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 In speed control, double-fed-induction generator (DFIG) has attracted attention 

in wind energy conversion systems (WECs). These systems can offer higher 

performances by controlling converters that connect the generator windings to 

the grid network. Therefore, different control strategies have been used. We can 

find the proportional integral (PI) and sliding mode control (SMC) which offer 

better performances. However, PI has constant gains that can’t change with the 

external variation and SMC has a chattering problem. Therefore, a hybrid 

control system that combines fuzzy logic control (FLC) and SMC to perform 

fuzzy sliding mode control (FSMC) is proposed. The hybrid system can 

improve the FLC and SMC robustness. The DFIG modeling and each of the 

control strategies have been detailed. To demonstrate the effectiveness of the 

control strategies, a comparative study of different control strategies (PI, FLC, 

SMC and FSMC) is described and performed using MATLAB/Simulink 

software. The results obtained from the present study show that FSMC is more 

robust and efficient than the other controllers (PI, FLC and SMC). It has high 

performances (low settling time, high steady state accuracy) assuring a perfect 

power decoupling with minimal ripples and errors. 
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1. INTRODUCTION 

The environmental impacts and diminishing reserve of fossil fuel is forcing the power system planners 

across the globe to look for increased use of renewable energy (Evangelista et al., 2013). Among them, 

wind energy has drawn the large attention in the word. This is due, particularly, to the evolution of 

power semiconductors, decreasing equipment costs, and the development of the wind turbines industry 

which tends to have capacity of 2 MW or more (Achouri et al., 2011). In wind generation systems, 
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variable-speed variable-frequency based electrical generators can increase the energy production, with 

the flexibility of operating under wide wind conditions, simultaneously reducing the stress on the 

mechanical subsystem and offering maximum efficiency at al wind velocities (Shanti et al., 2017). In 

the modern wind energy conversion systems (WECs), doubly fed induction generator (DFIG) has a 

crucial role in variable speed technology (Zamzoum et al., 2018). The use of doubly fed induction 

generator (DFIG) has increased tremendously due to its easy maintenance with good reliability, low 

cost, and simple construction (Benbouhenni et al. 2020).  

In the WEC system, power output is affected by geographical and metrological conditions. Thus, the 

power electronic plays a significant role in forcing the system to produce maximum power despite 

internal or external variations. In addition, they are used to match the characteristics of wind turbines 

with the requirements of grid connections, including frequency, voltage, control of active and reactive 

power, harmonics, etc. (Chen et al. 2009). The DFIG rotor is interconnected to the grid through tow 

converters and directly from the stator winding. Where, the rating of the power electronic converter is 

only 25–30% of the generator capacity (Li and Chen, 2008). Many different structure and control 

algorithms are developed to control DFIG-based wind turbine system’s behavior during normal 

operation, the most control used is based on vector control (Field oriented control) as proposed in (Krim 

et al., 2018). PI control has fixed gains which can’t adjust with the extern variations. In fact, wind energy 

system has high nonlinearity obtained from uncertainties, wind speed turbulence, and the changes in 

wind system parameters (Krim et al. 2018). For this reason, nonlinear controls have been developed to 

be not very sensitive to wind speed and parameters variation, such as sliding mode controller (Serhoud 

and Benattous, 2011, 2012; Azzouz et al. 2019; Bouguerra and Benfdila, 2023), fuzzy logic controller 

(Belaimeche et al., 2018; Cheikh et al., 2013; Djoudi et al., 2021), Artificial Neural Networks 

(Benbouhenni, 2020), fuzzy sliding mode control (Benmeziane et al., 2019), H∞ Controller (Saihi et al., 

2020), etc.  

In this work, a comparative study between four control strategies is developed using proportional-

integral (PI), SMC, FLC and FSMC controllers to independently control DFIG powers. The PI controller 

is very simple to implement but is not sensitive to external or internal variations that can significantly 

degrade system performance. The SMC algorithm includes the DFIG parameters, so when these 

parameters change, the SMC lows remain the same, resulting in a significant error. In addition, the added 

discontinuous signal produces strong ripples causing chattering.  To overcome this problem, 

hybridization between SMC and FLC is proposed. Replacing the sign(S) in the SMC controller by the 

FLC control can significantly improve the performance of this control and eliminate the chattering 

phenomena. To improve the effectiveness of FSMC controller, a comparative study is established under 

variations of wind speed and DFIG parameters. The performances of PI, FLC, SMC and FSMC controls 

are compared using reference tracking and robustness criteria using the MTLAB/Simulink software.  

2. SYSTEM DESCRIPTION 

The WECs schema is described in figure 1. A wind turbine drives the rotor of DFIG by mean multiplier 

gearbox (GB), and its stator is immediately interconnected to the grid. A comparative analysis is made 

between four control strategies (PI, SMC, FLC, and FSMC) commanding DFIG powers, to compare the 

performances of the system according the reference tracking, robustness and rejection disturbance. 
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Fig 1. WECs conversion system based on DFIG  

3. SYSTEM MODELLING  

3.1 Aerodynamics modeling 

The wind speed turns the blades which produces a mechanical power in the shaft. Then, the DFIG 

transforms it in electrical power. The turbine power is given by equation (1) (Aissou et al., 2015): 

𝑃𝑡 =
1

2
𝜌 ∙ 𝐶𝑝(𝜆, 𝛽). 𝑆 ∙ 𝑉𝑤

3     (1) 

The power coefficient Cp is calculated by the following equations (Tir and Abessemed, 2014): 

𝐶𝑝(𝜆, 𝛽) = 0.5176(
116

𝜆𝑖
− 0.4𝛽 − 5) 𝑒

−21

𝜆𝑖 + 0.0068  (2) 

1

𝜆𝑖
=

1

𝜆+0.08𝛽
−
0.035

𝛽3+1
      (3) 

The tip speed ration or relative λ is the ratio between the linear blade speed and the speed of the wind 

(Tir and Abdessemed, 2014):  

𝜆 =
𝑅∙𝜔𝑡

𝑉𝑤
       (4) 

By keeping  𝜆  at its optimal value (𝜆𝑜𝑝𝑡)  the coefficient is at its maximum then as shown in figure (2), 

the optimal power can calculate by the following equation: 

𝑃𝑠
∗ =

1

2
𝜌 ∙ 𝐶𝑝𝑚𝑎𝑥(𝜆𝑜𝑝𝑡). 𝑆 ∙ 𝑉𝑤

3     (5) 

As shown in figure (2), for each wind speed the system has an optimum rotational speed which gives 

the maximum power. The main objective of RsC control is to find this point of maximum power which 

means to find the optimum rotation speed.  
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Fig 2. The mechanical power for different wind speed values 

3.2 DFIG modeling 

The DFIG consists of two essential parts; the first one is the stationary part (the stator) which it is directly 

connected to the grid. The second one is the rotor that is connected mechanically to the turbine through 

a gearbox and it is connected too to the back-to-back converters via a rings system. The both parts are 

consisted by three windings with a diphase angle of 120°. Using Park transformation, the rotor, stator 

voltages of the DFIG are given by the following equation: 

{
  
 

  
 𝑉𝑠𝑑 = 𝑅𝑠𝐼𝑠𝑑 +

𝑑𝜑𝑠𝑑

𝑑𝑡
−𝜔𝑠𝜑𝑠𝑞

𝑉𝑠𝑞 = 𝑅𝑠𝐼𝑠𝑞 +
𝑑𝜑𝑠𝑞

𝑑𝑡
+𝜔𝑠𝜑𝑠𝑑

𝑉𝑟𝑑 = 𝑅𝑟𝐼𝑟𝑑 +
𝑑𝜑𝑟𝑑

𝑑𝑡
−𝜔𝑟𝜑𝑟𝑞

𝑉𝑟𝑞 = 𝑅𝑟𝐼𝑟𝑞 +
𝑑𝜑𝑟𝑞

𝑑𝑡
+𝜔𝑟𝜑𝑟𝑑

     (6) 

   With: 𝜔𝑟 = 𝜔𝑠 − 𝑝𝜔𝑡 

When, the flux is given in equation (7): 

{
 

 
𝜑𝑠𝑑 = 𝐿𝑠𝐼𝑠𝑑 + 𝐿𝑚𝐼𝑟𝑑
𝜑𝑠𝑞 = 𝐿𝑠𝐼𝑠𝑞 + 𝐿𝑚𝐼𝑟𝑞
𝜑𝑟𝑑 = 𝐿𝑟𝐼𝑟𝑑 + 𝐿𝑚𝐼𝑠𝑑
𝜑𝑟𝑞 = 𝐿𝑟𝐼𝑟𝑞 + 𝐿𝑚𝐼𝑠𝑞

      (7) 

The stator powers are given in equation (8): 

{
𝑃𝑠 = 𝐼𝑠𝑑𝑉𝑠𝑑 + 𝑉𝑠𝑞𝐼𝑠𝑞
𝑄𝑠 = 𝑉𝑠𝑞𝐼𝑠𝑑−𝑉𝑠𝑑𝐼𝑠𝑞

    (8) 

The electromagnetic torque (𝐶𝑒𝑚) equation is: 

 𝐶𝑒𝑚 = −𝑝
𝐿𝑚

𝐿𝑠
(𝜑𝑠𝑞𝐼𝑟𝑑 − 𝜑𝑠𝑑𝐼𝑟𝑞)    (9) 
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4. INDIRECT FIELD-ORIENTED CONTROL 

After the DFIG modeling, the mechanical model is non-linear and it is strongly coupled which makes 

its control very difficult and complex. So, to simplify this problem with a great efficiency, the 

application of vector control is necessary. When, the principle of the vector control is to assimilate the 

behavior of an induction machine to a DC machine, to control the flux and the torque independently. In 

result, the currents 𝐼𝑟𝑞 , 𝐼𝑟𝑑   are responsible for command the active and reactive powers respectively.  

Under stator field orientation, the stator field vector is aligned with the d-axis as shown in figure (3): 

 

Fig 3. Stator field orientation of DFIG 

The stator’s flux and voltages are given in the following equations: 

{
𝜑𝑠𝑑 = 𝜑𝑠
𝜑𝑠𝑞 = 0

       (10) 

     {
𝑉𝑠𝑑 = 0

𝑉𝑠𝑞 = 𝑉𝑠 = 𝜔𝑠𝜑𝑠
      (11) 

By substituting the equation (10) in equation (7), the stator currents can be calculated as shown: 

     {
𝐼𝑠𝑞 = −

𝐿𝑚

𝐿𝑠
𝐼𝑟𝑞

𝐼𝑟𝑑 = −
𝐿𝑚

𝐿𝑠
𝐼𝑟𝑑 +

𝑉𝑠

𝜔𝑠𝐿𝑚

     (12) 

The replacing of equation (12) in equation (8) gives the flowing equation: 

     {
𝑃𝑠 = −

3𝐿𝑚

2𝐿𝑠
𝑉𝑠𝐼𝑟𝑞

𝑄𝑠 =
3𝑉𝑠

2

2𝐿𝑠𝜔𝑠
−
3𝐿𝑚

2𝐿𝑠
𝑉𝑠𝐼𝑟𝑑

      (13) 

The DFIG voltages are expressed as:    

     {
𝑉𝑟𝑑 = 𝑅𝑟𝐼𝑟𝑑 + 𝐿𝑟𝜎

𝑑𝐼𝑟𝑑

𝑑𝑡
− 𝑔𝜔𝑠𝐿𝑟𝜎𝐼𝑟𝑞

𝑉𝑟𝑞 = 𝑅𝑟𝐼𝑟𝑞 + 𝐿𝑟𝜎
𝑑𝐼𝑟𝑞

𝑑𝑡
+ 𝑔𝜔𝑠𝐿𝑟𝜎𝐼𝑟𝑑 + 𝑔

𝐿𝑚𝑉𝑠

𝐿𝑠

  (14) 

The electromagnetic torque is given by this equation: 

     𝐶𝑒𝑚 = −𝑝
3𝐿𝑚𝑉𝑠

2𝐿𝑠𝜔𝑠
𝐼𝑟𝑞      (15) 
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When 𝜎 = 1 −
𝐿𝑚
2

𝐿𝑠.𝐿𝑟
 

After the powers equation (13), the rotor currents can be expressed in equation (16):  

     {
𝐼𝑟𝑞
∗ = −

2𝐿𝑠

3𝐿𝑚
𝑃𝑠

𝐼𝑟𝑑
∗ = −

2𝐿𝑠

3𝐿𝑚𝑉𝑠
𝑄𝑠 +

𝑉𝑠

𝜔𝑠𝐿𝑚

     (16) 

The indirect field-oriented control (IFOC) using PI regulator is shown in figure 4. 

 
Fig 4. DFIG schema using IFOC (PI) controller 

5. FUZZY LOGIC CONTROL 

Due to its high efficiency and performance under external changes, the FLC technique became one of 

the most widely used controller in renewable energy systems Bouguerra and Benfdila, 2021). According 

to available information’s, Fuzzy logic control (FLC) is able to control nonlinear, uncertain systems 

using a fuzzy model, rule and logic language variation to give very satisfactory performances. Fuzzy 

controller schema is illustrated in Figure 6, which has two inputs (𝑒, 𝑑𝑒) and one output (𝑢). 

 
Fig 5. FLC structure 

Figure 7 represents the membership functions and the Table 2 shows the rule of FLC controller. The 

symbols BP, MP, P, ZE, N, MN, BN signify respectively Big Positive, middle Positive, Positive, Zero,    

Negative , Middle Negative, Big Negative. 
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Fig 6. 𝑒, ∆𝑒, ∆𝑢.  Membership functions  

Table 1. Rule bases of FLC controller 

𝒖 𝒅𝒆 

BN MN N ZE P MP BP 

 

 

      

𝒆 

BN BN BN BN BN MN N ZE 

MN BN BN BN MN N ZE P 

N BN BN MN N ZE P MP 

ZE BN M N N ZE P MP BP 

P MN N ZE P MP BP BP 

MP N ZE P MP BP BP BP 

BP ZE P MP BP BP BP BP 

6. SLIDING MODE CONTROL 

Due to its simple implementation, strong robustness and high ability to handle disturbances, the sliding 

mode control is considered as a robust controller of nonlinear systems. The principle of this technique 

is made by applying a discontinuous signal (sign(S(X))) to oblige the system to slide around the chosen 

sliding surface.  

 

Fig 7. The interpretation of sliding mode control  

The SMC control is calculated by adding the discontinuous component to the equivalent control which 

is calculated from the chosen sliding surface. This SMC control is given in equation (17): 

𝑢 = 𝑢𝑒𝑞 + 𝑢𝑛      (17) 
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The sliding surfaces are given in equation (18): 

{
𝑆(𝑃) = 𝐼𝑟𝑞

∗ − 𝐼𝑟𝑞
𝑆(𝑄) = 𝐼𝑟𝑑

∗ − 𝐼𝑟𝑑
      (18) 

In sliding mode control, the derivatives of surfaces must be equal to zero: 

{
�̇�(𝑃) = 𝐼�̇�𝑞

∗ − 𝐼�̇�𝑞 = 0

�̇�(𝑄) = 𝐼�̇�𝑑
∗ − 𝐼�̇�𝑑 = 0

     (19) 

After the equation (14), the currents expression is retired as shown in this function: 

{
𝐼�̇�𝑑 =

1

𝐿𝑟𝜎
(𝑉𝑟𝑑 − 𝑅𝑟𝐼𝑟𝑑 + 𝑔𝜔𝑠𝐿𝑟𝜎𝐼𝑟𝑞)

𝐼�̇�𝑞 =
1

𝐿𝑟𝜎
(𝑉𝑟𝑞 − 𝑅𝑟𝐼𝑟𝑞 − 𝑔𝜔𝑠𝐿𝑟𝜎𝐼𝑟𝑑 − 𝑔

𝐿𝑚𝑉𝑠

𝐿𝑠
)
  (20) 

By replacing the equation (16) and (20) in equation (19), that gives the equivalent commands of sliding 

mode control as detailed in equation (21): 

{
𝑉𝑟𝑞
𝑒𝑞
= −

2𝐿𝑠𝐿𝑟𝜎

3𝐿𝑚𝑉𝑠
�̇�𝑠
∗ + 𝑅𝑟𝐼𝑟𝑞 + 𝑔𝜔𝑠𝐿𝑟𝜎𝐼𝑟𝑑 + 𝑔

𝐿𝑚.𝑉𝑠

𝐿𝑟

𝑉𝑟𝑑
𝑒𝑞
= −

2𝐿𝑠𝐿𝑟𝜎

3𝑉𝑠𝐿𝑚
�̇�𝑠
∗ + 𝑅𝑟𝐼𝑟𝑑 − 𝑔𝜔𝑠𝐿𝑟𝜎𝐼𝑟𝑞

 (21) 

We consider that: 

𝑉𝑟𝑑,𝑟𝑞
∗ = 𝑉𝑟𝑑,𝑟𝑞

𝑒𝑞
+ 𝐾𝑠𝑖𝑔𝑛(𝑆𝑃𝑄)   (22) 

The DFIG model using SMC controller is illustrated in figure 8. 

 

Fig 8. DFIG schema using SMC controller 
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7. FUZZY SLIDING MODE CONTROL 

The addition of the discontinuous control signal to sliding surface provokes chattering phenomenon 

which can affect many damages to the mechanical components. Therefore, a FSMC control is 

established which associates the SMC with the FLC to improve the SMC performances. FSMC replaces 

𝐾𝑠𝑖𝑔𝑛(𝑆(𝑋)), by fuzzy term as expressed in (22). 

𝑢 = 𝑢𝑒𝑞 + 𝑢𝑓𝑢𝑧𝑧𝑦      (22) 

The detailed DFIG schema using FSMC controller is shown in figure 9.  

 

Fig 9. Fuzzy sliding mode control  

8. SIMULATION RESULTS 

A comparative study is presented below using (PI, FLC, SMC and FSMC) to control independently the 

DFIG powers based on WECs under wind speed and parameters variations in terms of power reference 

tracking, THD of the Stator Current, the dynamic response, static error, precision overshoot and 

robustness. The system parameters are listed in Table 2. 

Table 2. WECs parameters 

Wind turbine  DFIG  

Gearbox ratio (G)  

Blade radius (R) m 

Moment of Inertia (J) 

90 

35.25 m 

1000 kg m2 

Power  

Number of pole pairs (p) 

Rotor resistance (Rr) 

Stator inductance (Ls) 

Rotor inductance(Lr) 

Mutual inductance (Lm) 

1.5 MW 

2 

0.021 Ω 

0.0137 H 

0.0136 H 

0.0135 H 
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8.1 Reference tracking 

The first series of tests are performed using a realistic wind speed to verify the robustness of system 

during this disturbance. The reference value of the active power (𝑃𝑠𝑟𝑒𝑓) is calculated by the MPPT 

strategy and the reactive power value is kept at zero (𝑃𝑠𝑟𝑒𝑓 = 0) to ensure unity power factor. After the 

decoupling process applied, the active power and the electromagnetic torque are depending directly with 

the quadrature component of the DFIG rotor current (Irq) as detailed in equations (13) and (15). 

consequently, Ps and Cem vary in the same manner as Iqr. When, the reactive power is proportional to the 

direct component of DFIG rotor current (Idr ) as proved in equation (13). That explains the same shape 

of Qs with Idr. This means that the decoupling has been successfully achieved. 

In figure 10, the powers follow their references values in infinite time with a good accuracy and 

respected decoupling (the active power is negative, which means that the DFIG operates as a generator). 

The amplitudes of ripples of FSMC and FLC are smaller and occur in a shorter period compared to 

ripples obtained for the PI and SMC and PI controllers. 

The stator and rotor currents are sinusoidal with a frequency of 50Hz and their magnitudes vary with 

the variation of wind speed as shown in figures (14 and 15). The total harmonic distortion (THD) of 

stator currents of the utilized controllers is less than 1% (figure 16); the best THD is obtained by FLC 

and FSMC controllers (0.28% and 0.33% respectively), which means that a good quality of energy is 

injected to the grid. 

 

Fig 10. Active and reactive behavior 

 
Figure 11. Quadrature current of the rotor              Figure 12. Direct current of the rotor 
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                      Fig 13. Electromagnetic torque                                  Fig 14. DFIG rotor currents 

 
                        Fig 15. DFIG Stator Current                                Fig 16. THD of stator currents 

8.2 Robustness 

The second series of tests is executed using a stepped wind to visualize the transient and steady state 

responses of different control applied to the WECs-DFIG. We are interested in comparing the robustness 

of the different controllers (PI, FLC, SMC, FSMC) against parameters variation such as the inductances 

Ls, Lr the mutual inductance Lm and resistances Rs, Rr. The impact of rotor inductance LS(30%) is 

displayed in figure (17). Figure 18, 19 and figure 20 display simulation results when several parameters 

change at the same time. Figure 12  (Rr + 50 %, Lr + 30%, Lm + 10%), figure 19 (50% of Rr, Rs,+10 

Lm and 30%Lr), figure 20 (Rr + 100 %,Rs + 100 %, Lr + 10 % and Lm − 5 %) 

First, the MATLAB / simulink results show that the active/reactive power decoupling is maintained and 

respected. In addition, the coupling effect has been watched at t =  0.5s  and at t =  1.7 s  in active 

power with PI regulator. These oscillations appear if a considerable change is applied to reactive power 

(increase from −5VAR to 0VAR at t =  0.5s and decrease from 5VAR to 0VAR at t = 1.7s), also, this 

coupling effect appears clearly in reactive power only with PI and FLC controllers (at t = 1s, 2s, 3s). 

Secondly, we note a faster response for the FSMC (ts(settling time) = 0.009s), FLC (ts = 0.0093s) 

and SMC (ts = 0.0125s), the responses with these regulators are correctly followed without any 

overshoots. The responses with the PI controller have evolved to a steady state with significant response 

time (0.09s), error and overshoots compared to other controllers. Between t=3 and 4s, the total power 

produced by the DFIG is the maximum that the DFIG can produce (1.5MW), the system using the PI 

controller suffers from producing it completely with the variation of parameters as presented in figures 
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(17, 20), with of high ripples and significant error in reactive power. In figure 20, a negligible error and 

enlarged ripples are shown with the SMC controller to satisfy the 1.5 MW demand. In reactive power, 

an error is displayed with all three controllers (PI, FLC and SMC) due to a high active power demand 

(1.5 MW) without any error in FSMC control, demonstrating the high robustness of the FSMC compared 

to other controllers. 

 

Fig 17. Powers behavior with: 30% of Ls variation 

 

Fig 18. Powers behavior with: 50%  variation of Rr, Rs and  30% variation of  Lr  

 

Fig 19. Powers behavior with: 50% of Rr, Rs, +10 Lm and 30%Lr 
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Fig 20. Powers behavior with: 100%  variation of Rr, Rs,  +10% variation of Lr, Ls and -5% variation 

of Lm  

Table 3 compares the performances of these four controllers, PI controller takes a long time to follow 

its reference with undesirable maximum overshoots, a considerable error and a medium robustness 

against the parameters variation. This is due to the fixed gains which can’t change with the variations of 

internal and external parameters. SMC presents a high robustness compared to PI regulator with a quick 

response time and without any overshoot. But it shows high oscillations due to the use of discontinuous 

control single. FLC has presented a high performance compared to PI and SMC. However, FSMC can 

resist this parametric variation without any overshoot or error, giving the higher robustness and 

performances against any parameters variations.  

Table. 3 Comparative of the performances of applied controllers 

Performances Response 

time(s) 

Overshoot 

(%) 

Robustness Precision Set-point 

tracking 

PI 0.09 31% Medium Medium Good 

SMC 0.0125 - Strong Good Very Good 

FLC 0.0093 - strong Good Very Good  

FSMC 0.009 - Excellent  High Very good 

9. CONCLUSION 

The control of DFIG wind turbine has been studied in this paper. A PI, SMC, FLC and FSMC controllers 

are applied to control independently the active and reactive power to improve the system performances.  

The obtained results show that the PI, FLC, SMC and FSMC controllers function well under normal 

conditions. However, in the case of parameters variation, the PI degrades the system performances 

because it has fixed gains which are incapable to track perfectly the power references when parameters 

change. SMC has a chattering problem. FLC shows less oscillation than PI and SMC controllers. As a 

result, the FSMC controller gives very high performances toward sensitivity to perturbation under 

parameters variation with minimal ripples and error compared to all other regulators. 
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NOMENCLATURE 

Turbine 

𝑃𝑡 Turbine power  𝛽 pitch angle 

𝜔𝑡 Turbine rotational speed  𝑅 Radius of turbine rotor  

𝜌 Air density  𝜆 Tip speed ratio 

𝐶𝑝 Power coefficient  𝑉𝑤 Wind speed  

𝑆 Area swept by turbine blades  𝜆𝑜𝑝𝑡 Optimal value of tip speed ratio 

DFIG 

𝑉𝑠𝑑 , 𝑉𝑠𝑞 d-q stator voltages  𝑅𝑟 Rotor phase resistance  

𝜑𝑠𝑑 , 𝜑𝑠𝑞 d-q stator flux  𝑅𝑠 Stator phase resistance 

𝜑𝑟𝑑 , 𝜑𝑟𝑞 d-q rotor flux 𝜔𝑠 Stator angular frequency 

𝑉𝑟𝑑 , 𝑉𝑟𝑞 d-q rotor voltages 𝜔𝑟 Rotor angular frequency 

𝐼𝑠𝑑 , 𝐼𝑠𝑞 d-q stator currents 𝐿𝑠 Stator inductance  

𝐼𝑟𝑑 , 𝐼𝑟𝑞 d-q rotor currents 𝐿𝑟 Rotor inductance 

𝑃𝑠 Stator active power  𝐶𝑒𝑚 electromagnetic torque 

𝑄𝑠 Rotor active power p Number of pole pair 
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