis of the regulator for the loop of current
The corrector C1 (p) implemented is the following:

C1 ( p) 

V. Commande en cascade de courant et de tension :

K1 (1  Ti p)
Ti p(1  p)

(20)

It is about a mixed corrector PI complete by an additional
pole (τ).
Equation of the coupling is given by:


s

1
1
iL 
s
C eq
Req C eq

(21)

V.1 Synthesis of the regulator for the loop of tension
Figure 08: Functional diagram representing the coupling of a
static inverter ZVS Full Bridge.
A1=  /Vcons = 0.2
(16)
A2= n, Vg =120 (v)
(17)
We thus obtain the functional diagram represents on the
figure (09)

Vcons
A1

∅

A2

Vs(P)

H1(P)

iL(P)

H2(P)

The tension on the continuous bus must be maintained has
a value of reference whatever the fluctuations of the source and
the load. The order in closed loop is represented on the figure
(16).

S(P)

Figure 11: Functional diagram of the loop of regulation of
tension.
Figure 09: Functional diagram of static inverter ZVS Full
Bridge [03].
The study of the structural element (Figure 09) makes it
possible to obtain two transfer functions, H1(p) and H2(p):

iL ( p)
1
1  RchCe p

Vcons ( p) Rch 1  ( L  r C ) p  LC p 2
i e
e
Rch
S ( p)
Rch
H 2 ( p) 

iL ( p) 1  RchCe p
H1 ( p ) 

(18)

(19)

H1(P) and H2(P) : represent respectively the transfer
functions in open loop of the current in inductance L and of the
output voltage of the static inverter (S).

The indicielle answer of the transfer transfer function in
loop closed for Vref = 60V is represented on the figure (16):

VI. Simulation Results and interpretation
The figure (11) represents the shape of the current
delivered with the load, one notices a progressive increase in
the current delivered with the load up to a maximum value of
2.05 [A] then it decreased and concealed depends on need for
the load.
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Figure 11: Running delivered to the load
The figures below (12) watch evolution of the tension on
the continuous bus according to time. This tension is equal to
the reference voltage standard (Vref=100V) selected. It is the
essential condition with the transfer of energy. Moreover this
tension whatever the number of static inverters coupled on the
continuous bus is constant.
The current absorptive by the load is constant whatever the
number of converters coupled on the bus. Indeed, the power of
an uncoupled source is compensated by the others. In our case
the current necessary to the load is of 1(A). Nevertheless this
current is function of the load estimated at 100 ohms for these
simulations. Flows of energy are ordered by the manual
adjustment of the Ki profits.

Figure 13: Evolution of the tension at the time of a coupling,
decoupling of a source
120
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Figure 16: Step Response of the tension in closed loop.
106

VII . Effect to change the load
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Figure 12: (A) Evolution of the tension on the continuous bus,
(b) Zoom of the tension on the continuous bus.
In addition, simulation shows the appearance of overpressure
and voltage drop (figure13-15) at the time of each coupling or
decoupling. These transitory phenomena are physically
explained by the fact why there cannot be sharp variations of
the current (coupling-decoupling) in inductance L of the static
inverter. These sharp variations of the current discharge
(coupling) or charge (decoupling) with condenser It with or the
transitory variations with the tension on its terminals.
Mathematically these transitory phenomena correspond to
the changes of structure of the matrix of state and with the
changes of characteristics of the equation of coupling describes
in the preceding paragraphs (eq.20).

0

0.1

0.2
0.3
Time(s)

0.4

0.5

Figure 17: Step Response of the tension in closed loop of the
DC bus voltage With Rch=24 , Rch1=48 , Rch2=60 ,
Rch3=72 
We notices according to the results obtained below with the
increase the load we have an increase in response time as well
as going beyond, that we can calculated starting from the
preceding figures according to the following relation:

S max  S 
*100
S
In our case S   S ref  80 (V )
D% 
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Thus:
For Rch1=48 

D% Rch1 

IX. Conclusion

92.8  80
* 100  16%
80

For Rch2=60 

D% Rch1 

99.75  80
* 100  25%
80

For Rch3=72 

D% Rch1 

106  80
*100  32.5%
80

We can summarize the results obtained with the response
times that we can introduce them easily starting from the
preceding characteristics into the table below:

Rch1

Rch2

Rch3

Rchi, i=1,2,3

48 

60 

72 

D% (%)

16 %

25 %

32.5 %

Tr (s)

0.15

0.2

0.3

Table 02: Effect to change the load over for the overshoot D%
and the response time Tr of the system

VIII .Interpretation of the results
In addition, simulation shows the appearance of
overpressure and voltage drop (figure12-13) at the time of each
coupling or decoupling. These transitory phenomena are
physically explained by the fact why there cannot be sharp
variations of the current (coupling-decoupling) in inductance
(L) of the static inverter. These sharp variations of the current
discharge (coupling) or charge (decoupling) with condenser
with or the transitory variations with the tension on its
terminals.
Mathematically these transitory phenomena correspond to
the changes of structure of the matrix of state and with the
changes of characteristics of the equation of coupling describes
in the preceding paragraphs (eq.21).
The figure (16) watches evolution of the tension on the
continuous bus according to time. This tension is equal to the
reference voltage standard (Vref=80 V) selected. We observe on
this Step Response curve of the tension in closed loop that the
system is stable and that the static error is null. The response
time is about 0,1s.
And finally According to the figure (17) and the table (02)
We observe that with the increase in the load we obtains an
increase in overshoot (D%) as well as response time (Tr) of the
system, this last to make the mode transitory longer, this mode
is characterized by strong tension and current, these high values
have negative influence in the component of electronics in the
converters of electronics power presenting the Buses to D.C.
current (DC/DC Bus).

We had in this work the various existing types of
architectures, modeling by representation of state and the multisource results of simulation of the coupling of the system of
production of electrical energy on the continuous bus.
The studied system is composed of photovoltaic, wind,
diesel generator and of the batteries of storage.
Modeling by representation of state and the simulation of
the coupling of several identical static inverters on a continuous
bus were presented. The model of average state suggested with
the advantage of giving, a detailed physical explanation of the
coupling and decoupling of the static inverters on the
continuous bus. This model integrates the losses in conduction
in the static inverters and makes it possible to evaluate the
output of the installation.
In addition, in its mathematical formulation, this model of
average states evolves/moves according to the number of static
inverters coupled on the continuous bus. The level of tension on
the continuous bus at summer controlled by a regulator
cascades whose originality lies in the manual adjustment of an
adaptive profit making it possible to order flows of energy in
the load.
The results of simulation show that the flow of energy of the
sources towards the load is perfectly control whatever the
number of static inverters coupled on the continuous bus. The
model obtained can be used for the design of continuous and
discrete laws of order aiming at optimizing the transfers of
energy, according to the variations of power of the sources and
the characteristics of the load.

Parameters of the system:
We carried out simulation with the parameters characteristic
following of the static inverter:
rmos=0.01Ω, rL=0.2Ω, n=5, L=120μH, Lm=200μH, rp=0.05Ω,
rs=0.08Ω, Ce=330μF, Re=56KΩ , CDC≈1μF
Tension of the source: Vg=24V
Frequency of commutation: f=100Khz
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Simplified Explicit and Empirical Methods for Obtaining
Characteristics of Photovoltaic Module
Salima Nemsi1,2, Linda Barazane2
Abstract – The importance of current-voltage (I-V) and power-voltage (P-V) characteristics of a
Photovoltaic (PV) module are crucial for designing calculations of solar installation. However,
several problems appear which prevent obtaining these characteristics easily such as: lack of
information given by manufactures in their datasheets. At the same time, the mathematical model of
a Photovoltaic (PV) solar module is presented by a nonlinear transcendental equation. In this
context, this article proposes two analytical methods in order to extract the unknown parameters of
PV module model. Resorting to such methods is justified by their simplicity since they avoid
computation burdens. The simulation results have been achieved using the software Matlab.

Keywords: Characteristics of the current-voltage (I-V) and power-voltage (P-V), Matlab, Module,
Photovoltaic (PV), Single diode model.

I.

Introduction

The global energy consumption by leaps and bounds to
improve the living standards of mankind’s worldwide.
However, the conventional fossil fuels, which are the
primary sources of the electric power so far, are on the
verge of extinction [1]. In addition, the extensive use of
fossil fuels and nuclear resources causes the serious
environment pollution and safety problems [2]. To
overcome all these challenges, the world is moving
towards renewable energies whose source is unlimited,
non-polluting and whose exploitation causes less damage
to the environment [3].
Solar energy is one of the most promising renewable
energy source that has been receiving added attention.
Photovoltaic (PV) systems consist of different parts
centered around a solar module that typically has arrays of
interconnected solar cells. Various models were developed
to explain the non-linear characteristics of the currentvoltage and power-voltage curves of a PV module [4-6].
Nevertheless, there are always unknown parameters
whether using one diode model or two diode model,
knowing that the number of these unknown parameters
increase the complexity of the system.
In this context, the main objective of this work is to
compare between two analytical methods in order to
obtain the non-linear characteristics of the current-voltage
and power-voltage using the software Matlab.

II.

PV Module Modeling

A PV module is modeled basically as current source in
parallel with a diode, to account for losses occurs inside
solar cell Rs (series resistance) and Rp (parallel resistance)
are included in this model known as Single diode model

[7,8]. Fig. 1 shows the electrical circuit model to describe
the behaviour of the PV cell.

Fig. 1. Equivalent model of PV cell
The mathematical equation representing Fig. 1 is given
respectively by [9]:

 V  Rs I   V  Rs I
  1 
I  I ph  I o . exp 
(1)
 

Rp
 N s .A.Vt  

I: The PV module terminal current (A).
V: The PV current (A).
Rs: The equivalent series resistance (Ω).
Rp: The equivalent parallel resistance (Ω).
Io: The diode saturation current (A).
A: The diode ideality factor.
Ns: The number of cells connected in series.
Vt: The diode thermal voltage. Its expression is given as:
kq
Vt 
(2)
T
k: Boltzman’s constant (1.3806503x10-23 J/K).
q : Charge of electron (1.60217646x10-19 C).
T: Temperature (°K).
Rs is very low in value usually < 1 Ω. Rp is usually
high as compared to Rs, so we can neglect the effect of
parallel resistance [8,10].
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The expression (1) becomes:

 V  Rs I  
  1 ( 3 )
I  I ph  I o . exp 
 

N
.
A
.
V
s
t

 

Three remarkable couples of points from the I-V curve
(0,Isc), (Voc,0) and (Vmp,Imp).
Isc: Short circuit current.
Voc: Open circuit voltage.
Vmp: Maximum power point voltage.
Imp: Maximum power point current.
Substituting these coordinates into (3), we obtain:

 RI  
I sc  I ph  I o . exp s sc   1 ( 4 )


 N s .A.Vt  


 Voc  
  1 ( 5 )
0  I ph  I o . exp
 

N
.
A
.
V
s
t

 

  Vmpp  Rs .I mpp  
  1 ( 6 )
I mpp  I ph  I o . exp
 

N s .A.Vt
 
 

III. Characteristics current-voltage and
power voltage of PV module
In order to draw characteristics of PV module under
standard conditions, we have to solve (3). However, four
parameters are unknown (Iph, Io, A and Rs). These last
determine overall performance of solar device.
Unfortunately, these parameters are not listed in
manufactures datasheet. Therefore, it is necessary to
estimate parameters of the circuit to achieve the simulation
[11].
Other authors suggest an empirical method to
determine the characteristics of PV module in order to
reduce complexity. In this work, we propose two
analytical methods to draw the characteristics of PV
module. The first one is based on the research of four
parameters while the second relies only on two
parameters.
A. METHOD 1
This method known as simplified method depends on
researching four unknown parameters (Iph, Io, A and Rs).
For that, we apply some approximations:
The first approximation used in this method [11-13] is
considering:
I ph  I sc ( 7 )
The second approximation is that the exponential term
in (3) very big compared to 1. So, (5) and (6) can be
rewritten as:

 Voc  
 ( 8 )
0  I sc  I o . exp 


 N s .A.Vt  


 Vmp  Rs .I mp  
 ( 9 )
I mp  I sc  I o . exp 


N
.
A
.
V
s
t



Rearranging (8), we obtain:

I sc

Io 

( 10 )
 Voc 

exp 

 A.N s .Vt 
Substituting this last into (3):

 V  Voc  Rs .I 
 ( 11 )
I  I sc 1  exp 

N s .A.Vt



At maximum power point, this equation becomes:

 Vmp  Voc  Rs .I mp 
 ( 12 )
I mp  I sc 1  exp 

N s .A.Vt



For this last equation, we can deduce the value of series
resistance [11]:
I mp 

  Voc  Vmp
N s .A.Vt .log  1 
I sc 

Rs 
( 13 )
I mp

The last parameter to be determined is the ideality
factor A, by exploiting the fact that the derivative of the
maximum power is zero [8,11]:
dP
I
V

V
I  0 ( 14 )
dV V
V
Using equation (3), we can finally find:
2.Vmp  Voc
A
( 15 )
 I sc
I mp 


Vt 
 ln  1 
I sc 
 I sc  I mp

B. METHOD 2
Also called empirical method, this latter proposes for
generating the I-V characteristics of a solar module the
following expression instead of (3) [14]:
 V  
V  
I  I sc  C1 exp  oc  exp    1 ( 16 )
 C2  
 C2  
C1 and C2 are coefficients of the model equation
depend on the following module parameters:










Short circuit current Isc.
Open circuit voltage Voc.
Maximum power point voltage Vmp.
Maximum power point current Imp.

The aim, now, is to determine the unknown
coefficients C1 and C2. For zero current i.e. at V=Voc (16)
becomes:

 V 
0  I sc  C1 1  exp   oc  ( 17 )

 C2 
We can deduce the following form:
I sc
C1 
( 18 )
 V 
1  exp  oc 
 C2 
Dimensional analysis of (18) indicates that C2 has units
of voltage and C1 has units of current. At maximum power
points Imp and Vmp. (16) reduces to [14]:
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  V 
 Vmp  
  1 ( 19 )
I mp  I sc  C1 exp  oc exp 
 C2 
 C2  
On the other hand:
I sc  I mp
20 
C1 

 Vmp   
  Voc 
  1 exp 

exp 

 C 

 C2   
 2 

IV. PV module information
The PV module chosen in this article is Shell S36. The
following table gives the datasheet values of this module
under standard conditions.
TABLE I
DATASHEET OF SHELL S36
Datasheet values
Value

Other expressions for C1 and C2 can be deduced using
the following assumptions:
1- It is assumed that Voc/C2 >> 1. So, (18) becomes:

C1  I sc ( 21 )
2- It is assumed that Vmp/C2 >> 1. We find that (19)
reduces to:
 Vmp  Voc 

I mp  I sc  C1 exp 
( 22 )

 C2

The elements of this final expression can be rearranged
as:
I sc  I mp
23
C1 
 Vmp  Voc 

exp 

 C2

Substituting (21) into (22) gives:
I sc  I mp
Vmp  Voc 
 exp 
( 24 )

I sc
 C2 
Finally, after rearranging terms, we get:
Vmp  Voc
25
C2 
I mp 


ln  1 
I sc 

According to [14], the determination of these
coefficients is based on analytical solution. However, it is
difficult to solve it. For our case, one can easily solve these
two (18) and (20) or (21) and (23) graphically for C1 and
C2 where the solution is the point of intersection of the two
graphs as seen in Fig. 2.
We can see from Fig. 2 that the intersection of (21) and
(23) is the same as (18) and (20). So, we can use either
(21) an(23) or (18) and (20).
5
Equation
Equation
Equation
Equation

4.5
4

23
21
20
18

Rated power P

36 W

Open circuit voltage Voc

21.4 V

Short circuit current Isc

2.3 A

MPP voltage Vmp

16.5 V

MPP current Imp

2.18 A

Number of series cell Ns
Temperature
Voc

35

coefficient

-76 mV/°C

Temperature coefficient Isc

V.

1 mA/°C

Simulation results

The task of this simulation is to evaluate the
performance of the first and second method with
experimental data of Shell S36 under standard condition
(Temperature and irradiance equal to 25°C and 1000
W/m2 respectively).
Fig. 3 and Fig. 4 represent simultaneously the I-V and
P-V characteristics using models cited in method 1 and 2
with experimental data.
We notice from Fig. 3 and Fig. 4 that method 2 show a
good behaviour compared to experimental data over that
using method 1 especially at the point of maximum power
point current, voltage and power.
Fig. 5 and Fig. 6, which represent the absolute error of
each method with the experimental data, show that method
2 has a less error than method 1 although we put some
assumptions like neglecting the effect of parallel
resistance Rp.
Another observation about using method 2 which avoid
computing several parameters like method 1. The latter
depends on four parameters while the second depends only
on two parameters.
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Fig. 2. Graphical solution of C1 and C2
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Fig. 3. Measured and calculated I-V curves for Shell S36
using method 1 and 2 with experimental data
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40

which gives a fast procedure to obtain the I-V and P-V
characteristics using only datasheet data and reducing the
complexity with making some assumptions on the model.
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VI. Conclusion
In this work, two methods for generating the I-V and PV characteristics of a PV module were used namely
simplified explicit and empirical methods. The obtained
results of simulation with respect to experimental data
show a better accuracy of the empirical method over the
simplified explicit. In addition, the model used for the
latter requires four parameters to draw the I-V and P-V
characteristics while the first needs only two parameters,

International Conference on Technological Advances in Electrical Engineering (ICTAEE’16.), October 2016

Gestion d’énergie d’un système de production décentralise multi
source couple au réseau électrique
T. Chidouh, H .Bouzekri.

Résumé—Face à La libéralisation du marché de l'électricité et le développement de la production Décentralisée, cet
article présente un système de gestion d’énergie électrique au sein d'un micro-réseau. La supervision multicouche,
interface entre le système multi source et le micro-réseau, propose et traite des stratégies de gestion et de supervision de
l’énergie dans les systèmes multi sources à base des énergies renouvelables, la gestion est principalement de déterminer
instantanément la puissance de référence de chaque unit constituant afin de tenir les engagements pour lesquels le
système multi source s’est engagée en termes de puissance à délivrer.
Mots clés : production décentralise, gestionnaire d’énergie, supervision, multi source.

I.

Introduction

La disparition prévue des ressources fossiles, associée à
une volonté de réduction du taux de CO2, conduit
naturellement à introduire une diversification de la
production électrique reposant sur des générateurs à base
d’énergie renouvelable, au côté des turbine à gaz et
groupes électrogènes diesel jusqu’à présent uniquement
utilisés dans les micro réseaux [1]. Contrairement aux
unités de production centralisée (tranche nucléaire, …),
les générateurs à base d’énergie renouvelable sont de très
petites puissances en raison du dimensionnement du
système de conversion Un deuxième ensemble de
solutions vise à développer une gestion intégrée et
optimisée de l’énergie au sein du micro réseau électrique
qui devient ainsi un système multi source comportant une
multiplicité de points de réglage [2]. Un système multi
source, avec une gestion intégrée et optimisée de
l’énergie, est constituée de différentes catégories de
générateurs (par exemple : éolien, photovoltaïque, micro
turbine hydraulique, micro turbine à gaz, pile à
combustible, etc.) pouvant être éventuellement associés à
différents systèmes de stockage (par exemple : batterie,
volant d’inertie, stockage électromagnétique ou stockage
d’énergie magnétique supraconductrice (SMES), super
condensateur, pompage hydraulique, compression d’air,
etc.)[3] [5] [8]. Les générateurs et systèmes de stockage
peuvent être localisés en différents points du réseau, mais
sont gérés par un opérateur industriel unique. . Toutes ces
sources sont couplées au micro réseau par des
convertisseurs électroniques de puissance et sont
interconnectées au gestionnaire central du micro-réseau
(Microgrid System Operator) (Figure 1).

Fig1 : schéma général du micro réseau avec
gestionnaire d’énergie électrique.

II.

Structure de micro réseau étude

Le micro réseau consiste à regrouper les différents
producteurs et consommateurs autour d'un réseau moyen
tension pouvant fonctionner en îlotage par rapport au
reste du réseau. Les micro-réseaux présentent deux
caractéristiques intrinsèques essentielles qui en font un
intérêt majeur pour le développement des réseaux
Electriques du futur :
- la proximité entre une production locale ? D’électricité
et les consommateurs conduits à une minimisation
immédiate des pertes liées au transport de l’énergie
consommée en son sein.
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- la disponibilité d’un générateur et son exploitation,
toujours en local, apporte une fiabilité accrue de la
fourniture vis-à-vis des aléas d’incident survenant dans
les grands réseaux et la possibilité de fournir une énergie
d’une haute qualité. La figure 1 montre le système multi
source. C'est composé d'une centrale photovoltaïque, une
ferme éolienne, et une turbine à gaz.

La méthode d’extrapolation permet d’évaluer la vitesse
du vent en fonction de la hauteur par l’expression :
Vh = V10 . (h⁄10)

α

………………(3)

Où, représente le coefficient de correction, la vitesse de
vent à 10 mètres a.d.s. et , la nouvelle hauteur pour
laquelle on souhaite avoir la vitesse du vent. Le
comportement de la turbine éolienne est étroitement lié à
la vitesse de démarrage, vitesse à laquelle la turbine
éolienne commence à fonctionner ; la vitesse nominale et
la vitesse de coupure, vitesse au-delà de laquelle la
turbine éolienne cesse de fonctionner 10 Vh
C. Micro –turbine à gaz
La production d’électricité à partir de micro-turbine
utilisant le gaz naturel comme combustible est prisée
partout dans le monde pour ses propriétés
environnementales. C’est en effet l’hydrocarbure le plus
propre. Il est important de souligner que la micro turbine
n’est pas une technologie récente, mais qu’elle est
développée depuis près d’un quart de siècle. La
flexibilité dans le cas d’ajout de charges additionnelles,
la faculté d’améliorer la disponibilité et la sûreté
d’approvisionnement sont entre autres les avantages liés

Fig. 2 : micro réseau étude

III. Modélisations des composants du
système
A. Model du photovoltaïque

à l’utilisation de la micro-turbine à gaz.

Pour une
alimentation autonome, les micro-turbines à
gaz sont préférées par rapport aux générateurs
diesel en raison de leurs meilleures
performances dynamiques et leurs plus faibles
émissions. Le modèle linéaire approximatif du
premier ordre d’une micro-turbine à gaz,
permet de mieux la caractériser :

Chaque panneau solaire est composé de plusieurs
cellules. Il existe plusieurs modèles permettant de
matérialiser une cellule photovoltaïque, le modèle à une
diode (le plus utilisé) et le modèle à deux diodes. Le
modèle énergétique utilisé dans la présente étude comme
suit [2] :
𝑃𝑃𝑉 =

𝐺(𝑡)
𝐺𝑟𝑒𝑓

+ 𝐹𝑝 + 𝜂𝑐𝑜𝑛𝑣 + 𝑃𝑝𝑣𝑛 ………………(1)

Dans les conditions standard de test (STC), soit G (t),
Irradiation solaire à l’instant de la journée, Fp le Facteur
de pertes, ηconv le Rendement du convertisseur et Ppvn la
Puissance nominale du panneau. Gref =1000 W/m2 a
Tref= 25 C°.

𝑃𝑚𝑡𝑔 =

Le modèle énergétique permettant de caractériser la
puissance délivrée par une turbine éolienne en fonction
de l’intervalle de variation de la vitesse du vent.
𝑃𝑒𝑜𝑙𝑛 ×
𝑃𝑒𝑜𝑙

={

𝑃𝑒𝑜𝑙𝑛
0

𝑉𝑛 −𝑉𝑑

× 𝑃𝑚𝑡𝑔𝑟𝑒𝑓 …………………. (4)

IV. Supervision
Le superviseur représenté sur la figure 3 se compose de
deux algorithmes un pour la supervision et la commande
des couplages et la deuxième pour la gestion d’énergie
électrique [5], [6].

𝑉𝑑 < 𝑉𝑣 (𝑡) < 𝑉𝑛

𝑉𝑛 < 𝑉𝑣 (𝑡) < 𝑉𝑓
𝑉𝑣 (𝑡) ≥ 𝑉𝑓

𝜏𝑚𝑡𝑔
×𝑡
𝑛

Avec, Pmtg : Puissance produite par la micro turbine ;
Pmtgref : puissance de Référence ;τmtg : Temps de réponse
de la micro turbine et , n :Nombre de micro turbine.

B. Modèle ferme éolienne

𝑉𝑣 (𝑡)−𝑉𝑑

1

1+3600×

… … … … (2)
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3. La détermination des «graphiques fonctionnels» ; un
tableau représentation des modes de fonctionnement est
proposé basé sur la connaissance du système ;
4. La détermination des «graphiques opérationnels» ; un
tableau représentation des modes de fonctionnement ;
Le gestionnaire /superviseur est basé sur la méthode de
prévision.
L’objectif de la supervision de la Système multi source
est de déterminer les puissances de référence afin de :
 Fournir la puissance de référence déterminée par
la supervision à moyen terme,
 Maximiser l’énergie photovoltaïque et/ou
éolienne,

Minimiser l’ajustement des référence des
sources prévisibles, en particulier si elles sont
basées sur des combustibles fossiles.

Fig. 3 : système de gestion d’énergie électrique
a. supervision et la commande des couplages
L’algorithme qui prend la décision de connexion de PV
et eol avec réseau électrique se produit uniquement
lorsque la puissance de sortie de PV et eol réside dans la
plage autorisée de la puissance générée toutes les heures
de PV et d’EOL. L’algorithme détecte la valeur de la
puissance de sortie PV et eol, puis il envoie le signal ON,
1 ou OFF, 0 au S1, S2, S3, S4 et S5.Le fonctionnement
des cinq commutateurs représentés sur la Fig. 2 peut être
résumé comme indiqué dans le Tableau : 1

Dans cette étude, un intervalle de temps de 24 heures a
été considéré comme la période de temps pour
l'évaluation
des
performances
du
contrôleur.
L’algorithme principal de commande de système est
représenté sur la figure 4.Il existe deux modes de
fonctionnement :
Mode 1 : le maximum de puissance produise par le
système multi source transfert vers la charge locale et le
réseau électrique. On peut supposer que le facteur de
puissance sera dans les limites autorisées.
MODE 2 : le dispatcher de réseau est donne la référence
de puissance a produise par le système multi source
dans ce cas la gestion de central est obligatoire pour
satisfaire la demande. Si La puissance produite PV / EOL
est inférieure à la demande de charge alors la volonté de
puissance de déficit être fournie par la turbine à gaz.

Tableau1 : mode d’opération des PV/Eol
mode

S1

S2

S3

S4

S5

Puissance généré
/puissance demandé

1

On

Of

On

On

Of

Ptot˃Pch ;Ppv˃0 ;Peol=0

On

On

Of

On

Of

Ptot˂Pch ;Ppv˃0 ;Peol=0

On

Of

On

Of

On

Ptot˃Pch ;Ppv=0 ;Peol˃0

On

On

Of

Of

On

Ptot˂Pch ;Ppv=0 ;Peol˃0

On

Of

On

On

On

Ptot˃Pch ;Ppv˃0 ;Peol˃0

On

On

Of

On

On

Ptot˂Pch ;Ppv˃0 ;Peol˃0

Of

On

Of

Of

Of

Ptot=Pch ;Ppv=0 ;Peol=0

2

3

4

b. Gestion de l’énergie électrique
Une méthodologie basée sur quatre étapes est pris en
considération pour réaliser un gestionnaire des sources
d'énergie renouvelable :
1. La détermination des spécifications de travail du
système ; la caractéristiques et les objectifs du système
doivent
être
clairement
identifié ;
2. La conception du gestionnaire /superviseur ; les
entrées et sorties de nécessaires le superviseur doit être
déterminé ;

Fig. 4 : algorithme de gestionnaire d’énergie.
3
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V.

4

Simulations et résultats

x 10

2

1.5

Le système est simulé en utilisant les données présentées
sur les Fig. 5 et 6 concernant la vitesse du vent,
l'ensoleillement et de la demande de charge. Les différant
puissance a fournie (puissance de référence) par la
combinaison PV, EOL et turbine à gaz est représenté sur
la figure 7 pour le mode 1 qui transfert la maximum de la
puissance peut génère par les sources renouvelables et
figure 8 pour le mode 2 qui est généré uniquement la
puisse demande par la charge.
les résultats ci-dessus impliquent que le système proposé
peut effectuer de manière adéquate quelle que soit la
saison de l'année, cependant, des ajustements mineurs sur
le dimensionnement des sources d'énergie et dispositifs
de stockage pourraient être apportées si nécessaire, en
cas différents météorologiques et de charge des profils
que ceux examinés sont appliqués.
La Figure 9 montre la puissance de sortie du système
multi source sans utilise le système de gestion de
puissance est suivre les variations de la vitesse du vent.et
la Figure10 montre la puissance à la sortie du système de
gestion de puissance, la prévision d’énergie éolienne
/photovoltaïque peut être estimée en utilisant les
prévisions météo.
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Fig.7 :Les puissanse genere par les deferant source en
mode 1
4
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Fig. 8 :Les puissanse genere par les deferant source en
mode 2
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Fig. 5 : vitesse de vent et irradiation solaire
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Fig. 9 : la puissance genere par le système muti source et
la puissace demande par la charge cherge ( mode 1)
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Fig.6 :Profile de charge .
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Fig. 10 : la puissance génère par le système multi source
et la puissance demande par la charge (mode 2)
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VI. Conclusion

[3]

Dans cet article, la gestion/supervision d’un système
multi source (de l'énergie éolienne et Système de
stockage) est étude. Le gestionnaire fournissent une
référence de puissance et maximiser la puissance de
sortie de la centrale éolienne. Dans notre analyse,
l'inclusion de la prévision dans le système est justifiée et
appliqué à la simulation d'une énergie hybride système.
Dans notre analyse, nous montrons qu'il est possible de
garantir la disponibilité continue des électrique pouvoir
par des moyens de vent / centrale photovoltaïque et une
unité de turbine à gaza pour compenser les fluctuations
du vent et éclairement.

[4]

[5]

[6]

[7]

[8]
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Power System Stabilizer and Thyristor Controlled Series Capacitor
Design Optimization and Coordination to Enhance the Stability
1

2

Y.ATTIA , K.SEBAA

, Med. Mekhanet3

Abstract – This paper presents coordinated and optimization control tuning of power system
stabilizer with thyristor controlled series capacitor and power system stabilizer, the design of
proposed coordinated damping controller is formulated as un optimization problem and the
controller gains of a non-linear power system. The Simulation investigations have been carried
out on Western System Coordinated Council, 3 machines 9 bus systems. For this purpose, we have
used the Power System Analysis Toolbox (PSAT). Obtained results showed good performance and
the robustness of these coordinated PSS and TCSC.

Keywords: PSS ; TCSC ; PSAT; coordination.

I.

Introduction

The function of Modern power systems to operate
efficiently to supply power on demand to different load
centres with high reliability [1]. In recent years, power
demand has increased substantially while the expansion
of power generation and transmission has been severely
limited [1].
Flexible AC Transmission Systems (FACTS)
devices are one of the main goals for enhancing of power
system dynamic stability. In recent years, because of the
fast progress in the ﬁeld of power electronics which has
provided an appropriate bed in the power industry to use
the FACTS controllers for the damping of power system
oscillations [2], [3]. Series FACTS devices are the key
devices of the FACTS family, which are identified as
effective and economical tools to diminish the power
system oscillation [4]. Thyristor Controlled Series
Compensator (TCSC) is one of the most effective and
impressive series compensation devices that can play an
important role in the control and operation of power
systems, as an example: diminishing power system
oscillation, improving transient stability, scheduling
power ﬂow , reducing asymmetrical components,
providing voltage support, mitigating sub-synchronous
resonance (SSR) phenomenon, and limiting short circuit
currents [5], [6]. A typical TCSC model comprises a
ﬁxed series capacitor shunted by a Thyristor Controlled
Reactor (TCR). The TCR is made by a reactor in series
with a bidirectional thyristor valve which is triggered by a
phase angle a ranging between 900 and 1800 with respect
to the capacitor voltage. The ﬁring angle of the thyristor
has been controlled to regulate the reactance of TCSC
and its degree of compensation [7]. From the viewpoint
of power system dynamic stability, it is essential for
TCSC to be equipped with a supplementary damping

controller. For this study, lead-lag structure has been
selected as supplementary control device to provide extra
damping and mitigate the power system oscillations.
In this paper, a 9 bus 3 machine WSCC (Western
System Coording Council) power system with
coordination PSS and TCSC is used. To verify the
robustness of this simultaneous coordination, dynamic
performance of these devices has been analyzed and
appraised over a wide range of loading conditions .

II.

PROBLEM STATEMENT
II.1.

Generator Model

The SMIB power system with the presence of TCSC
as shown in Fig.1 is considered in this research. Also, the
excitation system is furnished with AVR[9].
In the Fig.1 VT and VB represent the generator
terminal and inﬁnite bus voltage, respectively, and also
XT and XL are the reactance of the transformer and the
transmission line, respectively. The generator is
represented by the third-order model including the
electromechanical swing equation and the generator
internal voltage equation. The swing equation is given as
follows:

i  0 (i  1)
 i 

1
( Pmi  Pei  Di ( i  1))
2H i

Fig.1. Single line diagram of SMIB power system

(1)
( 2)
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Where  and  the rotor angle and speed,
respectively, the synchronous speed , Pei and Pmi are
the output and input powers of the generator respectively
, Hi and Di the inertia constant and damping coefficient,
respectively. The power Pei, the internal voltage Ė’q and
the terminal voltage VT can be represented as:

Pei  Vdi I di  Vqi I qi

(3)

1
E ' q  ' ( E fd  ( X d  X d' ) I d  Eq' )
Td 0
( 4)
VT  Vdi 2 Vqi 2

Fig. 3 Structure of the TCSC –based controller

(5)
'

Here, E fd is the ﬁeld voltage , Td 0 is the open circuit
'

ﬁeld time constant , X d and X d are the d-axis reactance
and the d-axis transient reactance of the generator,
respectively.
The d-axis and q-axis components of armature current
and terminal voltage can be calculated as:

I di  I di0  I di

( 6)

I qi  I qi0  I qi

(7 )

Vdi  Vdi0  Vdi  X qi I qi

(8)

Vqi  Eqi  ( X di  X di' ) I di0  X di' I di  Eqi'  X qi' I di (9)
II.2. Exciter Model
The IEEE Type ST1A excitation system shown in Fig.
2 is considered in this study. It can be represented as
follows[9]:

It consists of a gain block with gain KTS, a signal
washout block and two-stage phase compensation block
as shown in figure. The phase compensation block
provides the appropriate phase-lead characteristics to
compensate for the phase lag between input and the
output signals. The signal washout block serves as a highpass filter, with the time constant KTS, high enough to
allow signals associated with oscillations in input signal
to pass unchanged. Without it steady changes in input
would modify the output. From the viewpoint of
the washout function, the value of TT is not critical and
may be in the range of 1 to 20 seconds .
The transfer function of the TCSC controller is:

U TCSC
STT  1  STT 1   1  STT 3 



 KTS 

STT  1  1  STT 2   1  STT 4 

(11)

Where, UTCSC and  are the TCSC controller output
and input signals, respectively. In this structure, TT is
usually prespecified and is taken as 10 s. Also, two
similar lag-lead compensators are assumed so that TT =
TT ,TT = TT and KTS is the controller gain. Finally
equation :

 1  STT 1
U TCSC
10 S
 KTS 


10 S  1  1  STT 2





2

(12)

II.4. PSS controller

The block diagram of a TCSC-based lead-lag
controller is presented in Fig. 4
Fig.2. IEEE type ST1A excitation system

1
E fd  ( K a (Vréf  V  U )  E fd )
Ta

(10)

II.3. TCSC controller
The block diagram of a TCSC-based lead-lag
controller is presented in Fig. 3

Fig. 4 Structure of the PSS controller

The PSS function is operaided for using exact torque
on the rotor of involved machine , othervise that the
phase lag in to the input and fin electrical torque is
redeemed .
The transfer function of the lead-lag PSS is given
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by [10]:
U S PSS (s)
ST PSS  1  ST1PSS   1  ST3PSS 



 K PSS 
 (s)
ST PSS  1  1  ST2PSS   1  ST4PSS 

III. Simulation Results

(13)

TPSS is a filter constant used to block unwanted
frequencies below 0.1 Hz .This value is not nor really
critical it is generally taken between 5s and 25s .in this
study it is set to 15s.
K PSS is the gain that will mitigate the oscillations of

In this research , 3 machine 9-bus WSCC (Western
System Coordinating Council) is considered. The system
one-line diagram is modelled in PSAT shown in Fig. 6.

the rotor system since the aim of the lag blocks is to
establish a sufficient phase lag to damp the system low
frequency oscillation one can take T2  PSS = T4  PSS
.Finally equation :

U S PSS ( s)
15S  (1  ST1PSS )(1  ST3PSS ) 

 K PSS 

 (s)
15S  1 
(1  ST4PSS ) 2


(14)

II.5. Objective function
Normally, the PSS stabilizes the system regardless of
its operating points. The parameters of the PSS will be
tuned, for each operating point considering a linear
model of the power system. This is formulated as a
multivariable and nonlinear problem in order to
maximize the following cost function [11]:

F  Max (min(  ))
K c ,T1 ,T2 ,T3

Kimin  Ki  Kimax

T1, 2,3min  Ti  T1, 2,3max

Fig. 6 Single line diagram of 3 machines 9 bus WSCC under PSAT

For validating the proposed method, a three-phase
short circuit is applied near bus 7 at t=1s and it’s
eliminated after 83ms. Table 1 present the parameters of
PSS and TCSC used in this study.

(15)

(16)

The flow chart of the optimization based coordinated
tuning algorithm is shown in Fig. 5.

TABLE I.

PSS AND TCSC PARAMETERS

Parameters

K

T1

T2

T3

T4

PSS1
PSS2
TCSC

9.439
9.953
1.964

0.910
0.968
0.048

0.007
0.007
0.142

0.680
0.797
0.048

0.007
0.007
0.142

Fig. 7 and fig. 8 illustrate simultaneously the rotor
speed variation with PSS and coordination PSS TCSC
and without control of machines 2 and 3 relative to the
slack bus.
0.015
without control
with PSS
with coordination of PSS & TCSC

0.01

2-1 (pu)

0.005

0

-0.005

-0.01

-0.015

Fig. 5 Flowchart of coordination PSS and TCSC

0

5

10
time(s)

15

Fig. 7 Rotor speed variation (ω2-ω1) with PSS and coordination PSS
TCSC and without control

20
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TABLE II.
COMPARISON OF DOMINANT MODES AND
DAMPING FACTOR AND FREQUENCE FOR DIFFERENT CASES

-3

x 10

8

without control
with PSS
with coordination of PSS & TCSC

6

3-1 (pu)

4

Without
control

2
0

With PSS

-2

With
coordination
PSS & TCSC

-4
-6
-8

0

5

10
time(s)

15

2

2-1 (Rad)

f (Hz)

-0.27±10.59 i
-0.13±7.54 i
-0.7±10.97 I
-0.53±7.9 i
-6.76±15.5i

2.53
1.70
6.30
6.70
40

1.68
1.20
1.75
1.27
2.48

-2.57±9.56i

26

1.52

IV.

Fig. 9 and fig. 10 present respectively the rotor angles
variation of the generators 2 and 3 related to the slack bus
with PSS and coordination PSS TCSC and with
coordination PSS TCSC of machines 2 and 3 relative to
the slack bus.
without control
with PSS
with coordination of PSS & TCSC

1.6

ξ (%)

20

Fig. 8 Rotor speed variation (ω3-ω1) with PSS and coordination PSS
TCSC and without control

1.8

Dominant Mode

1.4

Conclusion

In this paper, the representation of the robust control
scheme based on simultaneous coordination between PSS
and TCSC is to improve dynamic stability of power
system. The problem of selecting the controller’s
parameters is converted to an optimization problem to
damp the power system oscillations and enhance dynamic
performance of power system. The proposed approach
has been applied on WSCC 3 machines 9 bus network.
Simulations results demonstrate the efficiency of
optimized PSSs and TCSC controller compared to other
cases.
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Abstract – In this paper, a comparative study of electronic transport between different
stoichiometric coefficients of GaxIn1-xSb material was carried out using Monte Carlo Method
which consists to simulate the behavior of electrons in high electronic field and high temperature.
For that, the model considering three isotropic and non-parabolic valleys of the conduction band
 L and X centered on the first Brillouin zone was considered. Results of drift velocity in both
stationary and transient regime with different stoichiometric coefficients is presented.

Keywords: Electronic transport, Monte Carlo method, III-V semi-conductors and GaInSb
material

I. Introduction
The limitless increase of the growth of new
electronics devices able to work in high electric field,
high temperature and high frequency has led to the use of
new materials like ternary and quaternary materials.
GaxIn1-xSb is a III-V ternary material with a
stoichiometric coefficient x that crystallizes following the
Zinc Blende structure; it has mixture characteristics
between GaSb and InSb materials.
The first works on the GaInSb back to the seventies of
the last century where its fundamental properties have
been studied [1,2]. After that, works have grown
considerably going from GaInSb samples to laser diodes
and transistor devices [3,12]. The advantages of this
material are essentially its low direct gap (from 0.17 eV
to 0.72 eV, 0.34 eV when x=0.5), high mobility (from
5000 to 80000 cm2/Vs), and low effectives masses (from
0.014*m0 to 0.042*m0, 0.0252*m0 when x=0.5, with m0
the electron masse) [13]. All these parameters can be
adjusted following Vegard’s laws by controlling the
stoichiometric coefficient x.
The application of this material extends on several fields;
in microelectronics devices, it is now used to the
development of third generation of HEMT and HBT
devices and as well as the integrated circuits with ultrahigh speed, ultra-lower power consumption and noise
factor [14]. In Infrared detector, the Antimony based
materials are generally considered as the preferred
materials of the third-generation infrared detectors [15].
In infrared laser, it can be used in chemical detection,
biomedical diagnosis, satellite remote sensing technology
and other applications.

The antimonide based compounds are also one of the
leading material in thermo-photovoltaics cells.
In this work, we focus on the electronic transport in the
GaxIn1-xSb material with different different stoichiometric
coefficients i.e. InSb when X=0, GaSb when X=1 and
Ga0.5In0.5Sb when X=0.5.

II. Description of the method
The Monte Carlo method is one of the reliable
methods that give a precise solution of studying the nonequilibrium carrier transport in semiconductors bulks and
nanoscale devices in high electrics fields and temperature
since no assumptions are considered on the resolution of
the Boltzmann equation which takes in account the
variation of the distribution function of electron in
movement caused by different actions [16].
In this method, the dynamics of electrons is assumed in
two sequences; the free flight and the scattering with the
network which changes the energy and the momentum of
the electron. During the free flight, the evolution of the
position and the wave vector in function of time in the
absence of the external field are given by the following
two equations:
 dk 1
 eE

 dt

 dr 
k

 dt m*

(1)
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Where E is the electric field, k is the electron wave
vector, r is the position vector, e is electron charge.
The time of free flight is calculated by the Self Scattering
procedure which aims to introduce an additional
interaction which is without effect on the electron motion
and making the total interaction probability a constant.
It is calculated from a uniform distribution of the random
number r between 0 and 1:

decreases until to reach the stationary regime and stays
constant.

GaSb
Ga0.5In0.5Sb
InSb

7

6x10

7

5x10

7

Drift velocity

4x10

1
(2)
t   ln(r )

Under the effect an applied electric field for a time t, the
electron change from its initial state (r i, ki) at time ti to
another final state (r f, kf) at time tf, the electrons
movement in the absence of interaction become:

7

3x10

7

2x10

7

1x10

0

t

k f  ki  eE


(3)

( ki  k f )
r  r 
t
f
i

2
m*

As the duration of free flights, the scattering mechanisms
are also selected stochastically according the
probabilities of transition describing the microscopic
processes, if the chosen interaction is fictive, the state of
the electron is not modified, otherwise, the new position
and wave vector after interaction are defined.

III. Simulation results
The description of the band structure is the input of the
simulation in which all necessary parameters are
described (gap, effective masses, non-parabolic
coefficient…), the simulator takes in account the ionized
impurities, acoustics, polar optics, inter-valleys and intravalleys interactions, the number of the particles is 20000
and the electric concentration is 1017/cm3.

1.
Electronic drift
stationary regime

velocity

in

0

2

4

6
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12

14

Electric field (Kv/cm)

Figure.1 Drift velocity vs. electric field

Due its huge mobility, InSb has the most important peak
velocity compared to GaSb.

2.

Electronic drift velocity in the
transient regime

The electronic drift velocity according the time at
E=10 kv/cm is given in “Fig.2”.
The velocity increases very quickly and reaches an overspeed regime very higher than the stationary speed; this
over-speed is due because electrons are suddenly
accelerated by the electric field whereas some
interactions have occurred. After that, the velocity
decreases progressively until to reach the stationary
regime.

GaSb
Ga0.5In0.5Sb
InSb

8

the

2,0x10

8

1,8x10

8

1,6x10

8

Drift velocity (cm/s)

The electronic drift velocity according the electric
field is given in the “Fig.1”.
These curves have the same allure except peak values are
different. When electric field is low, the velocity
increases first linearly with the electric field, in this case
the electrons are in the  valley which is characterized by
a high mobility and low effective masse and the
interactions are essentially with the acoustics phonons.
After that the velocity increases but not linearly until to
reach the maximum, in this case the electrons are in the 
valley and the most preponderant interactions are with
optics phonons. When the electric field is high, electrons
acquire the energy that allow them to be transferred to
the satellites valleys which are characterized by a high
effective masse and a low mobility, the velocity
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Figure 2. Drift velocity vs. time
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IV.

Conclusion

The electronic transport in GaSb, InSb and Ga0.5In0.5Sb
material has been simulated using the ensemble Monte
Carlo simulation. When T=300 k, the maximum
electronic drift velocity is about 2.7 107 cm/s. When the
temperature increases, there is a diminution in the
maximum electronic drift velocity due to the
augmentation of total scattering with the temperature.
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Achouri Farid

A Blind Watermarking Scheme
based on Quantization Index
Modulation Technique in Wavelet
Domain

Design Of Directional Coupler In
Substrate Integrated Waveguide
Technology

Influence of switching
operation conditions on
VFTO in GIS substation

Poster 7

Poster 8

Poster 9

Zattouta

El Ouchdi Amine 2

Walid bousbaa

Adaptive Binary Clutter Map-CFAR
detection in multiple target
situations

Comparative study of Electronic
transport between GaSb, InSb
and GaInSb

Modeling and performance
analysis of microwave
photonic links

International Conference on Technological Advances in Electrical Engineering ICTAEE’16

POSTER SESSIONS : The posters during the break times

DATE

PAPERS
Energies Renouvelables & Power System

EVENING

25 OCTOBER

Poster 1

Poster 2

Poster 3

NEMSI Salima (16)

Kaouane Mohammed

Ghodbane Mokhtar

Simplified
Explicit and Empirical Methods for
Obtaining Characteristics of
Photovoltaic Module

Influence of Pulse Width
Modulation Signal’s Frequency
and Duty Cycle on Boost
Converter

A numerical and empirical
evaluation of the thermal
performances of solar water
heating system

Poster 4

Poster 5

Poster 6

Attia yacine (26)
Power System Stabilizer and
Thyristor Controlled Series
Capacitor Design Optimization and
Coordination to Enhance the
Stability

