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Abstract—When doubly-fed induction generators (DFIGs) 

powered by wind energy are connected to the grid, unstable 

grid voltage causes distortion in the control of statoric active 

and reactive powers, especially if the controller uses this grid 

value for efficiency control, as well as parameter variation. 

Accordingly, this study focuses on evaluating the DFIG 

dynamics using different control topologies. The study presents 

a comparative analysis of linear and nonlinear control 

techniques for the DFIG, including both classical and robust 

controllers. A voltage converter based on Pulse Width 

Modulation (PWM) is employed to interface with the rotor, 

enabling independent control of active and reactive powers. 

Active and reactive powers are controlled using a linear 

proportional-integral (PI) controller and two types of 

nonlinear controllers: Backstepping (BSC) and Sliding Mode 

(SMC). This comparative study seeks to identify the most 

effective controller for tracking power reference, response to 

speed variations, sensitivity to external disturbances, and 

resilience against fluctuations in machine parameters. Three 

sets of evaluation tests are considered: normal operation with 

constant rotational speed while varying power references, 

robustness test under DFIG's parameters variation and rotor 

speed perturbation. The obtained results confirm the 

superiority of the nonlinear BSC and SMC approaches in 

comparison with the FOC, giving the BSC more priority than 

the SMC. 

Keywords—Doubly-Fed Induction Generator (DFIG); Wind 

Energy; Linear-Nonlinear Controller; Proportional-Integral 

(PI); Sliding Mode (SMC); Backstepping (BSC); Robustness. 

 

I. INTRODUCTION  

The world is moving to mainstream wind energy, 

especially the ones that are based on the doubly-fed 

induction generator (DFIG). It is the expected renewable 

source of electricity generation in the future, due to its high 

energy conversion efficiency from variable-speed operation 

and relatively low-cost power electronic converters [1]-[9]. 

The performance control of DFIG for producing electrical 

energy depends on controllers that simplify system behavior 

using linearized transfer functions. One of the most common 

methods is vector control, which applies field-oriented 

control (FOC) along with a proportional-integral (PI) 

controller to regulate the rotor-side converter (RSC). In fact, 

the equation of DFIG is naturally nonlinear and 

multivariable [10]-[14], [44]. The use of the PI controller, 

based on linearized approaches, does not fully capture the 

system's complexity, resulting in several disturbances and 

variables that are not considered in the controller synthesis 

[1]-[15], [46]. This approach typically rests on two main 

assumptions: that stator flux or stator voltage remains 

constant [42], [45]. However, the stator flux is not always 

constant, especially when there is a sudden change in stator 

voltage under grid faults [43], [46]. Additionally, DFIG 

parameters can vary due to natural phenomena, such as 

temperature effects, saturation, and skin effect.; so, the PI 

controller be less effective [16]. The main challenge when 

adopting linear regulators such as PI or PID is the 

coefficients tuning process due to the dependency on the 

system's model. Another shortage is the slow dynamics due 

to the inheritance delay in the operation mechanism of these 

controllers. Furthermore, the system's complexity adds more 

to its limitations, specifically due to the need for multiple 

co-ordinates transformation systems.  

To improve control performance, many studies [29], 

[30], [35]-[45] are turning to another type of control called 

nonlinear control, which solves the limitations of the PI 

controller. Nonlinear control methods take into account the 

full set of system equations without relying on linearized 

transfer functions, and they focus on ensuring stability 

through approaches such as the Lyapunov-based sliding 

mode and Backstepping methods [19], [48], especially in 

terms of effectiveness and robustness. The improvement in 

the performance under these types of controllers comes from 

the way by which they provide the action; for example, in 

BSC, the system is bisected into different sub-systems and 

the stability of each is investigated then gathered to derive 
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the overall response. This procedure enhances the system 

stability and improves the system robustness as well. 

Alternatively, in SMC, the robustness is inherently ensured 

due to the use of hysteresis envelope for the resultant 

variables' deviation. Of course, there are different functions 

that can be adopted to accomplish this task like Sat, Sigmoid 

and signum functions. To provide more detailed insights on 

the differences between the classic linear and recent 

nonlinear controllers, this article presents a comparative 

study of three controllers: PI, SMC, and BSC, under a 

variety of conditions, including changes in DFIG 

parameters, wind turbine speed variations, and grid voltage 

fluctuations. In this study, we focus on managing the active 

and reactive power of DFIG using the rotor-side converter 

(RSC), which is connected to a Pulse Width Modulation 

(PWM) system. This approach will help in determining 

which controller is the most effective and responsive under 

these different variables. The judgement is measured in 

terms of the fast dynamics, high robustness to system's 

disturbances and system's simplicity. Wind energy 

conversion system involving DFIG shown in Fig. 1. 

 

Fig. 1. Wind energy conversion system involving DFIG 

First, we present the mathematical modeling of the 

DFIG generator, emphasizing its active and reactive powers. 

Then, we will discuss the control synthesis for three 

regulators: the linear PI, Backstepping (BSC), and robust 

Sliding Mode Control (SMC), with a focus on power 

reference tracking, responses to sudden speed changes, 

sensitivity to disturbances, and robustness against 

unbalanced grid voltage and variations in machine 

parameters. Finally, we analyze the results using 

MATLAB/SIMULINK software. 

II. DOUBLY FED INDUCTION GENERATOR MODELLING 

The model Park frame (d-q co-ordinates) of DFIG may 

be represented using the equations for stator and rotor 

voltages and flux components as follows [17]-[28]: 

{
 
 
 

 
 
 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

 (1) 

{
 

 
𝜙𝑠𝑑 = 𝐿𝑠𝑖𝑠𝑑 +𝑀𝑖𝑟𝑑
𝜙𝑠𝑞 = 𝐿𝑠𝑖𝑠𝑞 +𝑀𝑖𝑟𝑞
𝜙𝑟𝑑 = 𝐿𝑟𝑖𝑟𝑑 +𝑀𝑖𝑠𝑑
𝜙𝑠𝑞 = 𝐿𝑟𝑖𝑟𝑞 +𝑀𝑖𝑠𝑞

 (2) 

The stator active and reactive powers are written: 

{
𝑃𝑠 =

3

2
(𝑉𝑠𝑑𝑖𝑠𝑑 + 𝑉𝑠𝑞𝑖𝑠𝑞)

𝑄𝑠 =
3

2
(𝑉𝑠𝑞𝑖𝑠𝑑 − 𝑉𝑠𝑑𝑖𝑠𝑞)

 (3) 

The relationship between the stator and rotor pulsations 

is given by the following equation: 

𝜔𝑟 = 𝜔𝑠 − 𝑝. 𝛺𝑔 (4) 

III. LINEAR CONTROL STRATEGY FOR DFIG SYSTEMS 

To apply vector control for stator active and reactive 

power, we use a d-q reference frame that is synchronized 

with the stator flux [19]-[21]. By aligning the flux vector 

along the d-axis, we obtain: ∅𝑠𝑑 = 𝑠 and ∅𝑠𝑞 = 0. 

Assuming the electrical grid is stable, characterized by a 

simple voltage 𝑉𝑠, resulting in a stator flux 𝑠 constant. 

Additionally, neglecting the stator resistance per phase (i.e. 

due to the high voltage operating ranges in case of DFIG) 

serves as a reasonable approximation for medium and high-

power machines used in wind energy conversion systems, 

we get.  𝑉𝑠𝑞 = 0 and 𝑉𝑠𝑑 = 𝑉𝑠 = 𝜔𝑠𝑠
. Thus, the active and 

reactive power transferred between the DFIG stator, and the 

grid may be represented in terms of rotor currents as follows 

[24], [25]: 

{
 

 𝑃𝑠 = −
3

2
𝑉𝑠
𝑀

𝐿𝑠
𝑖𝑟𝑞            

𝑄𝑠 =
3

2
(𝑉𝑠

𝑠

𝐿𝑠
− 𝑉𝑠

𝑀

𝐿𝑠
𝑖𝑟𝑑)

 (5) 

The rotor voltages can be expressed by: 

{
 

 𝑉𝑟𝑑 = 𝑅𝑟𝑖𝑟𝑑 + 𝜎𝐿𝑟
𝑑

𝑑𝑡
𝑖𝑟𝑑 − 𝑔𝜔𝑠𝜎𝐿𝑟𝑖𝑟𝑞                

𝑉𝑟𝑞 = 𝑅𝑟𝑖𝑟𝑞 + 𝜎𝐿𝑟
𝑑

𝑑𝑡
𝑖𝑟𝑞 + 𝑔𝜔𝑠𝜎𝐿𝑟𝑖𝑟𝑑 + 𝑔

𝑀𝑉𝑠
𝐿𝑠

 (6) 

Where 𝜎 = 1 −
𝑀2

𝐿𝑠𝐿𝑟
   is the leakage factor, the generator slip 

is, 𝑔 = (𝜔𝑠 − 𝜔𝑟)/𝜔𝑠. 

Note (6) that the currents and the rotor voltages are 

bound by a first-order transfer function. We can correctly 

control the thing after having extracted the relationship of 

reference current with the stator power by using (5): 

{
 
 

 
 𝑖𝑟𝑑

∗ =
−𝐿𝑠
𝑀𝑉𝑠

(𝑄𝑠
∗ −

𝑉𝑠²

𝐿𝑠𝜔𝑠
)

𝑖𝑟𝑞
∗ =

−𝐿𝑠
𝑀𝑉𝑠

𝑃𝑠
∗                  

 (7) 

A. Synthesis of Control Loop Current 

To determine the most suitable parameters for the PI 

rotor current regulators, the transfer function that relates the 

rotor current (d-q) components as inputs and rotor voltages 

as outputs should be initially derived.   To accomplish this, 

the rotor voltage equations in d-q frame (Eq. (6)) are 

utilized. Fig. 2 shows the closed loop control system that 

represents this process. 
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Fig. 2. Regulated by PI system 

As stated earlier, the transfer function is associated with 

the current regulators (PI) and is determined by (𝐾𝑝 + 𝐾𝑖/𝑆)  

Fig.3. The open-loop transfer function (OLTF) and regulator 

are represented as follows: 

𝑂𝐿𝑇𝐹 =

(𝑆 + 
𝐾𝑖
𝐾𝑝
)

𝑆/𝐾𝑝

 
1
𝜎

(𝑆 +
𝑅𝑟
𝜎
)
 (8) 

By using compensation method to eliminate the zero a 

pole of the transfer function, such as: 

𝐾𝑖
𝐾𝑝

=
𝑅𝑟
𝜎

 (9) 

The closed loop transfer function (CLTF) is expressed by: 

𝐶𝐿𝑇𝐹 =
𝐾𝑝

𝑆𝜎
 (10) 

The closed-loop transfer function (CLTF) is then 

formulated as: 

𝐶𝐿𝑇𝐹 =
1

1 +  𝜏. 𝑆
 (11) 

Where   𝜏 =
𝜎

𝐾𝑝
  

This parameter reflects the system's response time, 

which is around 10 ms. This duration is well-suited for our 

application, as reducing it further could result in significant 

transient overshoots. The coefficients 𝐾𝑝 and 𝐾𝑖 are then 

derived based on the response time and machine parameters. 

{
𝐾𝑝 = 𝜎/𝜏

𝐾𝑖 = 𝑅𝑟/𝜏
 (12) 

 

Fig. 3.   Block diagram of the DFIG for indirect power control loop closed 

by PI.  

B. Synthesis of Control Loop Power 

Substituting (7), the expression of the current, in (6). 

Note that the powers and tensions are bound by a first-order 

transfer function. 

{
 

 𝑉𝑟𝑑 = (𝑅𝑟 + 𝜎𝑆). [
−𝐿𝑠
𝑀𝑉𝑠

𝑄𝑠 +
𝑉𝑠
𝑀𝑤𝑠

] − 𝜔𝑔𝜎𝑖𝑟𝑞   

𝑉𝑟𝑞 = (𝑅𝑟 + 𝜎𝑆). [
−𝐿𝑠
𝑀𝑉𝑠

𝑃𝑠] + 𝜔𝑔𝜎𝑖𝑟𝑑 + 𝑔
𝑀𝑉𝑠
𝐿𝑠

 (13) 

𝑂𝐿𝑇𝐹 =

(𝑆 + 
𝐾𝑖
𝐾𝑝
)

𝑆/𝐾𝑝

 
𝑀𝑉𝑠
𝐿𝑠𝜎

(𝑆 +
𝑅𝑟
𝜎
)
 

(14) 

{
𝐾𝑝 = 𝜎𝐿𝑠/𝜏1𝑀𝑉𝑠
𝐾𝑖 = 𝐿𝑠𝑅𝑟/𝜏1𝑀𝑉𝑠

 
(15) 

To determine the controller coefficients for each axis, 

we do a control arbitrarily must that response time 𝜏1 

corresponds to the response time of the RP and RQ 

regulators must be shorter than the response time 

𝜏 associated with the RI regulators: 𝜏1  <  𝜏. 

IV. THE STRATEGY OF NON-LINEAR CONTROL OF DFIG 

A. Backstepping Controller Synthesis    

In 1990, Krstic, Kanellakopoulos, and Kokotovic 

discovered the backstepping strategy [29]-[32] are based on 

Comprehensive stability control systems, it is a method for 

synthesis of recursive, Backstepping is a nonlinear control 

approach founded on the Lyapunov theorem. Its main 

advantage over other techniques lies in its design flexibility 

[44]-[46]. The deviations between the reference values and 

the measured signals of stator active and reactive powers are 

expressed as follows [34], [52]-[54]. Block diagrams for 

DFIG control by Backstepping shown in Fig. 4. Block 

diagram for control of the DFIG by sliding mode Fig. 5. 

 

Fig. 4. Block diagrams for DFIG control by Backstepping 

 

Fig. 5. Block diagram for control of the DFIG by Sliding mode 

{
𝑒1 = 𝑃𝑠

𝑟𝑒𝑓
− 𝑃𝑠

𝑒2 = 𝑄𝑠
𝑟𝑒𝑓

− 𝑄𝑠
 (16) 

Their derivates given as: 

{
 

 𝑒̇1 = 𝑃̇𝑠
𝑟𝑒𝑓

+
𝑉𝑠.𝑀

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

𝑀. 𝑉𝑠
𝜔𝑠. 𝐿𝑠

)

𝑒̇2 = 𝑄̇𝑠
𝑟𝑒𝑓

+
𝑉𝑠.𝑀

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

 (17) 

We define the Lyapunov function by: 

{
𝑉(𝑒1) =

1

2
𝑒1
2        

𝑉(𝑒1,𝑒2) =
1

2
𝑒1
2 +

1

2
𝑒2
2

 (18) 
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The derivative of each Lyapunov function of the error is 

written as follows: 

{
 
 

 
 𝑉̇(𝑒1) = 𝑒1. 𝑒̇1 = 𝑒1. (𝑃̇𝑠

𝑟𝑒𝑓 +
𝑉𝑠 . 𝑀

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

𝑀.𝑉𝑠
𝜔𝑠. 𝐿𝑠

))

𝑉̇(𝑒2) = 𝑒1. 𝑒̇1 + 𝑒2. 𝑒̇2 = −𝐾1. 𝑒1
2 + 𝑒2 (𝑄̇𝑠

𝑟𝑒𝑓 +
𝑉𝑠 .𝑀

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

))           

 (19) 

The control voltages are selected as follows: 

{
 

 𝑉𝑟𝑞
𝑟𝑒𝑓 = −

𝜎. 𝐿𝑠. 𝐿𝑟
𝑉𝑠 .𝑀

. 𝑃̇𝑠
𝑟𝑒𝑓 + 𝑅𝑟𝑖𝑟𝑑 + 𝜔𝑟 . 𝜎. 𝐿𝑟 . 𝑖𝑟𝑑 − 𝑔.

𝑀. 𝑉𝑠
𝜔𝑠. 𝐿𝑠

−
𝜎. 𝐿𝑠. 𝐿𝑟
𝑉𝑠. 𝑀

.𝐾𝑒1 . 𝑒1

𝑉𝑟𝑑
𝑟𝑒𝑓 = −

𝜎. 𝐿𝑠. 𝐿𝑟
𝑉𝑠. 𝑀

. 𝑄̇𝑠
𝑟𝑒𝑓 + 𝑅𝑟𝑖𝑟𝑑 −𝜔𝑟 . 𝜎. 𝐿𝑟. 𝑖𝑟𝑞 −

𝜎. 𝐿𝑠. 𝐿𝑟
𝑉𝑠. 𝑀

.𝐾𝑒2 . 𝑒2                 

 (20) 

Where: 𝐾𝑒1  and 𝐾𝑒2are positives constants. 

B. Synthesis of Sliding Mode Controller 

The Sliding mode control operates by guiding the state 

trajectory back to the sliding surface and ensuring it moves 

along it at a dynamic equilibrium point [33]-[36]. For a 

nonlinear system described as follows: 

𝑥̇ =  𝑓(𝑥, 𝑡) +  𝑔(𝑥, 𝑡)𝑈(𝑥, 𝑡) ;  𝑥 ∈ 𝑅𝑛 ;  𝑈 ∈ 𝑅 (21) 

Where  𝑓(𝑥, 𝑡) , 𝑔(𝑥, 𝑡) These are two continuous and 

uncertain nonlinear functions, assumed to be bounded. We 

utilize the general equation proposed by J.J. Slotine and Li 

to define the slip surface, expressed as: 

𝑆(𝑥) = (
𝑑

𝑑𝑡
+ 𝑠)

𝑛−1

𝑒(𝑥);  𝑒(𝑥) = 𝑥𝑑 − 𝑥∗  (22) 

Here, e(x) denotes the difference between the desired 

signal 𝑥𝑑 and the reference 𝑥∗. 𝑠 and n represent the 

positive coefficient and the relative degree, respectively. 

The controller's structure consists of two parts: the first for 

exact linearization, and the second for stabilization. This is 

especially important in sliding mode control, where it helps 

reject external disturbances. Accordingly: 

𝑉 = 𝑉𝑒𝑞 + 𝑉𝑛  (23) 

𝑉𝑒𝑞 represents the equivalent control as proposed by 

Filipov and Utkin. It is used to maintain state on sliding 

surface V = 0  It is determined by recognizing that the 

system's behavior during the sliding mode is characterized 

by: 

𝑆(𝑥)̇ = 0 (24) 

𝑉𝑛 For satisfy the condition of convergence 

 𝑆(𝑥). 𝑆(𝑥)̇ ≤ 0 It defines the system's behavior during the 

convergence phase, ensuring that the controlled variable is 

attracted to the sliding surface, and is expressed as: 

𝑆(𝑥)̇ = 𝑉𝑛  (25) 

In our study, we select the error mode surfaces using 𝑛 = 

1, allowing us to formulate the following expression: 

{
𝑆(𝑃𝑠) = 𝑃𝑠

𝑟𝑒𝑓
− 𝑃𝑠

𝑆(𝑄𝑠) = 𝑄𝑠
𝑟𝑒𝑓

− 𝑄𝑠
 (26) 

By differentiating the surfaces and substituting the terms 

for the powers Ps and Qs (Eq. (5)) Next, we derive the 

expressions for current and voltage from the voltage 

equation (Eq. (6)) the following is obtained: 

{
 

 𝑆̇(𝑃𝑠) = 𝑃̇𝑠
𝑟𝑒𝑓 +

3

2
. 𝑉𝑠 .

𝑀

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

𝑀.𝑉𝑠
𝜔𝑠. 𝐿𝑠

)

𝑆̇(𝑄𝑠) = (𝑄̇𝑠
𝑟𝑒𝑓

+
3

2
. 𝑉𝑠.

𝑀

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

 (27) 

Replacing 𝑉𝑟𝑑𝑞 by (𝑉𝑟𝑑𝑞
𝑒𝑞
+ 𝑉𝑟𝑑𝑞

𝑛 ), the controls principals 

appears clearly in the following equations: 

{
  
 

  
 𝑆̇(𝑃𝑠) = 𝑃̇𝑠

𝑟𝑒𝑓
+
3

2
. 𝑉𝑠.

𝑀

𝐿𝑠. 𝐿𝑟 . 𝜎
. ((𝑉𝑟𝑞

𝑒𝑞
+ 𝑉𝑟𝑞

𝑛) − 𝑅𝑟 . 𝑖𝑟𝑞 − 𝑔.𝜔𝑠. 𝜎. 𝐿𝑟. 𝑖𝑟𝑑

+𝑔.
𝐿𝑚. 𝑉𝑠

𝜔𝑠. 𝐿𝑠
)

𝑆̇(𝑄𝑠) = (𝑄̇𝑠
𝑟𝑒𝑓

+
3

2
. 𝑉𝑠 .

𝑀

𝐿𝑠. 𝐿𝑟. 𝜎
. ((𝑉𝑟𝑑

𝑒𝑞
+ 𝑉𝑟𝑑

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

 (28) 

In the sliding mode and at steady state, the system 

satisfies the following: 

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

𝑛 = 0  

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

 (29) 

𝑉𝑟𝑑𝑞
𝑒𝑞

 can be derived from the previous equations and are 

expressed as: 

{
 

 𝑉𝑟𝑞
𝑒𝑞
= −

2

3
.
𝜎. 𝐿𝑠 . 𝐿𝑟
𝑉𝑠 . 𝑀

. 𝑃̇𝑠
𝑟𝑒𝑓

+ 𝑅𝑟 . 𝑖𝑟𝑞 +  𝑔.𝜔𝑠 . 𝜎. 𝐿𝑟 . 𝑖𝑟𝑑 − 𝑔.
𝑀.𝑉𝑠
𝜔𝑠 . 𝐿𝑠

𝑉𝑟𝑑
𝑒𝑞
= −

2

3
.
𝜎. 𝐿𝑠 . 𝐿𝑟
𝑉𝑠 .𝑀

. 𝑄̇𝑠
𝑟𝑒𝑓

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

 (30) 

In the convergence mode, to ensure that: 𝑆(𝑃). 𝑆̇(𝑃) ≤ 0 

and 𝑆(𝑄). 𝑆̇(𝑄) ≤  0 are satisfied, we assume: 

{
 

 𝑆̇(𝑃𝑠) =  
3

2
. 𝑉𝑠.

𝑀

𝐿𝑠. 𝐿𝑟 . 𝜎
. 𝑉𝑟𝑞

𝑛  

𝑆̇(𝑄𝑠) =  
3

2
. 𝑉𝑠 .

𝑀

𝐿𝑠. 𝐿𝑟 . 𝜎
. 𝑉𝑟𝑑

𝑛  

 (31) 

Therefore, the switching terms given by: 

{
𝑉𝑟𝑞
𝑛 = −𝐾𝑉𝑞 . (𝑆(𝑃𝑠))

𝑉𝑟𝑑
𝑛 = −𝐾𝑉𝑑 . (𝑆(𝑄𝑠))

 (32) 

To verify the stability condition of the system, the 

parameters  𝐾𝑉𝑑 and 𝐾𝑉𝑞  must be positive. To minimize any 

potential overshoot in the voltage components 𝑉𝑟𝑑𝑞, it is 

typically useful to integrate voltage limiters, expressed as 

{
𝑉𝑟𝑞
𝑙𝑖𝑚 = 𝑉𝑟𝑞

𝑚𝑎𝑥 . 𝑠𝑎𝑡(𝑃𝑠)

𝑉𝑟𝑑
𝑙𝑖𝑚 = 𝑉𝑟𝑑

𝑚𝑎𝑥 . 𝑠𝑎𝑡(𝑄𝑠)
 (33) 

V. PERFORMANCE EVALUATION RESULTS 

A. Tracking Tests 

The active and reactive power control response of the 

DFIG (6KW) using three controllers (PI, SMC, BSC) is 

evaluated without the PWM converter (level two) and under 

no perturbations or parameter variations, with the generator 

operating at nominal speed. The tracking test results are 

shown in Fig. 6, Fig. 7. As shown, it can be obviously 

noticed that the BSC provides the fastest dynamic with 

minimum deviation, and the SMC comes in the second rank. 

The worst dynamics are obtained under the FOC with 

noticeable fluctuation at starting and delayed response at 

transient changes. For illustration, for the active power 

response, the BSC takes only 0.007 sec to reach its 

reference, while the SMC and FOC take respectively 0.025 

and 0.05 sec. Furthermore, for the reactive power response, 

it is very obvious that the under the FOC, high fluctuation is 
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present due to not achieving complete decoupling between 

the active and reactive components. This can be inferred to 

that the FOC design not considered entirely all system 

nonlinearities like BSC and SMC approaches. 

 

Fig. 6. Response active power (reference tracking test) 

 

Fig. 7. Response Reactive power (reference tracking test) 

B. Robustness Tests 

The robustness test examines the impact of variations in 

the nominal values of the generator parameters. In Fig. 8, 

the rotor and stator inductances, as well as the magnetizing 

inductance M, are increased by 50% and 20%, respectively, 

from their nominal values. Additionally, the rotor resistance   

is raised by 50% of its nominal value. It can be observed 

that the FOC response is the most affected one; noticeable 

over and under shots are present in the active power 

response, also there is a noticeable undershot in the reactive 

power value. It is also noticed that the response of the SMC 

is quietly delayed but without fluctuations. Alternatively, 

the BSC provides the most robust response without 

fluctuations and delay, which confirms the superiority of the 

BSC compared with other two techniques. 

 

 

Fig. 8. Response of active and reactive power under simultaneous 

parameter variations (𝐿𝑟, 𝐿𝑠) + 50%,𝑀 + 20%,𝑅𝑟 + 50% 

C. Sensitivity to Perturbations 

The test is concerned with evaluating the performances 

of the three controllers while applying a speed variation in 

the prime mover at instant t=3 sec. The active power is also 

changed from 0 to 3 Kw at instant t=2 sec. It is worth 

mentioning that this test adopted the usage of a PWM 

modulator instead of applying the reference voltages 

directly on the d-q model as in the previous test. The 

utilization of a PWM contributes in maintaining almost 

fixed switching frequency but contributes to add additional 

harmonics. 

As noticed in Fig. 9, the actual active power values 

under the three controllers track effectively their reference 

signals. However, at the instant of speed variation at t=3 sec, 

a noticeable power fluctuation is observed under FOC. Also, 

there is a presence of ripples under SMC; this can be 

inferred to the chattering effect of SMC. Additionally, the 

BSC's performance exhibits the most significant response 

without power fluctuation or ripples. 
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Fig. 9. Response to the active power under speed variation and increasing 

voltage grid when using PWM converter, (Sensitivity test) 

VI. CONCLUSION 

The study presented three types of controllers after 

modeling the methods; namely: linear and tow non-linear 

controllers, PI with simplification condition, SMC with two 

conditions one of which is, the sign function which is a 

condition to ensure the convergence (Eq.31) and Lyaponov 

condition to ensure the stability (Eq.24); meanwhile we 

have BSC with one condition of Lyaponov to ensure the 

convergence and stability (Eq.18). These arrangements are 

necessary to visualize the difference in the performance of 

the three controllers. Firstly, we demonstrate the application 

of the main steps of sizing regulators namely a linear PI 

regulator and two nonlinear using the sliding mode and 

backstepping techniques for controlling the active and 

reactive power of DFIG. The nonlinear controllers provided 

better results compared with the traditional FOC. The 

evaluation is a accomplished by using Matlab/Simulink, The 

Backstepping controller demonstrates superior performance 

in terms of response time and reference tracking (Fig. 6, Fig. 

7), and it exhibits greater robustness against DFIG 

parameter fluctuations compared to the standard PI and 

SMC controllers (Fig. 8). And finally, regarding sensitivity 

to perturbation, for a simulation with PWM modulated 

inverter and in the case of rotor speed variation. Results 

from simulations demonstrated the efficiency of the three 

types of regulators, but the Backstepping technique showed 

the most significant performance (Fig. 9) in the transient 

regimes at start-up time and variation of the power set 

points. The study can be further extended to evaluate the 

performance of other generator types after considering the 

theory of operation and structure of each type. 

NOMENCLATURE 

Vdc  : Voltage across the DC link 

Λ  : Ratio of blade tip speed 

is, ir (A)  : Current in the stator and rotor 

β (°)  : Blade pitch angle 

R (m)  : Blade length 

ωs, ωr (rad/s) : Angular velocity of the stator and rotor 

Ωg (rad/s) : Mechanical speed of the generator 

ϕs, ϕr (Wb) : Magnetic flux in the stator and rotor 

ρ (kg/m³) : Air density 

Ps (W), Qs (Var) : Active and reactive power in the stator 

Vs, Vr (V) : Voltage in the stator and rotor 

Cp  : Power coefficient 

Pt (W)  : Wind turbine power output 

V (m/s)  : Wind speed 

P  : Number of pole pairs 

BSC  : Backstepping control system 

SMC  : Sliding mode control 

RSC  : Converter for the rotor side 

Rs, Rr (Ω) : Stator and rotor winding resistances  

Ls, Lr (H) : Stator and rotor winding inductances 

M (H)  : Mutual inductance  

APPENDIX 

Parameters of DFIG 

Pn     = 5 KW,  

Number of pole pairs p  = 3,  

Nominal speed wr  = 320rad/s,  

Grid voltage Vs-fs  = 220/380 v-50 Hz,  

Stator resistance Rs  = 0.095𝛺,  

Rotor resistance Rr   = 1.8𝛺,  

Stator inductance Ls  = 0.094 H,  

Rotor inductance Lr  = 0.088 H,  

Stator-rotor mutual inductance M = 0.082 H. 
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