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 This paper presents the study of a variable speed wind energy conversion 
system using a Doubly Fed Induction Generator (DFIG) based on a Fuzzy 
sliding mode control (FSMC) applied to achieve control of active and 
reactive powers exchanged between the stator of the DFIG and the grid to 
ensure a Maximum Power Point Tracking (MPPT) of a wind energy 
conversion system. However the principal drawback of the sliding mode, is 
the chattering effect which characterized by torque ripple, this phenomena is 
undesirable and harmful for the machines, it generates noises and additional 
forces of torsion on the machine shaft. In order to reduce the chattering 
effect, the Sign function of sliding mode controller’s discontinuous part is 
replaced by a fuzzy logic; we will have the fuzzy sliding mode controller 
(FSMC). The FSMC makes it possible to combine the performances of the 
two types of controllers (SMC and FLC) and eliminates the chattering effect. 
The proposed control algorithm is applied to a DFIG where the stator is 
directly connected to the grid and the rotor is connected to a three-level 
converter structure NPC to suppress low level harmonics, higher frequencies 
will be filtered out by the machine. Second goal of this paper is to extract a 
maximum of power; the rotor side converter is controlled by using a stator 
flux-oriented strategy. The decoupling created by the control between active 
and reactive stator power allows keeping the power factor close to unity. 
Simulation results show that the wind turbine can operate at its optimum 
energy for a wide range of wind speed. Both simulation and validation results 
show effectiveness of the proposed control strategy is in terms of power 
regulation. Moreover, the fuzzy sliding mode approach is arranged so as to 
reduce the chattering produced in the generated power that could lead to 
increased mechanical stress because of strong torque variations. 
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1. INTRODUCTION 

Wind energy is one of the fastest growing renewable energy in the world. The generation of wind 
energy is clean, non-polluting, it produces no harmful wast to the environment. Conventional techniques 
were used to adjust the wind, but assuming the wind operation in balanced conditions. Advances in 
technology of wind led to the design of a more powerful drive to improve their behavior and make it more 
robust and reliable. One of the current areas of research is the generation of electrical energy by means of 
double-fed asynchronous machine, using driving means such as wind power incorporated into a wind energy 
system. Diagram of a conversion of wind energy is shown as Figure 1. 
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Figure1. Diagram of a Conversion of Wind Energy. 
 
 
Recently, the doubly fed induction generator (DFIG) is becoming the main configuration of wind 

power generation because of its unique advantages. Vector control technology is used to control the 
generator, and the rotor of DFIG is connected to an AC excitation of which the frequency, phase, and 
magnitude can be adjusted [1].  

Therefore, constant operating frequency can be achieved at variable wind speeds. A doubly fed 
induction generator is most commonly used in wind power generation. It is a wound rotor induction machine 
with slip rings attached at the rotor and fed by power converter. With DFIG, generation can be accomplished 
in variable speed ranging from sub-synchronous speed to super-synchronous speed.  

The variable speed constant frequency wind power generation is mainly based on the research of 
optimal power-speed curve, namely the most mechanical power of turbine can be achieved by regulating the 
speed of generator, where the wind speed may be detected or not.  

Through studying the characteristics of wind turbine, the paper proposed the maximum power point 
tracking (MPPT) control method. Firstly, according to the DFIG character, the paper adopts the vector 
transformation control method of stator oriented magnetic field to realize the decoupling control for the 
active power and reactive power using sliding mode control (SMC) and fuzzy sliding mode control (FSMC).  

Sliding mode theory, stemmed from the variable structure control family, has been used for the 
induction motor drive for a long time. It has for long been known for its capabilities in accounting for 
modeling imprecision and bounded disturbances. It achieves robust control by adding a discontinuous control 
signal across the sliding surface, satisfying the sliding condition. Nevertheless, this type of control has an 
essential drawback, which is the chattering phenomenon caused from the discontinuous control action. 

The idea is this combined control (SMC) also advanced by a controller is called Fuzzy (FLC) to 
reduce these phenomena chattering. Simulation results of this FSMC show good performance and 
considerable reduction of the chattering phenomenon. 

 
 
2. RESEARCH METHOD 
2.1. Modeling of wind turbine 
2.1.1. Modeling of wind turbine 

Mechanical power available on the shaft of a wind turbine is expressed by [1] [4]: 
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The aerodynamic torque is directly determined by [1]:  
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The multiplier is mathematically modeled by the following equations: 
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The power factor   ,Cp  represents the aerodynamic efficiency of the wind turbine. The wind 
turbine is a complex model, however simple mathematical models are often used aerodynamic system. The 
expression of power coefficient that we will use in our study is given by [1]: 
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The fundamental equation of dynamics to determine the evolution of the mechanical speed from the 
total mechanical torque ( mecC ) applied to the rotor:   
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In this section, we present a different strategy to control the electromagnetic torque to adjust the 
mechanical speed to maximize the electric power generated. This principle is known as the terminology 
(MPPT).  

We are interested in controlling the electromagnetic torque servo mechanical speed using a 
conventional PI controller. For this study, we assume that the electrical machine and its drive are ideal and 
therefore, regardless of the power generated, the electromagnetic torque is developed at all times equal to its 
reference value. The maximum power extraction techniques include determining the speed of the turbine, 
which provides maximum power generated [8]. 
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2.1.2. Model of DFIG 

Applying the Park transformation to electrical equations DFIG [1] in the referencial linked to the 
rotating field allows us to achieve the following electrical system of equations:  

The stator and rotor equation in the referencial synchronous are given by: 
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2.1.3. Power control 
To easily control the production of electricity from wind, we will achieve an independent control of 

active and reactive power by the stator flux orientation. The idea is to align along the axis of the rotating 
frame [2] stator flux. We therefore: 0sq   and consequently ssd  .  

This choice is not random but is justified by the fact that the machine is often coupled with a 
powerful network voltage and constant frequency, which leads to a finding stator flux of the machine. 
Neglecting the resistance of the stator windings, often accepted hypothesis for high power machines: The 
systems of equations (11) and (12) can be simplified as follows: 
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The stator active and reactive power in the orthogonal coordinate system can be written: 
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Under the assumption of a stator flux oriented, this system of equations can be simplified as: 
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From the expressions of the stator flux, we can write: 
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By introducing these expressions in the equations of the rotor voltages are found: 
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2.2. Indirect controls with power LOOP 

It is based on the equations governing the operation of the machine defined in the preceding 
paragraph, while keeping the same assumptions. 

By combining the different flow equations, the rotor voltages, currents and powers, we can write the 
equations of the rotor voltage depending on the power. Thus power from the stator as a function of the rotor 
currents and voltages of the rotor in terms of the rotor current function [1]: 

From the control unit we can develop a structure ensures good stability of the network, so we have a 
control unit consists of two subsystems. The first calculates the reference currents from the references (active 
and reactive powers), the second calculates the reference voltage from the rotor currents calculated by the 
first. In this spirit, we have used SMC to the inner loop (current loop) and classic PI outer loop to controlling 
powers. It then sets the control system given by the Figure 2. 

 

 
 

Figure 2. Block diagram of indirect control with loop power controlled by SMC. 
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2.3. Devoloping of the hybrid control 
2.3.1. Indirect control of the dfig with loop power 

The basic idea of the SMC is primarily attracting states of the system in a suitably selected, and then 
designs a control law that will always keep the system in this region (Ardjoun et al, 2011) region. In 
summary SMC is divided into three parts: [1] [2] [3] [5] [6]. 
 
2.3.1.1. Choice of switching surface 

For a non-linear system shown in the following form: 

.
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There f (X, t), g(X, t) are two continuous and uncertain nonlinear functions, assumed bounded. It 
takes the form of general equation proposed by JJSlotine to determine the sliding surface given by (Slotine 
and al, 1998):   
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      (24) 

With, e: error on the controlled variable, λ: positive coefficient, n: order system, Xd: desired size, X: 
state variable of the controlled variable. 

2.3.1.2. Convergence condition 
The convergence condition is defined by the Lyapunov equation (Lopez et al, 2006), it makes the 

area attractive and invariant
.

( ). ( ) 0S X S X  . 

2.3.1.3. Control calculation 

The control algorithm is defined by the relation max . ( ( ))eq n nu u u et u u sign S X    

With: u: control variable, ueq: size equivalent command, un: term control switch, sign(S(X)): sign 
function. 

 
2.3.2. Control of rotor current next axis "D" 

To control the rotor current is taken n = 1, the expression of the current control surface along the 

axis "d" of the marker to form Park 
*( ) ( )rd rd rdS I I I   

Deriving the surface with the replacement of the current expression rdI , obtained: 
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The control voltage rdV  is defined by: 
eq n

rd rd rdV V V   During the sliding mode and steady state 

was: 
.

( 0); ( 0); 0;n
rd rd rdS I S I V    or of pulling: 

*.

. . .eq
rdrd r r rdV L I R I   During the convergence 

mode, the condition 
.

( ). ( ) 0S X S X   should be checked with: . . ( ( )) .n
rd rd rd rdV K V sign S I et K V  

positive gain. 

2.3.3. Control of rotor current next axis "Q" 
To control the rotor current is taken n = 1, the expression of the current control surface along the 

axis "q" of the marker to form Park *( ) ( )rq rq rqS I I I   

Deriving the surface with the replacement of the current expression rqI , on gets: 
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The control voltage rqV  is defined by: eq n
rq rq rqV V V   During the sliding mode and steady state 

was: 
.

( 0); ( 0); 0;n
rq rq rqS I S I V    or of pulling: 
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. . .eq
rqrq r r rqV L I R I   During the convergence 

mode, the condition 
.
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rq rq rq rqV K V sign S I et K V

positive gain. 
 

2.4. Fuzzy sliding mode control of internal loop DFIG 
The disadvantage of the SMC is that the term switching control where we have lot of ripples. To 

reduce it, we replace it by a fuzzy structure (Wong et al, 2001). FSMC, which is designed to control the rotor 
current, is shown in Figure 3 [9] [10] [11]. 

 
 

 
 

 

Figure3. Block diagram of indirect control with loop controlled power FSMC. 

 

The fuzzy logic control is expanding. Indeed, this method provides a very effective law often set 
without doing extensive modeling. As opposed to a standard regulator or a regulator of state-reaction against 
the controller fuzzy logic does not address a well-defined mathematical relationship, but uses inferences with 
multiple rules, based on linguistic variables. By inference with several rules, it is possible to take account of 
experience gained by the operators of a technical process. 

Three linguistic variables input-output are shown in Figure 4. The fuzzy rules can be written as 
shown in Table 1. For this purpose, it is used a system of Mamdani-type fuzzy logic. The membership 
function is resulted from the aggregation of using the operator max. The Defuzzification of the output control 
is accomplished using the method of center of gravity. 

 
2.5. Modeling and control of the three levels structure NPC VSI 
2.5.1. The three-level NPC VSI structure 

The three phases three-level NPC VSI is constituted by three arms and two DC voltage sources. 
Every arm has four bi-directional switches in series and two diodes (Figure 5) [3]. 
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Figure4. Membership functions of the different linguistic variables. 

 

Table1. Ruleset for RFL. 
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NP  EZ  PG  

NP NP NP EZ
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PG EZ PG PG

 
 

 
 

Figure5. The three-level NPC inverter. 

 

2.5.2. Knowledge model 

The switch connection function ksF  indicates the opened or closed state of the switch ksT .  

We define too a half arm connection function b
kmF with: 

K: Arm number. 
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For an arm k of the three-phase three-level NPC VSI, several complementary laws controls are 

possible. The control law which lets an optimal control of this inverter is [3]: 
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Where ksB  represents the gate control of the switch ksT . We define the half arm connection function b
1iF and

b
0iF  associated respectively to the upper and lower half arms. 
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Where i is arm number  3,2,1i  
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The output voltages of the inverter relatively to the middle point M are defined as follows: 
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The system (29) shows that the three-level NPC VSI can be considered as two two-level voltage 
source inverters in series. The input currents of the inverter are given as follow: 
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The current 0di  is defined by the following relation: 

3333122321113110d i.F.Fi.F.Fi.F.Fi         (31) 

 
2.5.3. PWM strategy of the three-level NPC VSI 

The inverter is controlled by the space vector modulation strategy which uses two bipolar carriers. 
This strategy is characterised by two parameters: 
Modulation index m defined as ratio between the carrier frequency fp and the reference voltage frequency: 

f

f
m p

          
(32) 

Modulation rate r is the ratio between the magnitudes Vm of the reference voltageand three times of the 

carriers magnitude Upm: 

1
V

V
r

p

r 
          

(33) 

 
2.6. Cascade (rectifier, filter and inverter) with DFIG 

In this part of the chapter, the dynamic behavior of the wind turbine based on doubly fed machine 
(DFIG) connected to the network is studied. The stator of the DFIG is directly connected to the network, 
against the rotor is connected to it via a cascade (rectifier, filter and inverter). This changer allows indirect 
frequency from a fixed network frequency and amplitude has a system output voltage frequency and variable 
amplitude. The general structure of this cascade is shown in Figure 6. The rectifier and inverter is controlled 
by the two sinusoidal carrier strategy triangular sawtooth. 

 
 

 
 

Figure6. Cascade of a turbine, a rectifier - inverter voltage three-phase three-level feeding the DFIG. 
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2.6.1. Modelling of the intermediate filter 
The model of the intermediate filter is defined by the following system: 
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2.7. The half clamping bridge 
To improve the input voltages of the three-level NPC inverter, we propose to use a half clamping 

bridge, constituted by a transistor and a resistor [3]. The transistors are controlled to maintain equal the 
different input DC voltages of the inverter (Figure  7). 

 

 
 

Figure7. Structure Bridge clamping with intermediate filter. 
 
 

2.7.1. Modelling of the intermediate filter 
Figure 8 shows the structure of the intermediate filter of the studied cascade. 

 

 
 

Figure 8. Structure of the intermediate filter of the of the half clamping bridge cascade. 
 
 

The model of the half clamping bridge-filter set is defined by the following equation: 
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The control algorithm of the resistive clamping circuits can be summarized as follows: 
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2.7.2. Voltage loop model 
The modelling of this loop is based on principle of instantaneous power conservation with no loss 

hypothesis. This boucle imposes efficacy network reference current. The input power is calculated as: 
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The output power is calculated as: 
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Using the principle of conservation of power and neglecting the Joule losses in the resistance Rnetw, 
we can write: 

   LaodCC
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1
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Assuming the sinusoidal line currents in phase with their corresponding voltages, then we can write: 

 laodCCeffeff iiUIV  ..2..3  (42) 

Where Eeff is the rms value of grid voltages and Ie is the rms value of grid currents. Uc is the 
constant value of the DC capacitor voltage and Irect is the DC current. A IP regulator is used to regulate the 
DC voltage. The general principle feedback of three-level rectifier is shown on Figure 9.  

 
 

 
 

Figure 9. Enslavement algorithm of output voltage of three-level rectifier. 
 
 

3. RESULTS AND ANALYSIS 
In this section, we present the work on the modeling of a chain of wind conversion based on an 

asynchronous machine is comprised of dual power controlled by the technique of PWM rectifier and a DC 
bus, all connected to the network via a PWM inverter and a filter. Modeling the overall wind conversion 
chain and the associated control device are developed in the form of an equivalent continuous model which 
takes into account the relevant components of the currents and voltages at the machine, and the DC bus 
network. 

We applied a control algorithm on the voltages (Uc1, Uc2) with the aim of stabilizing the past to 
balance the midpoint M. 

The strategy of indirect control based controllers SMC and FSMC rotor currents of DFIG were 
implemented in MATLAB environment to perform tests of control.  
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Figure10. Behavior of the powers of DFIG with indirect vector control with loop power controlled by FSMC. 
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Figure 11. Behavior of the powers of DFIG with indirect vector control with loop power controlled by SMC. 
 
 
The simulation results show different curves are obtained by controlling the active and reactive 

power generated at the stator of the DFIG. This control technique allows you to decouple the expressions of 
active and reactive power of the generator or in the flux and torque. 

According to the results, we find that the indirect control with loop power controller using SMC or 
FSMC have good decoupling control of active and reactive power at the stator. After a transitional regime the 
differente paramaters persute perfectly their reference. 

The reactive power is zero and it is a condition of operation of the DFIG for a unity power factor. 
As we reported earlier that the disadvantage of the SMC is the riples. To reduce it, we combined this control 
with fuzzy logic to build a new structure called FSMC, which allows reducing the chattering phenomena of 
over 75% in our study. 

We can see that the stator flux follows the following reference axis (d) with almost zero quadrature 
components, which means that the decoupling of the machine is successful. It is clear that the quadrature 
component of the rotor current Irq control the electromagnetic torque so the active power. The direct 
component of the rotor current, and thus control the flow of reactive power transmitted between the stator 
and the network. This is found in the changes in direct and quadrature components of rotor currents, which 
are the images of active and reactive powers. Note that the electromagnetic torque reacts spontaneously when 
there is a demand for active power, reactive power independently 

We observe that the current Irest1 presents a look opposite to that of Irest2. This is necessary for the 
current Irest0 has a zero mean value. As can be seen, the current Irest0 is substantially zero mean value. Note 
that the two DC voltages well below their reference and we also find that the difference between the two 
voltages is practically zero after a transient 0.1s which mean a better stability of the midpoint 

In this section, it is explained the results of research and at the same time is given the 
comprehensive discussion. Results can be presented in figures, graphs, tables and others that make the reader 
understand easily [2], [5]. The discussion can be made in several sub-chapters. 
 
 
4. CONCLUSION 

This work has allowed us to study the modeling of a chain of wind conversion based on DFIG 
consists of a rectifier control by the PWM technique, and a DC bus, all connected to the network via a PWM 
inverter and a filter. 

We studied the indirect vector control loop power DFIG which allows a decoupling between the 
flux and torque. 

The control is provided by two orders SMC and FSMC for which we found the performance of the 
latter relative to the SMC perspective chattering. 

Provide a statement that what is expected, as stated in the "Introduction" chapter can ultimately 
result in "Results and Discussion" chapter, so there is compatibility. Moreover, it can also be added the 
prospect of the development of research results and application prospects of further studies into the next 
(based on result and discussion). 
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