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 In this research paper, a nonlinear Backstepping controller has been proposed 

in order to improve the dynamic performance of a doubly fed induction 

generator (DFIG) based Wind Energy conversion System, connected to the 

grid through a back-to-back converter. Firstly, an overall modeling of 

proposed system has been presented. Thereafter, three control techniques 

namely backstepping (BSC), sliding mode (SMC) and field-oriented control 

(FOC) using a conventional PI regulator have been designed in order to 

control the stator active and reactive powers of the DFIG. In addition, the 

maximum power point tracking (MPPT) strategy has been investigated in 

this work with three mechanical speed controllers: BSC, SMC and PI 

controller with the aim of making a synthesis and a comparison between their 

performances to determine which of those three techniques is more efficient 

to extract the maximum power. Finally, a thorough comparison between the 

adopted techniques for the DFIG control has been established in terms of 

response time, rise time, total harmonic distortion (THD) (%) of the stator 

current, static errors and robustness. The effectiveness and robustness of each 

control approach has been implemented and tested under 

MATLAB/Simulink environment by using a 1.5 MW wind system model. 
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NOMENCLATURE 

 

β (Degree °) : blade pitch angle Pv (W) : power of the wind turbine 

 λ : tip speed ratio or Lambda Ps(W), Qs (Var) : active and reactive power 

 Cp : Power coefficient ϕs, ϕr (Wb) : stator and rotor flux 

 ρ (Kg/m3)   : Air density Vs, Vr (V) : stator and rotor voltage 

 V (m/s) : wind speed is, ir (A) : stator and rotor current 

 R (m) : blade radius ωs, ωr (rad/s) : stator and rotor pulsations 

 S (m²) : wind turbine blades swept area (= π*R²) Ωg (rad/s) : mechanical speed 

 Paer (W) : aerodynamic power RSC : rotor side converter 

 Caer (N.m) : aerodynamic torque GSC : grid side converter 

 

https://creativecommons.org/licenses/by-sa/4.0/
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1. INTRODUCTION 

Many nations are looking to develop an alternative solution based on renewable energy sources, like 

solar and wind energy, that impacts the environment in a positive way and contributes to the 𝐶𝑂2 emissions 

reduction [1], [2]. Actually, the wind power source is categorized as one of the most efficient and robust 

technologies to achieve this objective. Moreover, to bypass the old sources and generate a cleaner energy, the 

variable speed wind turbines configuration has attracted many researches, due to the fact that it offers more 

dynamic and effectiveness than the fixed speed turbines through raising the energy quality, reducing the 

mechanical pressure and increasing the extracted power [3]. On the other side, the variable speed wind 

turbine (VSWT) that uses a synchronous generator, or permanent magnetic synchronous generator (PMSG), 

basically needs a full converter in the stator side [4]-[6]. However, in VSWTs that operates with a doubly fed 

induction generator (DFIG), only a partial converter is necessary in the rotor side [7]. That is to say that the 

DFIG based wind turbine is more adequate. Furthermore, it can attain high efficiency and maximize the 

extracted energy from the wind, which makes it an attractive option to be used for its several benefits and 

robustness [8], [9]. 

Various control techniques have been proposed in the literature to monitor the wind turbine during 

wind speed variations and external disturbances, and to achieve the highest rate of efficiency, such as filed 

oriented control (FOC) based on PI controller, however the performance can be demoted if the system 

internal gains are changed [10], [11]. To overcome the drawbacks of FOC, several advanced nonlinear 

approaches can be used to enhance WECS robustness. Referring to [12], an adaptive control has been 

implemented, and the robustness was high under abrupt speed changes. Nonetheless, various design 

parameters reveal when this approach is applied. Thus, they affect the controlled system performance. 

Robust control design using Neuronal network algorithm has proposed in [13]. The Simulations 

show an efficient performance in term of overshoot and response time. Yet, this approach needs an abundant 

parameter adjusted and a massive data in the training phase. The authors in [14] designed a fuzzy logic 

controller in order to control WECS. The controller delivers an appropriate result with fluctuations in 

generator velocity due to the several tuning parameters of the mentioned algorithm. Sliding Mode Control 

(SMC) is a good solution to control the DFIG due to its robustness, but even so, a pure SMC suffers from the 

chattering effect. Amidst the limitations of above-mentioned technologies, nonlinear Backstepping control is 

proposed and tested on a high power DFIG based WECS in this study, for its many advantages in terms of 

performances improvement, simplicity of implementation, and robustness against the external disturbances 

[15], [16]. Moreover, the system stability can be ensured by applying Lyapunov function. In order to prove 

the effectiveness of the suggested control, a comparison has been conducted in this paper with an improved 

sliding mode approach using (sat) function as a replacement of the regular (sign) function to reduce the 

chattering problem. Moreover, an overall comparison of the collected results with other published works has 

been made regarding precision, efficacy, quality of injected power, set-point tracking, response time, static 

errors, and minimizing the total harmonic distortion (THD). 

This paper is organized as follows: after the introduction that is bringing a general review in 

literature, section 2, came to present the modeling of the wind energy system, and the MPPT control strategy. 

Thereafter, section 3 deals with the implementation of vector control on the DFIG. Then, section 4 examines 

the proposed Sliding Mode Algorithm, while section 5 explains the suggested backstepping strategy of DFIG. 

Subsequently, section 6 introduces the modelling of the rotor side converter. Then, the simulation results are 

shown in section 7. Finally, section 8 summarizes the conclusion. 
 

 

2. WIND ENERGY CONVERSION SYSTEM MODEL 

DFIG based wind energy system is represented by the simplified schematic diagram of Figure 1. 

This electrical machine has a rotor circuit connected to the grid through back-to-back power electronic 

converters, while the stator circuit is directly connected to the power grid. 
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Figure 1. Wind energy conversion system configuration 
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2.1. Modeling of the wind turbine and MPPT control strategy 

The mathematical model of the turbine is expressed by the following [17]: 
 

PV =
ρSV3

2
  (1) 

 

Paer = CpPV =
1

2
ρπR2V3Cp(λ, β)  (2) 

 

The aerodynamic power coefficient Cp as a function of the tip speed ratio (TSR) λ and the pitch 

angle β is giving by I. Yasmine and B. Badre [18]:  
 

{
Cp ( 𝜆, 𝛽) = 0 . 5 (

116

𝜆𝑖
− 0.4𝛽 − 5) 𝑒𝑥𝑝 (

−21

𝜆𝑖
) + 0.0068 𝜆

1

𝜆𝑖
 =  

1

𝜆+0.08𝛽
 −

0.035

𝛽3+1
            ;             𝜆 =

𝛺𝑡𝑅

𝑉

  (3) 

 

The variation of the power coefficient (Cp) as a function of (TSR) is illustrated in Figure 2. As it can 

be seen, the maximum value of Cpmax=0.479 is obtained when λopt=8.1 and β = 0. 
 
 

 
 

Figure 2. The power coefficient Cp curve versus the speed ratio TSR for several blade angles 
 

 

The electromagnetic and mechanical torques equations are related by: 
 

𝐽
𝑑𝛺𝑔

𝑑𝑡
= 𝐶𝑚𝑒𝑐 = 𝐶𝑔 − 𝐶𝑒𝑚 − 𝐶𝑓  (4) 

 

where 𝐽 =
𝐽𝑡

𝐺2
+ 𝐽𝑔 , 𝐶𝑓 = 𝑓𝑣𝛺𝑔.   𝑓𝑣 coefficient of fractionate.  𝐽𝑡,  𝐽𝑔 and 𝐽 inertia of the turbine, generator and 

the total inertia. 𝐶𝑔, 𝐶𝑒𝑚, 𝐶𝑓 are the torque applied on the generator, the electromagnetic torque and the torque 

resulting from the viscous friction, respectively. 

To capture the maximum of the wind energy, the rotational speed of the turbine must be 

continuously adjusted according to the wind speed variations [19]. The main goal of this command is to 

adjust continuously the turbine rotational speed at the value that guarantees an optimal speed ratio (λopt). 

In this paper, The MPPT technique has been realized with mechanical speed control as shown in 

Figure 3. This control strategy consists of adjusting the electromagnetic torque that is developed by the 

electrical generator in order to fix it at its reference value. To achieve this, a speed control has been used to 

ensure that the mechanical speed is equal to the reference speed. This speed regulation has been processed by 

three types of controllers with a view to make a synthesis and a comparison between those three controllers. 

 

2.3.1.PI controller 

The closed-loop transfer function can be written as: 
 

Ω𝑔(𝑠)

Ω𝑔∗(𝑠)
=

2𝜉.𝜔𝑛.𝑠+𝜔𝑛
2

𝑠2+2𝜉.𝜔𝑛.𝑠+𝜔𝑛
2 =

𝐾𝑖+𝐾𝑝.𝑆

𝐽

𝑠2+
𝐾𝑝.𝑓𝑣

𝐽
.𝑠+

𝐾𝑖
𝐽

  (5) 

 

The parameters Kp and Ki of the PI controller are given by: 

 

{
Kp = 2ξ. ωn. J − fV

Ki = J. ωn
2   (6) 
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Figure 3. Block diagram of the maximum power point tracking technique using speed control 

 

 

2.3.2.Backstepping controller 

To design a backstepping control of the mechanical speed. We start by defining the tracking error of 

the set point as [20]: 

 

e(Ωg) = Ωg
∗ − Ωg  (7) 

 

We consider the following Lyapunov function: 

 

v(e) =
1

2
e(Ωg)

2
  (8) 

 

By deriving (9) and using the speed dynamic in (4), The Lyapunov function derivative can be 

formulated as: 

 

v̇(e) = e(Ωg). ė(Ωg) = 𝑒(Ω𝑔). (Ω𝑔
∗̇ +

1

𝐽
(𝐶𝑒𝑚 + 𝑓𝑣. 𝛺𝑔 − 𝐶𝑔))  (9) 

 

The stabilizing control of backstepping is defined as follows: 

 

Cem
∗ = −𝐽. Ω𝑔

∗̇ − 𝑓𝑣. 𝛺𝑔 + 𝐶𝑔 − 𝐾1. 𝑒(Ω𝑔)  (10) 

 

With  K1 is a positive constant. By substituting the (10) in (9), the result can be given as: 

 

�̇�(𝑒) = −𝐾1. e(Ωg)
2
< 0  (11) 

 

2.3.3.Sliding mode controller 

To determine the command magnitude Cem
∗ , the relative degree of the surface is equal to one. The 

sliding surface is defined by: 

 

S(Ωg) = Ωg
∗ − Ωg  (12) 

 

We consider the following Lyapunov function: 

 

V (S(Ωg)) =
1

2
S(Ωg)

2
  (13) 

 

The Lyapunov function derivative can be expressed as: 

 

V̇ (S(Ωg)) = 𝑆(Ω𝑔). �̇�(Ω𝑔)  (14) 

 

With Ṡ(Ω𝑔) = Ω𝑔
∗̇ − Ω�̇� (15) 
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By replacing the (4), We get: 
 

Ṡ(Ωg) = Ω𝑔
∗̇ +

1

J
(Cem + fv. Ωg − Cg)  (16) 

 

Replacing the command Cem by its equivalent components (Cemeq + Cemn) in (16), we find: 
 

Ṡ(Ωg) = Ωg
∗̇ +

1

J
((Cemeq + Cemn) + fv. Ωg − Cg)  (17) 

 

During the sliding mode and in the steady state we have:  S(Ωg) = 0 ; Ṡ(Ωg) = 0 and Cemn = 0. 

From these statements, we can extract the expression of the equivalent command Cemeq as the following:  
 

Cemeq = −J. Ωg
∗̇ − fv. Ωg + Cg  (18) 

 

Replacing the (18) in (17), the result became as: 
 

Ṡ(Ωg) =
1

J
Cemn  (19) 

 

To ensure the convergence of Lyapunov's function, we set: 
 

Cemn = −K2. sign (S(Ωg))  (20) 

 

Such as K2is a positive constant. 
 

2.2. Modeling of the wind turbine and MPPT control strategy 

The general mathematical equations of the voltages, flux and active/reactive powers of the doubly fed 

induction generator in the dq Park reference are given by the following expressions [21], [22]:  

 

voltage equations ∶  

{
 
 

 
 𝑉𝑠𝑑 = 𝑅𝑠𝑖𝑠𝑑 +

𝑑

𝑑𝑡
𝜙𝑠𝑑 −𝜔𝑠𝜙𝑠𝑞

𝑉𝑠𝑞 = 𝑅𝑠𝑖𝑠𝑞 +
𝑑

𝑑𝑡
𝜙𝑠𝑞 + 𝜔𝑠𝜙𝑠𝑑

𝑉𝑟𝑑 = 𝑅𝑟𝑖𝑟𝑑 +
𝑑

𝑑𝑡
𝜙𝑟𝑑 − (𝜔𝑠 − 𝜔𝑟)𝜙𝑟𝑞

𝑉𝑟𝑞 = 𝑅𝑟𝑖𝑟𝑞 +
𝑑

𝑑𝑡
𝜙𝑟𝑞 + (𝜔𝑠 −𝜔𝑟)𝜙𝑟𝑑

  (21) 

 

flux equations ∶  

{
 

 
𝜙𝑠𝑑 = 𝐿𝑠𝑖𝑠𝑑 + 𝐿𝑚𝑖𝑟𝑑
𝜙𝑠𝑞 = 𝐿𝑠𝑖𝑠𝑞 + 𝐿𝑚𝑖𝑟𝑞
𝜙𝑟𝑑 = 𝐿𝑟𝑖𝑟𝑑 + 𝐿𝑚𝑖𝑠𝑑
𝜙𝑠𝑞 = 𝐿𝑟𝑖𝑟𝑞 + 𝐿𝑚𝑖𝑠𝑞

  (22) 

 

power equations ∶  

{
𝑃𝑠 =

3

2
𝑅𝑒{�⃗� 𝑠 × 𝐼 𝑠

∗} =
3

2
(𝑉𝑠𝑑𝑖𝑠𝑑 + 𝑉𝑠𝑞𝑖𝑠𝑞)

𝑄𝑠 =
3

2
𝐼𝑚{�⃗� 𝑠 × 𝐼 𝑠

∗} =
3

2
(𝑉𝑠𝑞𝑖𝑠𝑑 − 𝑉𝑠𝑑𝑖𝑠𝑞)

  (23) 

 

where ωs is the pulsation of the stator variables and ωr is the pulsation of the rotor ones. This last parameter 

is given by: 

 

𝜔𝑟 = 𝜔𝑠 − 𝑝. 𝛺𝑔  (24) 

 

The electromagnetic torque is expressed as: 

 

𝐶𝑒𝑚 =
3

2
𝑝
𝐿𝑚

𝐿𝑠
𝐼𝑚{𝑠

⃗⃗⃗⃗  ⃗ × 𝐼𝑟
∗⃗⃗⃗  } =

3

2
𝑝
𝐿𝑚

𝐿𝑠
(𝜙𝑠𝑞𝑖𝑟𝑑 − 𝜙𝑠𝑑𝑖𝑟𝑞)  (25) 
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3. APPLICATION OF THE VECTOR CONTROL ON THE DFIG 

The asynchronous machine can adopt several types of control such as vector control, which ensures 

decoupling between its variables and makes it similar to a DC generator [23]-[25]. To decouple the control of 

active and reactive power, we adopt in this work the technique of stator field orientation. By setting the stator 

field vector aligned with d-axis, we obtain: 

 

{
∅𝑠𝑞 = 0

∅𝑠𝑑 = 𝑠
  (26) 

 

{
𝑉𝑠𝑞 = 0

𝑉𝑠𝑑 = 𝑉𝑠 = 𝜔𝑠𝑠

  (27) 

 

According to this statement, the (22) can be simplified: 

 

{
𝑖𝑠𝑑 =

𝑠

𝐿𝑠
−

𝐿𝑚

𝐿𝑠
𝑖𝑟𝑑

𝑖𝑠𝑞 = −
𝐿𝑚

𝐿𝑠
𝑖𝑟𝑞

  (28) 

 

The expression of the rotor flux becomes: 

 

{
∅𝑟𝑑 = 𝜎𝐿𝑟𝑖𝑟𝑑 +

𝐿𝑚

𝐿𝑠
𝑠

∅𝑟𝑞 = 𝜎𝐿𝑟𝑖𝑟𝑞
  (29) 

 

With 𝜎 = 1 −
𝐿𝑚
2

𝐿𝑠𝐿𝑟
  is the dispersion coefficient of Blondel. 

From (21), we deduce the expressions of the control variables 𝑉𝑟𝑑 and  𝑉𝑟𝑞: 

 

{
𝑉𝑟𝑑 = 𝑅𝑟𝑖𝑟𝑑 + 𝜎𝐿𝑟

𝑑

𝑑𝑡
𝑖𝑟𝑑 − 𝑔𝜔𝑠𝜎𝐿𝑟𝑖𝑟𝑞

𝑉𝑟𝑞 = 𝑅𝑟𝑖𝑟𝑞 + 𝜎𝐿𝑟
𝑑

𝑑𝑡
𝑖𝑟𝑞 + 𝑔𝜔𝑠𝜎𝐿𝑟𝑖𝑟𝑑 + 𝑔

𝐿𝑚𝑉𝑠

𝐿𝑠

  (30) 

 

Replacing the expressions of  𝑖𝑠𝑑, 𝑖𝑠𝑞and ∅𝑠𝑑in the expression of the electromagnetic torque and the 

stator active and reactive powers in (23) and (25), we can express Cem, Ps and Qs by (31) and (32) 

respectively: 

 

𝐶𝑒𝑚 = −
3

2
𝑝
𝐿𝑚

𝐿𝑠
 𝑠𝑖𝑟𝑞 = −

3

2
𝑝
𝐿𝑚𝑉𝑠

𝐿𝑠𝜔𝑠
𝑖𝑟𝑞  (31) 

 

{
𝑃𝑠 = −

3

2
𝑉𝑠
𝐿𝑚

𝐿𝑠
𝑖𝑟𝑞

𝑄𝑠 =
3

2
(𝑉𝑠

𝑠

𝐿𝑠
− 𝑉𝑠

𝐿𝑚

𝐿𝑠
𝑖𝑟𝑑)

  (32) 

 

 

4. APPLICATION OF THE SLIDING MODE CONTROL OF DFIG 

The sliding mode knew a big success during last years.  It is due to its implementation simplicity 

and the robustness with regard to the system uncertainties and the external disturbances. The SMC consists to 

return the state trajectory towards the sliding surface and to develop it above, with a certain dynamic up to 

the equilibrium [26]. The sliding mode control goes through three stages: 

- Choice the switching surface  

- Convergence condition 

- Calculation of the control laws  
The stator active and reactive powers control surfaces have the form: 

 

{
S(𝑃𝑠) = 𝑃𝑠

𝑟𝑒𝑓
− 𝑃𝑠

𝑆(𝑄𝑠) = 𝑄𝑠
𝑟𝑒𝑓

− 𝑄𝑠
  (33) 

 

The derivatives of the surfaces are obtained as: 
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{
�̇�(𝑃𝑠) = (�̇�𝑠

𝑟𝑒𝑓
− �̇�𝑠)

�̇�(𝑄𝑠) = (�̇�𝑠
𝑟𝑒𝑓

− �̇�𝑠)
  (34) 

 

We replace the expressions of active and reactive powers (32) in the last one: 

 

{
�̇�(𝑃𝑠) = (�̇�𝑠

𝑟𝑒𝑓
+

3

2
. 𝑉𝑠.

𝐿𝑚

𝐿𝑠
. 𝐼�̇�𝑞)

�̇�(𝑄𝑠) = �̇�𝑠
𝑟𝑒𝑓

− (−
3

2
. 𝑉𝑠.

𝐿𝑚

𝐿𝑠
. 𝐼�̇�𝑟)

  (35) 

 

The next step is to draw the expressions of the currents derivatives İrdq from (30) and substitute it in 

the (36): 

 

{
�̇�(𝑃𝑠) = �̇�𝑠

𝑟𝑒𝑓
+

3

2
. 𝑉𝑠.

𝐿𝑚

𝐿𝑠.𝐿𝑟.𝜎
(𝑉𝑟𝑞 − 𝑅𝑟 . 𝑖𝑟𝑞       − 𝑔.𝜔𝑠 . 𝜎. 𝐿𝑟 . 𝑖𝑟𝑑 + 𝑔.

𝐿𝑚.𝑉𝑠

𝜔𝑠.𝐿𝑠
)

�̇�(𝑄𝑠) = (�̇�𝑠
𝑟𝑒𝑓

+
3

2
. 𝑉𝑠.

𝐿𝑚

𝐿𝑠.𝐿𝑟.𝜎
. (𝑉𝑑𝑟 − 𝑅𝑟𝑖𝑟𝑑 + 𝑔.𝜔𝑠 . 𝜎. 𝐿𝑟 . 𝑖𝑟𝑞)                     

  (36) 

 

Replacing  Vrdq  by (Vrdq
eq
+ Vrdq

n ), the controls principals appears clearly in (37): 

 

{
�̇�(𝑃𝑠) = �̇�𝑠

𝑟𝑒𝑓
+

3

2
. 𝑉𝑠.

𝐿𝑚

𝐿𝑠.𝐿𝑟.𝜎
. ((𝑉𝑟𝑞

𝑒𝑞
+ 𝑉𝑟𝑞

𝑛) − 𝑅𝑟 . 𝑖𝑟𝑞 − 𝑔.𝜔𝑠. 𝜎. 𝐿𝑟 . 𝑖𝑟𝑑 + 𝑔.
𝐿𝑚.𝑉𝑠

𝜔𝑠.𝐿𝑠
)

�̇�(𝑄𝑠) = (�̇�𝑠
𝑟𝑒𝑓

+
3

2
. 𝑉𝑠.

𝐿𝑚

𝐿𝑠.𝐿𝑟.𝜎
. ((𝑉𝑟𝑑

𝑒𝑞
+ 𝑉𝑟𝑑

𝑛 ) − 𝑅𝑟𝑖𝑟𝑑 + 𝑔.𝜔𝑠. 𝜎. 𝐿𝑟 . 𝑖𝑟𝑞)                     
  (37) 

 

During the sliding mode and in the steady state, we have: 

 

{
𝑆(𝑃𝑠) = 0,       �̇�(𝑃𝑠) = 0,        𝑉𝑟𝑞

𝑛 = 0  

𝑆(𝑄𝑠) = 0,       �̇�(𝑄𝑠) = 0,        𝑉𝑟𝑑
𝑛 = 0 

  (38) 

 

The equivalents control components Vrdq
eq

 can deduced as: 

 

{
𝑉𝑟𝑞
𝑒𝑞
= −

2

3
.
𝜎.𝐿𝑠.𝐿𝑟

𝑉𝑠.𝐿𝑚
. �̇�𝑠

𝑟𝑒𝑓
+ 𝑅𝑟 . 𝑖𝑟𝑞 +  𝑔. 𝜔𝑠. 𝜎. 𝐿𝑟 . 𝑖𝑟𝑑 − 𝑔.

𝐿𝑚.𝑉𝑠

𝜔𝑠.𝐿𝑠

𝑉𝑟𝑑
𝑒𝑞
= −

2

3
.
𝜎.𝐿𝑠.𝐿𝑟

𝑉𝑠.𝑀
. �̇�𝑠

𝑟𝑒𝑓
+ 𝑅𝑟𝑖𝑟𝑑 − 𝑔.𝜔𝑠. 𝜎. 𝐿𝑟 . 𝑖𝑟𝑞                    

  (39) 

 

During the convergence mode, so that the conditions 𝑆(𝑃). �̇�(𝑃) ≤ 0 and S(Q). Ṡ(Q) ≤  0 are 

satisfied, we assume: 

 

{
�̇�(𝑃𝑠) =  

3

2
. 𝑉𝑠 .

𝐿𝑚

𝐿𝑠.𝐿𝑟.𝜎
. 𝑉𝑟𝑞

𝑛                      

�̇�(𝑄𝑠) =  
3

2
. 𝑉𝑠.

𝐿𝑚

𝐿𝑠.𝐿𝑟.𝜎
. 𝑉𝑟𝑑

𝑛                     
  (40) 

 

Therefore, the switching terms given by: 

 

{
𝑉𝑟𝑞
𝑛 = −𝐾𝑉𝑞 . (𝑆(𝑃𝑠))                    

𝑉𝑟𝑑
𝑛 = −𝐾𝑉𝑑 . (𝑆(𝑄𝑠))                    

  (41) 

 

To check the stability condition of the system, the parameters KVd and KVq must be positive. In 

order to reduce any possible overshooting of the voltages components Vrdq, it is often useful to add voltages 

limiters, which expressed by: 

 

{
𝑉𝑟𝑞
𝑙𝑖𝑚 = 𝑉𝑟𝑞

𝑚𝑎𝑥 . 𝑠𝑎𝑡(𝑃𝑠)                    

𝑉𝑟𝑑
𝑙𝑖𝑚 = 𝑉𝑟𝑑

𝑚𝑎𝑥 . 𝑠𝑎𝑡(𝑄𝑠)                    
  (42) 
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5. BACKSTEPPING CONTR OL OF THE DFIG 

The backstepping approach is a recursive technique design for stabilizing highly nonlinear 

dynamical system [27]. The principle of the backstepping controller is the use of a virtual control to 

decompose a complex nonlinear system problem into various simpler design steps. The stability and 

performance of the system is achieved by using a Lyapunov function that is used to drive the virtual control 

[28], [29]. The errors between the reference and the measured signals of stator active and reactive powers are 

defined as [30]. 

 

{
𝑒1 = 𝑃𝑠

𝑟𝑒𝑓
− 𝑃𝑠

𝑒2 = 𝑄𝑠
𝑟𝑒𝑓

− 𝑄𝑠
  (43) 

 

Their derivates are given as: 

 

{
�̇�1 = �̇�𝑠

𝑟𝑒𝑓
+

𝑉𝑠.𝐿𝑚

𝜎.𝐿𝑟.𝐿𝑠
(𝑉𝑟𝑞 − 𝑅𝑟 . 𝑖𝑟𝑞 − 𝜎. 𝐿𝑟 . 𝜔𝑟 . 𝑖𝑟𝑑 + 𝑔.

𝐿𝑚.𝑉𝑠

𝜔𝑠.𝐿𝑠
)

�̇�2 = �̇�𝑠
𝑟𝑒𝑓

+
𝑉𝑠.𝐿𝑚

𝜎.𝐿𝑟.𝐿𝑠
(𝑉𝑟𝑑 − 𝑅𝑟 . 𝑖𝑟𝑑 + 𝜎. 𝐿𝑟 . 𝜔𝑟 . 𝑖𝑟𝑞)

  (44) 

 

The choosed Lyapunov function is formulated as: 

 

{
𝑉(𝑒1)

=
1

2
𝑒1
2

𝑉(𝑒1,𝑒2)
=

1

2
𝑒1
2 +

1

2
𝑒2
2
  (45) 

 

The derivative of each error Lyapunov function is written as follow: 

 

{
 
 

 
 �̇�(𝑒1) = 𝑒1. �̇�1 = 𝑒1.(�̇�𝑠

𝑟𝑒𝑓
+

𝑉𝑠.𝐿𝑚

𝜎.𝐿𝑟.𝐿𝑠
(𝑉𝑟𝑞 − 𝑅𝑟. 𝑖𝑟𝑞 − 𝜎. 𝐿𝑟. 𝜔𝑟. 𝑖𝑟𝑑 + 𝑔.

𝐿𝑚.𝑉𝑠

𝜔𝑠.𝐿𝑠
))              

�̇�(𝑒2)
= 𝑒1. �̇�1 + 𝑒2. �̇�2 = −𝐾1. 𝑒1

2 + 𝑒2 (�̇�𝑠
𝑟𝑒𝑓

+
𝑉𝑠 .𝐿𝑚

𝜎.𝐿𝑟.𝐿𝑠
(𝑉𝑟𝑑 − 𝑅𝑟. 𝑖𝑟𝑑 + 𝜎𝐿𝑟. 𝜔𝑟 . 𝑖𝑟𝑞))

  (46) 

 

The control voltages selected as follows: 

 

{
Vrq
ref = −

σ.Ls.Lr

Vs.Lm
. Ṗs

ref + Rrird + ωr. σ. Lr. ird − g.
Lm.Vs

ωs.Ls
−

σ.Ls.Lr

Vs.Lm
. K3. e1

Vrd
ref = −

σ.Ls.Lr

Vs.Lm
. Q̇s

ref + Rrird −ωr. σ. Lr. irq −
σ.Ls.Lr

Vs.Lm
. K4. e2

  (47) 

 

Where: K3 and K4 are positives constants. 

 

 

6. GRID SIDE CONVERTER 

The d-q axis components of the grid side converter are formulated as: 

 

{
𝑉𝑓𝑑 = 𝑅𝑓 . 𝑖𝑓𝑑 + 𝐿𝑓 .

𝑑𝑖𝑓𝑑

𝑑𝑡
−𝑤𝑠. 𝐿𝑓 . 𝑖𝑓𝑞

𝑉𝑓𝑞 = 𝑅𝑓 . 𝑖𝑓𝑞 + 𝐿𝑓 .
𝑑𝑖𝑓𝑞

𝑑𝑡
+ 𝑤𝑠. 𝐿𝑓 . 𝑖𝑓𝑑 . 𝑉𝑔𝑞

  (48) 

 

the voltage of the DC link [21]. 

 

{

𝑖𝑔𝑚 =
𝑃𝑟−𝑃𝑐

𝑈𝑑𝑐
= 𝐶

𝑑𝑈𝑑𝑐

𝑑𝑡

𝑃𝑐 = 𝑈𝑑𝑐 . 𝑖𝑐  
𝑃𝑟 = 𝑈𝑑𝑐 . 𝑖𝑟𝑚

  (49) 

 

where 𝑖𝑟𝑚  and 𝑖𝑔𝑚 represents the outputs currents of rotor side converter and grid side converter, 

respectively. The active and reactive power expressed as: 
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{
𝑃𝑔 = 𝑉𝑔𝑞 . 𝑖𝑓𝑞
𝑄𝑔 = 𝑉𝑔𝑞 . 𝑖𝑓𝑑

  (50) 

 

To illustrate the schematic diagram of the global control strategy for DFIG, a block diagram of the 

whole system is proposed in Figure 4. 
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dq

ABC
dq

Wind Turbine

Gearbox

RSC GSC

Rf

V

Foc-PI

BSC

SMC

Transformer Grid

Filter

P

_

Qref=0

Vdc_mes

PI

Power factor 
control

Vdq

Vdc
* + Qref=0

Vdq

 t  g

 

MPPT

Ps
*

β 

β 

V

 g

 
 

Figure 4. Schematic diagram of the global control strategy for DFIG 
 

 

7. SIMULATION RESULTS AND DISCUSSION 

In order to evaluate the performance of the wind energy conversion chain, equipped with the MPPT 

control strategy with mechanical speed control and two power converters connected to the rotor and to the 

grid (RSC and GSC) as shown in Figure 1. We performed a series of simulations in the MATLAB/Simulink 

environment, under an instantaneous wind speed profile, varying between 8m/s and 12m/s as Figure 5 (a) 

demonstrates. The studied global system parameters are listed in Table 1. 

 

 

Table 1. Parameters of MATLAB/Simulink 
Parameters of turbine, DC BUS and RL filter Value Parameters of DFIG Value 

Number of blades 3 Rated power, Pn 1.5 MW 

Blade radius R 35.25 m Stator rated voltage, Vs 698 V 
Gearbox gain G 90 Stator rated frequency, f 50 Hz 

Friction coefficient f 0.0024 N.m.s/rad Stator resistance, Rs 0.012 Ω 

Moment of inertia J 1000Kg.m² Rotor resistance, Rr 0.021 Ω 

DC-link capacitor C 8*10-3 F Stator inductance, Ls 0.0137 H 

filter inductance Lf 0.005 H Rotor Inductance, Lr 0.0136 H 

filter resistance Rf 0.012 Ω Mutual inductance, M 0.0135 H 
DC-link voltage Udc 1200 V Number of pair of poles, p 2 

 

 

The functioning of the wind energy system tested and simulated by three types of control: direct 

vector control based on the PI controller, sliding mode control and Backstepping control. The purpose of this 

test is to make a comparison between the different control strategies developed and synthesized on the wind 

energy system. This comparison carried out from a series of tests performed during transient and permanent 

functioning of the system in terms of response time, static error, precision, reference point tracking, and the 

THD harmonic distortion rate of the stator currents. 

The functioning of the wind energy system has been tested and simulated using three types of 

control: direct vector control based on the PI controller, sliding mode control and Backstepping control. The 

purpose of this test is to make a comparison between the different developed and synthesized control 

strategies on the wind energy system. This comparison is carried out after a set of tests that has been 

performed during transient and permanent functioning of the system in terms of response time, static error, 

precision, reference point tracking, and the THD harmonic distortion rate of the stator currents. 



Int J Pow Elec & Dri Syst ISSN: 2088-8694  

 

Performance improvement of the variable speed wind turbine driving a doubly fed … (Chojaa Hamid) 

2479 

For the power coefficient Cp in Figure 5 (b), it takes a maximum value of 0.4799 with a pitch angle 

β= 0° for the three mechanical speed control strategies studied at the MPPT level: PI, sliding mode and the 

Backstepping method. However, it can be noted that the reference point tracking is followed in an identical 

way, in steady state, with a significant response time at start-up and slight fluctuations obtained by the 

control strategy based on the PI controller. On the other hand, the system responses show a slight overshoot 

for the relative speed λ in Figure 5 (c) and the mechanical speed in Figure 5 (d)) at start-up for the PI 

controller control. Whereas for the other two strategies the system follows the set point without any 

overshoot. Figure 5 (e) and Figure 5 (f) show satisfactory responses of the direct ird and quadratic irq 

components of the rotor current for the three control strategies: FOC-PI, SMC and BSC. These ird and irq 

currents have the same curves as the active power Ps in Figure 6 (a) and reactive power Qs in Figure 6 (b) 

respectively, reflecting the DFIG mathematical model. Thus, the active power controlled by the quadratic 

component of the current, while the reactive power controlled by the direct component of the current. 
 

 

   
(a) (b) (c) 

   

   
(d) (e) (f) 

   

Figure 5. (a) wind speed (m/s), (b) power coefficient Cp (λ, β), (c) tip speed ratio TSR, (d) mechanical speed 

of the DFIG, (e) rotor current Ird, (f) rotor current Irq 
 

 

In the most practical case, the machine coupled directly to the grid by the stator and driven by the 

rotor sizes through two bidirectional converters, and driven by a turbine. The stator active power Ps, depicted 

in Figure 6 (a), follows its reference generated by the MPPT technique and has the same variations as the 

applied wind speed profile, while the stator reactive power Qs in Figure 6 (b) is kept zero to keep the unit 

power factor and thus to optimize the quality of the generated electrical energy. The simulation results show 

that for all three-control strategies, the performance is similar. However, some differences can be identified. 

The response times of the active and reactive power as well as the oscillations are greater for the direct vector 

control technique based on the PI controller (FOC-PI) and for the sliding mode control technique (SMC). On 

the other hand, for the non-linear Backstepping method (BSC), there is no significant overshoot and a rapid 

convergence towards its reference value (lower response time). 

Figure 6 (c) shows the electromagnetic torque Cem and its reference Cem* calculated using the 

MPPT control strategy to allow the wind turbine to operate under optimal conditions (MPPT). The tracking 

of the setpoint always ensured regardless of the reference variation and with different response time, 

overshoot and oscillations for the three control strategies. Note that the best values of the latter performance 

parameter are the values obtained when applying control by the backstepping technique. Figure 6 (d) shows 

the simulation result of the DC bus voltage. It is clear that its curve follows the reference with a fast transient 

response and low oscillations for the three control strategies applied. To ensure unity power factor at the 

stator side, we maintained the stator reactive power reference at zero (Qs* = 0VAR). To optimize the quality 

of the energy injected in the grid, the reactive power reference should allow keeping this factor optimal as 

shown in Figure 6 (e). Based on findings from the simulation, the unity power factor (cos ϕ = 1) is perfectly 

achieved by the reactive power control for the three control techniques in variable speed operation. However, 
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some low differences appear as in the response time, the precision and the static error with better values of 

the latter parameter obtained when applying the backstepping strategy. 

Figures 6 (f), 7 (a) and 7 (b) illustrates the stator currents Is for the three phases. The currents 

injected into the electrical grid are sinusoidal with fs = 50 (Hz) for the three control strategies, despite the 

wind profile variations. The fast Fourier transformation is often common in the processing of signals. It 

transforms the signal in the frequency domain from its original domain (time domain). The Figures 7 (c)-(e) 

represent the analysis of the harmonic spectra for the phase “a” of the stator current Isa injected respectively 

for the three control strategies FOC-PI, SMC, and BSC. The BSC (THD=0.25%) offers a significant 

reduction in THD when compared to the SMC (THD=1.39%) ant the FOC used PI (THD=1.45%). 
 

 

 
(a) 

 

 
(b) 

 
(c) 

 
(d) 

 

 
(e) 

 
(f) 

Figure 6. (a) active stator power Ps (W), (b) reactive stator power Qs (VAR), (c) electromagnetic torque tem 

(N.m) (d) DC-bus voltage, (e) stator current Is-abc (A) by the FOC-PI, (f) rotor Current Irq 
 

 

 
 

(a) (b) 
 

   
(c) (d) (e) 

   

Figure 7. (a) stator current Is-abc (A) by the SMC, (b) stator current Is-abc (A) by the BSC, (c) spectrum 

analysis for the current injected isa by the FOC-PI, (d) spectrum analysis for the current injected Isa by the 

SMC, (e) spectrum analysis for the current injected Isa by the BSC (continue) 
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The Table 2. represents a synthesis of the comparison between the FOC with PI controllers, the 

SMC, and the BSC in terms of the response time, static error, set point tracking, precision, and THD (%) of 

the phase current ‘is’. This Table 2 shows remarkable improvements obtained by BSC. These improvements 

include an optimization of the response time and the minimization in the harmonics in the stator current 

signals. 

 

 

Table 2. Comparative synthesis between the foc using pi controllers, The SMC, and the BSC 
Performance FOC used PI SMC BSC 

Response time (s) 0.408 0.295 0.175 

Rise time (s) 0.226 0.163 0.097 
Static errors (%) 0.24 0.19 0.11 

Set-point tracking Good Very good Very good 

Precision Medium High Very high 

THD (%) of the current 𝑖𝑠𝑎 1.45 1.39 0.25 

 

 

8. CONCLUSION 

This paper describes a comparative study between three different control techniques: backstepping 

(BSC), sliding mode (SMC) and Field oriented control (FOC) used conventional PI applied to the rotor side 

converter (RSC) of the wind energy conversion system (WECS) based on the DFIG. The MPPT technique 

with mechanical speed control using three controllers: BSC, SMC and PI controller also presented so that to 

keep the power coefficient of the system at its maximum value, thus the maximum wind power can be 

extracted. After testing and modeling the 1.5 MW wind system using MATLAB/Simulink software, the 

simulation results show that despite the robustness of the sliding mode control, it is clear that the latter 

presents the main problem of the chattering phenomenon that generates the harmonics and contribute to the 

mechanical part stress. In contrast, the application of backstepping has shown high performance and has 

proven to be the most suitable for the type of wind system chosen in comparison with to the two other control 

techniques studied in this work. Following this study, some suggestions and perspectives can made in order 

to be able to contribute, if possible, to the improvement of the functioning of the considered system: The 

possible integration of a storage system and the technical and economic optimization of the conversion chain, 

study of disturbances in the wind energy production with respect to network unbalance, voltage dips and 

fluctuations. 
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