
 
Abstract:  
In this paper, a fuzzy logic controller (FLC) is designed, based 
on the similarity between the FLC and the sliding mode control 
(SMC), for a class of nonlinear system to tackle the nonlinear 
control problems with modelling uncertainties, plant parameters 
variations and external disturbances. 
The purpose is therefore to make the voltage and the current 
control resist to speed variations, because the variation of speed 
degrades the performance of the voltage pruducted to the 
networks. The use of the nonlinear sliding mode method 
provides very satisfactory performance for chopper control of 
synchronous generator, and the chattering effect is also elim-
inated by fuzzy function. Simulation study was done to prove 
the validation of the strategy and the method of control used in 
power control. Conclusions are summarized in the last section. 
 

Keys words: synchrone generator, wind turbine, fuzzy 
sliding mode control and voltage control. 
 

I. INTRODUCTION 

The use of wind energy is increasing these last years. 
The power generated by the wind varies greatly 
throughout the day; it depends on the power available in 
the wind and has the same variation. The need of energy 
has increased significantly. The use of renewable energies 
is indispensable. Renewable energies are clean and 
constitute an alternative to meet the needs of today's 
society. These energies neglected in the past, find their 
proper place, obtained through research and studies that 
are increasingly diverse and multidisciplinary. 
Consumption of energy has increased in recent years 
because of massive industrialization which tends to grow 
more and more, specifically in certain geographic areas as 
Asian countries [1]. The consequence of the increasing 
consumption affects significantly the environment and the 
World reserves of fossil fuel. [2]. 

Several sources of renewable energy are object of 
advanced researches, which aim to develop techniques for 
extracting power with high reliability, lower cost and 
increase energy efficiency [2-3]. 

In this paper, we focus on the conversion of wind 
energy into electrical energy that has became competitive 
due to three main factors [4]: 
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• Wind energy is clean, renewable and naturally 
replenished by nature,  
• The development of the wind turbine industry, 
• The evolution of semiconductor technology, and 

new methodologies for control of variable speed 
turbines.  

However, several problems, related in part to the 
complexity of wind conversion systems as the need for 
speed multiplier between the turbine and generator, and 
the instability of wind speed on the other hand [5]. 

The use of wind turbine structures with synchronous 
generator of high poles number make of wind conversion 
systems with variable speed more attractive than those 
with fixed speed, because of the possibility of extracting 
the optimal energy for different wind speed, reducing 
mechanical stresses by eliminating the multiplier which 
improves system reliability, and reduce the maintenance 
costs [1, 6]. This paper deals with a variable-speed system 
consisting of synchronous generator, diode rectifier and 
thyristor inverter. The advantages of the synchronous 
generator and a diode rectifier are the high efficiency of 
the rectifier and the low price. There are two 
disadvantages that can be important in wind turbine 
generator systems. Motor start of the turbine is not 
possible without auxiliary equipment and the torque 
control is normally not faster. The aim of this report is to 
describe an efficient variable-speed system and to model 
the generator and converter losses [1]. 

In this context, the present study focuses on wind 
energy, which seems to be one of the most promising. 
The aim of this paper is to present a comprehensive 
model of a synchronous generator based on a proposed 
structure and control strategies to optimize power output, 
to regulate the DC bus voltage, and to control voltage 
transmitted to the network [1, 7].  

To control the Wind Energy Conversion System 
(WECS) we need robust controller. Sliding Mode Control 
(SMC) is a nonlinear control technique derived from 
variable structure control system theory and developed by 
Vladim UTKIN. Such control solution has several 
advantages such as simple implementation, robustness 
and good dynamical response. Moreover, such control 
complies with the nonlinear characteristic of the switch 
mode power supplies [4, 11, 12].  
Recently, the synthesis algorithms of modern control 
theory and artificial intelligent (AI) have been studied to 
upgrade the performance of SMC. In this paper, a 
methodology of FLC based on SMC is presented. The 
fuzzy sliding mode control (FSMC) takes the features of 
both SMC and FLC to overcome the disadvantage of 
chattering and enhance the robustness of the controllers. 
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The motivation of this study is to design an FSMC 
control scheme in order to control the voltage of chopper. 

 
The organization of this paper is as follow: in the first 

section, we establish the model of the turbine. The second 
section is devoted to modeling the synchronous machine 
with their equivalent electrical model. Global model of 
the chain of wind conversion device and associated 
controller are developed in an equivalent continuous 
model that takes into account relevant parts of the 
voltages at the generator, the DC bus and the network is 
started at third section.  In four sections, FSMC will be 
applied to the chopper. 

The last section is devoted to the simulation results. All 
models developed in this study are simulated by the 
Matlab-simulink. 

 
II. WIND CONVERSION SYSTEM MODEL 

The WECS described in this article includes the wind 
turbine, synchronous generator, a transformer, a diode 
rectifier, a filter and an inverter. In this system, the wind 
energy is transmitted through the turbine to the three-
phase synchronous machine and generated in electrical 
form. This energy is transmitted directly through a 
transformer, a bridge rectifier and inverter to the electrical 
network (Figure 1). We consider in this study that the 
transformer is perfect. The main assumption in this 
simplified study is that the currents are sinusoidal and 
semiconductors are ideal [6-7]. Figure (1) shows the 
equivalent diagram of the WECS. 

 
 
 
 
 
 
 
 
 
 
 
 
 

A. Turbine Model 

The turbine model is to present the power and the 
torque developed by the turbine, and which can be 
defined by the following equations [2-3, 8]: 
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Which λ  presents the ratio between the turbine 
angular speed and the wind speed. This ratio called the tip 
speed ration and is defined as: 

v
RΩ

=λ                                  (3) 

Where: ρ  is the air density, R  is the blade length, v  
is the wind speed, pC  is the power coefficient, Ω  is the 

turbine angular speed.  
The power coefficient ( pC ) presents the aerodynamic 

efficiency of the turbine and depends on the specific 
speed λ  and the angle of the blades. 

It is different from a turbine to another, and is usually 
provided by the manufacturer and can be used to define a 
mathematical approximation. A model of wind turbine is 
developed and it’s presented on figure (2). 

 
 
 
 
 
 
 
 
 
 
 
 
Figure (3) represents the power coefficient pC  as a 

function of β  and λ . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure (4) shows the mechanical power as a function of 

rotor speed of the turbine for different values of wind 
speed [4]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.1. Wind electrical conversion system based on 

synchronous machine  

 

 
Fig.2. Model of Wind  

 
Fig.3. Power coefficient pC  as a function of β  and λ  

 

 
Fig.4. The characteristics of the mechanical power as 

function of the turbine speed. 
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B. Generator Model 

The generator chosen for the conversion of wind 
energy is the synchronous generator [6, 9-10]. The  
dynamic model  of  synchronous generator in  d-q frame  
can  be  represented  by  the  following equations:  

Electrical equations: 
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The flux linkage equations are: 
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The dynamic behavior of synchronous generator can be 
defined by: 

dt
dJfTT emm
ωω =−−                                               (6) 

Where sR  – stator resistance, fR  is the field 

résistance, qsds LL ,  – respectively direct and quadrature 

stator inductances, fL  is field inductance, WT  – Wind 

torque applied to SG rotor, emT – electromagnetic torque, 
p  – pair number of poles, f – is the damping 

coefficient, J – is the moment of inertia, ω – electrical 
angular speed of motor.  

 
III. SLIDING MODE CONTROLLER 

 
A. Sliding mode principle 

Consider a nonlinear system which can be represented 
by the following state space model in a canonical form [3, 
18]: 
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Where Tn txtxtxx )](........)()([ 1−=  is the state 
vector, )),(( ttxf and )),(( ttxg are nonlinear 
functions, u  is the control input, )(td  is the external 
disturbances. The objective of the control is to determine 
a control law )(tu  to force the system output )(ty  in (7) 

to follow a given bounded reference signal )(tyref , that 

is, the tracking error )()()( tytyte ref −= and its 
forward shifted values, defined as  
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should be small. The design of SMC involves two tasks. 
The first one is to select the switching hyperplane to 
prescribe the desired dynamic characteristics of the 

controlled system. The second one is to design the 
discontinuous control such that the system enters the 
sliding mode and remains in it forever [3, 14].  

In this paper, we use the sliding surface proposed par 
J.J. Slotine, 

)(.)(),( 1 te
t
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∂
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In which )()()( txtxte ref −= , λ  is a positive 
coefficient, and n  is the system order . 
It remains to be shown that the control law can be 
constructed so that the sliding surface will be reached. 
Then, a sliding hyperplane can be represented as . 

0),( =txS   
Consider a Lyapunov function: 

2.
2
1 SV =                                                                (10) 

From Lyapunov theorem we know that if V  is 
negative definite, the system trajectory will be driven and 
attracted toward the sliding surface and remain sliding on 
it until the origin is reached asymptotically [6]: V  

SSV  ..=                                                                  (11) 
 
The simplified 1st order problem of keeping the scalar 

),( txS at zero can be achieved by choosing the control 

law )(tu . A sufficient condition for the stability of the 
system is : 

SS
dt
d η−≤2.

2
1

                                                  (12) 

 
where η  is a positive constant.  

The equation (12) is called reaching condition or 
sliding condition. )(tS  verifying (12) is referred to as 
sliding surface, and the system’s behaviour once on the 
surface is called sliding mode.  
If the control input is so designed that the inequality (12) 
is satisfied, together with the properly chosen sliding 
hyperplan, the state will be driven toward the origin of the 
state space along the sliding hyperplane from any given 
initial state. This is the way of the SMC that guarantees 
asymptotic stability of the systems. The process of sliding 
mode control can be divided in two phases, that is, the 
approaching phase and the sliding phase. The sliding 
mode control law )(tu  consists of two terms, equivalent 

term )(tueq , and switching term )(tus .  

In the sliding phase, where 0)( =tx and 0)( =tx , 

the equivalent term )(tueq  is designed to keep the 

system on the sliding surface. In the approaching phase, 
where , the switching term )(tus  is designed to satisfy 
the reaching condition (12). While in sliding phase we 
have : 

0),( =txS                                                              (13) 
 
By solving the above equation formally for the control 

input, we obtain an expression for u  called the 
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equivalent control equ , which can be interpreted as the 

continuous control law that would maintain 0),( =txS  
if the dynamics were exactly known. In order to satisfy 
sliding conditions (13) and to despite uncertainties on the 
dynamic of the system, we add a discontinuous term 
across the surface , so the sliding mode control law )(tu  
has the following form: 

)),((sin)(

)()(

txSgktu
tutuu

fs

seq

=

+=
                                    (14) 

 
where fk  is the control gain.  

 
B. Control  Strategy  

It is possible to control the load voltage, by the control 
of the converter associated. The all system is shown in 
Figure (5). The control of the system is based on the 
control of the PWM inverter and the chopper [15-16]. 

The DC-Link is made by using buck DC/DC converter.  
 
 
 
 
 
 
 
 
 
 
 
 
For the Buck converter we consider the following 

sliding surface S : 

e
t
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where k is the sliding coefficient and e is the output 
voltage error defined as follows : 

dcdcref VVe −=                                                       (16) 

By considering the mathematical model of the Buck 
converter, the surface can be expressed by the following 
expression [12-13].: 

).(.1
dcdcrefl

ref VVi
Ct

V
S −+−

∂

∂
= λ                  (17) 

and its derivative is given by : 
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The next step is to design the control input so that the 
state trajectories are driven and attracted toward the 
sliding surface and then remain sliding on it for all 
subsequent time. The SMC signal u  consists of two 
components a nonlinear component su  and an equivalent 

component equ  , [13]. 
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Let us consider the positive definite Lyapunov function 
V defined as follows: 

2.
2
1 SV =                                                               (20) 

The derivative of V  must be negative definite 

0<
∂
∂

t
V

 to insure the stability of the system and to make 

the surface S attractive. Such condition leads to the 
following inequality: 
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To satisfy such condition, the nonlinear control 

component can be defined as follows: 
)(. Ssignku fs =  

Where dcV  output voltage of chopper, redV  intput 

voltage of chopper, drefV  reference voltage, L and C is 

the inductance and capacitance of chopper. 
 
V. FUZZY SLIDING MODE CONTROLLER FOR 

CHOPPER CONVERTER 
 

As SMC, Fuzzy Logic Control (FLC) is known to be 
robust. Moreover, it is considered to be an alternative to 
the chattering problem. FLC is an intelligent control 
complying with complex or uncertain systems. Some 
researchers show that FLC is a general form of variable 
structure control. Thus, some attempts have been made in 
order to use both the SMC and FLC to have a robust 
controller called Fuzzy Sliding Mode Control (FSMC). 
However, the design of a fuzzy sliding mode controller 
for nonlinear system is a difficult problem. There have 
been quite a lot of researches on the combination of 
sliding mode control with fuzzy logic control techniques 
for improving the robustness and the performances of 
nonlinear systems with uncertainty [17]. The control 
consists of the set of fuzzy control algorithms which 
approximate the input-output map of traditional sliding 
mode control [18]. 
 
A Stability using Lyapunov function in FSMC 
 
The second class of FSMC uses the surface S and its 

variation 
.
S  to define the changes on the control signal. 

The aim of this kind of FSMC is to insure the Lyapunov 

stability condition 0
.
<SS . 

Let us consider the sliding surface S . The proposed fuzzy 
sliding mode controller forces the derivative of the 
Lyapunov function to be negative definite. So, the rule 
base table is established to satisfy the inequality (21). 
 

 
Fig.5. Control of the WECS 
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Intuitively, suppose that 0>S  and 0
.
<S  , the duty 

cycle must increase. Also, if 0>S  and 0
.
<S  the duty 

cycle must decrease. Thus, the surface S and its variation 
S are the inputs of the proposed controller. The output 
signal is the control increment )(kU∆  which is used to 
update the control law. As for the Fuzzy boundary layer 
SMC the control signal is defined by equation (22). The 
proposed Fuzzy Sliding Mode Controller is a Sugeno 
fuzzy controller which is a special case of Mamdani fuzzy 
inference system. Only the antecedent part of the Sugeno 
controller has the “fuzzyness”, the consequent part is a 
crisp function. In the Sugeno fuzzy controller, the output 
is obtained through weighted average of consequents. 
As the proposed approach have to be implemented in 
practice, such choice can be motivated by the fact that 
Sugeno fuzzy controller is less time consuming than the 
Mamdani one Trapezoidal and triangular membership 
functions, denoted by N (Negative), Z (Zero) and P 
(Positive), were used for both the surface and the surface 
change. They are respectively presented in Fig. 8 and Fig. 
9 in the normalized domain [-1 1]. 
For the output signals, five normalized singletons denoted 
by NB (Negative Big), NM (Negative Middle), Z (Zero), 
PM (Positive Middle), PB (Positive Big) are used for the 
output signal )(kU∆  , Fig. 9. 
 
The output signal is the control increment )(kU∆  which 
is used to update the control signal defined as follows: 
 

)1()()( −+∆= kUkUkU                            (22) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table I shows one of possible rules of Fuzzy. 
 
 

 
 
 

 
 
 

Table.1 rules bases of FSMC 
 

V. SIMULATION AND RESULTS 
In order to validate the control strategies as discussed 
above, digital simulation studies were made the system 
described in figure (5). 

The wind speed taken variable (Fig. 10). The reference 
DC-link voltage taken is vVdcref 580=  and which 

corresponds to the voltage applied in the network with a 
value of 220v and a frequency of Hz50 . The global 
system is simulated using matlab/simulink software. 

Figures 11.a and 11.b present the simulation results 
using a fuzzy sliding mode controller voltage. 

It can be shown that the voltage generated will 
influence the energy consumption figure (11.a). In figure 
(11.b), the voltage given by the chopper follows the 
reference voltage needed for the voltage requested by the 
network. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure (12) shows the voltages in three grid phases. 

The use of FSMC gives good result in control of voltages 
transmitted to the grid. 
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Fig. 10. The curve of wind speed 
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Fig. 11. The voltages in the output of: a- Rectifier,  
b- Chopper 
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Fig.7 Membership functions attributed to S 
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Fig.8 Membership functions attributed to dS 

 

 
Fig.9 Output variable 
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Figure (14) shows the current in the load. We observe that 
current varies with the variation of wind (fig.14) and the 
voltage remains constant (fig.13). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
V. CONCLUSION 
This paper suggests a fuzzy sliding mode control 

method that is used for control the voltage of chopper. 
After modelling the system we have developed 

controller using fuzzy sliding mode. In order to eliminate 
the chattering effect we have used the fuzzy mode. 

Simulation results have show robustness and good 
performances. 

Furthermore, this regulation presents a simple robust 
control algorithm that has the advantage to be easily 
implantable in calculator. 

 

REFERENCES 
[1] A. MIRECKI, Etude comparative de chaînes de conversion d’énergie 

dédiées à une éolienne de petite puissance, Thèse de doctorat de 
L’institut national polytechnique de Toulouse le 5 avril 2005. 

[2] F. Poitiers "Etude et Commande de Génératrice Asynchrone pour 
L’utilisation de L’énergie Eolienne ", Thèse de Doctorat de 
l’Université de Nantes, 19 décembre 2003. 

[3] G. A. Smith, K.A. Nigim, Wind-energy Recovery by a Static 
Scherbius Induction Generator", Proc. IEE, 1981, 128, pp. 317-324. 

[4] Nguyen, V.M. & Lee, C.Q. (1996). Indirect implementations of 
sliding-mode control law in buck-type converters, Proceedings of 
the IEEE Applied Power Electronics Conference and Exposition, 
pp. 111–115, Vol. 1, March, 1996. 

[5] A. Rachid, “ Systèmes de régulation”, Masson, paris, 1996. 
[6] Chunting Mi, Mariano Filippa, Johan Shen and Narashim Natarajan, 

Modeling and Control of Variable Speed Constant Frequency 
Synchronous Generator With brushless Exciter, IEEE Transactions 
on industry application, vol, 40, No, 2, pp565-573, March/april 
2004. 

[7] E. S. Abdin, W. Xu, Control design and Dynamic Performance 
Analysis of a Wind Turbine- Induction Generator Unit, IEEE Trans. 
on Energy conversion, vol.15, No1, March 2000. 

[8] H. Camblong, Minimisation de l’impact des perturbations d’origine 
éolienne dans la Génération d’électricité par des aérogénérateurs à 
vitesse variable, Thèse de doctorat, ENSAM Bordeaux, 2003. 

[9] L. Refoufi, B.A.T. Al Zahawi, A.G. Jack "Analysis and modelling of 
the steady state behavior of the static Kramer induction generator", 
IEEE Transactions on Energy Conversion,Volume 14, Issue 3, 
1999, pp 333-339. 

[10] S. El Aimani, Modélisation de différentes technologies d’éoliennes 
intégrées dans un réseau de moyenne tension », Thèse de doctorat 
de l’Ecole Centrale de Lille (ECL) Cohabilité avec L’université des 
sciences et technologies de Lille 1 (USTL), 06 décembre 2004. 

[11] Tan, S.C.; Lai, Y.M.; Cheung, M.K.H. & Tse C.K. (2005). On the 
practical design of a sliding mode voltage controlled buck 
converters, IEEE Transactions on Power Electronics, Vol. 20, No. 
2, pp. 425-437, March 2005, ISBN 0-13-040890-5. 

[12] Tan, S.C.; Lai, Y.M. & Tse, C.K. (2006). An evaluation of the 
practicality of sliding mode controllers in DC-DC Converters and 
their general design issues, Proceedings of the IEEE Power 
Electronics Specialists Conference, pp.187-193, June 2006. 

[13] Ben Saad, K.; Sahbani, A. & Benrejeb M. Design Procedure and 
Implementation of a Robust Fuzzy Sliding Mode Controller for 
Buck Converters, International Review of Automatic Control, 
Vol.1, No.3, pp. 303-310, September 2008, ISSN 1974-6059. 

[14] S.A.n Ardjoun, M. Abid, A/G Aissaoui, A. Naceri « A robust fuzzy 
sliding mode control applied to the double fed induction machine » 
International journal of circuits, systems and signal processing, 
Issue 4, Volume 5, 2011. 

[15] A.D. Hansen, C.Jauch, P.Sørensen, F.Iov, F. Blaabjergm, Dynamic 
wind turbine models in power system simulation tool 
DIGSILENT, projet de recherche, laboratoire national de Riso, 
Roskilde. Décembre 2003. 

[16] K. Amei, Y. Igkayasu, T. Ohji, M. Sakui, A Maximum Power 
Control of Wind Generator System Using a Permanent Magnet  
synchronous Generator and a Boost Chopper Circuit, 0-7803-7 156-
9 2002. 

[17] Qiao, F.; Zhu, Q.M.; Winfield, A. & Melhuish, C. Fuzzy sliding 
mode control for discrete nonlinear systems. Transactions of 
China Automation Society, Vol. 22, No. 2 June 2003. 

[18] Alouani, A.T. Sliding mode control synthesis using fuzzy logic, 
Proceedings of the American Control Conference on systems Man 
and cybernetics, Vol. 2, Seattle, Washington, June 1995, pp. 1528-
1532. 

 

0 10 20 30 40 50 60
-300

-200

-100

0

100

200

300

t (s)

Va
bc

  (
V)

 

45 45.005 45.01 45.015 45.02
-300

-200

-100

0

100

200

300

t (s)

Va
bc 

 (V
)

 
Fig. 12. The voltage in the grid phase with controller,  
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Fig. 13. The votage in the three phases grid, 
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Fig. 14. The current in the three phases grid, 
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