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 Due to drawbacks of classical linear controller like proportional-integral (PI), 

many studies have been used non-linear controller specially when it comes to 

robustness, but this is less efficient in sliding mode controller (SM) due to 

the sign function, this function is known as a problem chattering 

phenomenon, this main disadvantage it can be compensated by Lyapunov 

backstepping condition, This paper presents nonlinear power control strategy 

of the doubly-fed-induction generator (DFIG) for wind application system 

(WAS) using sliding mode combining with backstepping controller (SM-BS) 

to control produced statoric powers to mitigate unnecessary chattering effects 

inherent in traditional SMC, to check the effectiveness of the controller, we 

compare performance of sliding mode controller and sliding mode controller 

combining with backstepping (SM-BS) in terms of required reference 

tracking, robustness under parametric variations of the generator, sensitivity 

to perturbations and reaction to speed variations under investigating further 

of the chattering phenomenon. 
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1. INTRODUCTION  

The use of renewable energy has become imperative in our time, not only use its but also develop 

and make optimal use of its, Among these energies are wind power, which is based on several types of 

generators, These generators include the doubly-fed induction generator (DFIG) which is the optimal solution 

used in wind application system for the variable speed [1] the WECS–based DFIG has many advantages high 

respond efficiency under wind speed variation the generator can work for 30% of synchronous speed, Less 

mechanical intricacy, decoupled controllable power, and a low cost rotor converter [2]. However, it is a 

challenge to control the DFIG since it presents a multivariable nonlinear and coupled system with many 

parameter uncertainties (resistance, inductance, inertia, friction coefficient). And in this case the use of PI 

controller is not very effective because of the limited robustness which is due to linearization function of 

DFIG by the addition of the term of compensation without adjustment, on the other, the non-linear control 

which takes all the function of the DFIG on consideration. 

Many approaches and techniques, such as, the backstepping controller (BC) [3] and the sliding 

mode controller (SM) [4], have been proposed to deal provide fast transient response and handle parameter 

https://creativecommons.org/licenses/by-sa/4.0/
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variations [5], show that the backstepping controller and have a good tracking and robustness performance. 

Moreover, despite the well admitted effectiveness and robustness of SMC strategies [6], several solutions to 

the chattering problem have been proposed for instance [7] proposes a new sliding surface giving rise to an 

integral sliding mode or sliding mode with double integral of. The obtained controller reduces the chattering 

phenomenon but fails to suppress it. And also, the second order sliding mode (2-SMC) was found to be a 

good solution for the chattering problem. Indeed, for different variant of the 2-SMC, that is, with the twisting 

algorithm, with the terminal algorithm or with the quasi-continuous algorithm, the chattering is eliminated, 

[8], these solutions prove effective in reducing the chattering and guarantying the system robustness, but tend 

to slow the system responses. In [9], a new method called multi-level switching technique has been proposed. 

This approach use variable switching gains to eliminate the chattering effect. The combination of fuzzy logic 

and SMC has been studied in [1], and sliding mode backstepping control [10] Previous work by the authors. 

This article presents a new sliding mode controller (SMC) combining with backstepping (SM-BS) 

using Lyapunov conditions. For effective in reducing the chattering especially in the presence of PWM rotor 

converter (RSC) under wind variation speed where were we able to ensure system robustness, we check its 

effectiveness through a comparative study between tow controller classical sliding mode (SM) , and which 

compensated by backstepping (SM-BS) in terms of reference power required, sensitivity to perturbations 

under wind speed variations, and robustness against parameters variations the results analyzed in 

MATLAB/Simulink software. This paper present firstly the modeling of DFIG, then we developed the 

control synthesis of output active and reactive powers using classical SM controller and then we improve its 

performance by addition of Lyapunov backstepping condition (SM-BS). Finally, by the results obtained we 

can confirm the efficiency of this hybrid control. 

 

 

2. MATHEMATICLA MODEL OF DFIG 

The Park frame model of DFIG can be represented by stator, rotor voltage and flux expressions as 

follows [11]-[13]. 

 

{
  
 

  
 𝑣𝑑𝑠 = 𝑅𝑠𝑖𝑑𝑠 +

𝑑𝜙𝑑𝑠

𝑑𝑡
−𝑤𝑠𝜙𝑞𝑠

𝑣𝑞𝑠 = 𝑅𝑠𝑖𝑞𝑠 +
𝑑𝜙𝑞𝑠

𝑑𝑡
+ 𝑤𝑠𝜙𝑑𝑠

𝑣𝑑𝑟 = 𝑅𝑟𝑖𝑑𝑟 +
𝑑𝜙𝑑𝑟

𝑑𝑡
− 𝑤𝑔𝜙𝑞𝑟

𝑣𝑞𝑟 = 𝑅𝑟𝑖𝑞𝑟 +
𝑑𝜙𝑞𝑟

𝑑𝑡
+ 𝑤𝑔𝜙𝑑𝑟

 (1) 

 

where: 

 

𝑤𝑔 = 𝑤𝑠 − 𝑤𝑟  (2) 

 

{
 

 
𝜙𝑑𝑠 = 𝐿𝑠𝑖𝑑𝑠 +𝑀𝑖𝑑𝑟
𝜙𝑞𝑠 = 𝐿𝑠𝑖𝑞𝑠 +𝑀𝑖𝑞𝑟
𝜙𝑑𝑟 = 𝐿𝑟𝑖𝑑𝑟 +𝑀𝑖𝑑𝑠
𝜙𝑞𝑟 = 𝐿𝑟𝑖𝑞𝑟 +𝑀𝑖𝑞𝑠

 (3) 

 

the stator active and reactive powers are written: 

 

{
𝑝𝑠 = 𝑣𝑑𝑠𝑖𝑑𝑠 + 𝑣𝑞𝑠𝑖𝑞𝑠
𝑄𝑠 = 𝑣𝑞𝑠𝑖𝑑𝑠 − 𝑣𝑑𝑠𝑖𝑞𝑠

 (4) 

 

 

3. THE NON-LINEAR STRATEGY OF CONTROL DFIG 

To regulate the DFIG, we use strategy that provides a decoupled between d-q reference frame by 

oriented statoric flux along the direct axis we have:𝜙𝑑𝑠=𝜙𝑠 and 𝜙𝑞𝑠=0. [13], and also by neglecting the 

statoric resistance 𝑅𝑠 = 0 under the premise of high generators with high power, under also the hypothesis of 

grid stability simple voltage 𝑣𝑠 , it's leading to a constant stator flux 𝜙𝑠. We obtained:𝑣𝑑𝑠 = 0 𝑣𝑞𝑠= 𝑉𝑠 and we 

can control the output active and reactive powers of DFIG through the control of rotor current (5) can be 

written: 
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{
𝑝𝑠 =

−𝑀𝑉𝑠

𝐿𝑠
𝑖𝑞𝑟

𝑄𝑠 =
−𝑀𝑉𝑠

𝐿𝑠
𝑖𝑑𝑟 +

𝑉𝑠
2

𝑤𝑠𝐿𝑠

 (5) 

 

The input reference voltages of DFIG expressed as follows: 
 

{
𝑣𝑞𝑟 = 𝑅𝑟𝑖𝑞𝑟 + 𝛿

𝑑𝑖𝑞𝑟

𝑑𝑡
+ 𝑤𝑔𝛿. 𝑖𝑑𝑟 +

𝑔𝑀𝑉𝑠

𝐿𝑠

𝑣𝑑𝑟 = 𝑅𝑟𝑖𝑑𝑟 + 𝛿
𝑑𝑖𝑑𝑟

𝑑𝑡
− 𝑤𝑔𝛿. 𝑖𝑞𝑟

 (6) 

 

Where 𝛿 = 𝐿𝑟 −
𝑀2

𝐿𝑠
 is the coupling term, and the slip is,  𝑔 = (𝑤𝑠 − 𝑤𝑟)/𝑤𝑟 

 

 

4. SLIDING MODE CONTROLLER SYNTHESIS 

The basic concept of sliding mode is to bringing he state trajectory back closer to the sliding surface 

and step forward with a certain dynamic equilibrium point [14]-[16]. We take the form of the general 

equation proposed by Slotine and Li to find the sliding mode surface [17]: 
 

{
𝑠(𝑥) − (

𝑑

𝑑𝑡
+ 𝛿)

𝑁−1

𝑒(𝑥)

𝑒(𝑥) − 𝑋𝑠 − 𝑋
 (7) 

 

where e is the sliding mode surface to be adjusted,   is the positive coefficient, n is the system order, 𝑋 =

[𝑥, 𝑥
•
. . . . , 𝑥𝑛−1]

𝑇

 

variable of the reference signal, an𝑋𝑑 = [𝑥𝑑 , 𝑥
•
𝑑. . . . , 𝑥(𝑛−1)

𝑑
]
𝑇

, It's the controller signal. The structure of a 

controller has two main functions; for the linearization and stabilizing [18] this last is very necessary in terms 

of control by means of sliding technique, because it is used to reject external disturbances; The control 

algorithm determines through the relationship: 
 

𝑈(𝑡) = 𝑈𝑒𝑞(𝑡) + 𝑈𝑛(𝑡) (8) 

 

𝑈𝑒𝑞(𝑡) The Filipov and Utkin proposal for the equivalent function [19]. This is used to preserve the sliding 

surface condition (𝑉(𝑡) = 0) calculated by acknowledging that behavior of the system during the sliding 

mode can give by: 

 

𝑆(𝑥)
•

= 0 (9) 
 

Convergence condition 

𝑈𝑛(𝑡) The dynamic behavior of the system during the convergence condition is calculated in order to satisfy 

the conditions of convergence, to ensure the attractiveness of the variable to control the sliding surface: 
 

𝑆(𝑥)
•

= 𝑈𝑛(𝑡) (10) 

 

we select the error between measured and referenced stator forces in our study as sliding mode surfaces with 

an n = 1. 

 

{
𝑆(𝑃) = 𝑃𝑠_𝑟𝑒𝑓 − 𝑃𝑠
𝑆(𝑄) = 𝑄𝑠_𝑟𝑒𝑓 − 𝑄𝑠

  (11) 

 

By deriving sliding surfaces and using powers (5) then we shoot the current expression 𝑖𝑞𝑟
•

 and 𝑖𝑑𝑟
•

 from 

voltage (6) is obtained: 
 

{
𝑆(𝑃)
•

= 𝑃𝑠_𝑟𝑒𝑓
•

+
𝑀𝑉𝑠

𝐿𝑠𝛿
[𝑉𝑞𝑟 − 𝑅𝑟𝑖𝑞𝑟 −𝑤𝑔𝛿. 𝑖𝑑𝑟 −

𝑔𝑀𝑉𝑠

𝐿𝑠
]

𝑆(𝑄)
•

= 𝑄𝑠_𝑟𝑒𝑓
•

+
𝑀𝑉𝑠

𝐿𝑠𝛿
[𝑉𝑑𝑟 − 𝑅𝑟𝑖𝑑𝑟 + 𝑤𝑔𝛿. 𝑖𝑞𝑟]

  (12) 

 

by replacing the expression of 𝑉𝑞𝑟  and 𝑉𝑑𝑟  by (𝑉𝑞𝑟
𝑒𝑞 + 𝑉𝑞𝑟

𝑛)and (𝑉𝑑𝑟
𝑒𝑞 + 𝑉𝑑𝑟

𝑛) respectively, 
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{
𝑆(𝑃)
•

= 𝑃𝑠_𝑟𝑒𝑓
•

+
𝑀𝑉𝑠

𝐿𝑠𝛿
[(𝑉𝑞𝑟

𝑒𝑞 + 𝑉𝑞𝑟
𝑛) − 𝑅𝑟𝑖𝑞𝑟 − 𝑤𝑔𝛿. 𝑖𝑑𝑟 −

𝑔𝑀𝑉𝑠

𝐿𝑠
]

𝑆(𝑄)
•

= 𝑄𝑠_𝑟𝑒𝑓
•

+
𝑀𝑉𝑠

𝐿𝑠𝛿
[(𝑉𝑑𝑟

𝑒𝑞 + 𝑉𝑑𝑟
𝑛) − 𝑅𝑟𝑖𝑑𝑟 + 𝑤𝑔𝛿. 𝑖𝑞𝑟]

 (13) 

 

In sliding mode steady state condition, = 0 the controls  𝑉𝑞𝑟
𝑛 = 𝑉𝑑𝑟

𝑛 and  𝑆(𝑃)
•

= 0,𝑆(𝑄)
•

= 0 equivalent is 

found from (13) written as follows:  
 

{
𝑉𝑞𝑟

𝑒𝑞 =
−𝐿𝑠𝛿

𝑀𝑉𝑠
𝑃𝑠_𝑟𝑒𝑓

•

+ 𝑅𝑟𝑖𝑞𝑟 +𝑤𝑔𝛿. 𝑖𝑑𝑟 +
𝑔𝑀𝑉𝑠

𝐿𝑠

𝑉𝑑𝑟
𝑒𝑞 =

−𝐿𝑠𝛿

𝑀𝑉𝑠
𝑄𝑠_𝑟𝑒𝑓

•

+ 𝑅𝑟𝑖𝑑𝑟 − 𝑤𝑔𝛿. 𝑖𝑞𝑟

 (14)  

 

Substituting the expression (14) in (13), And the following expression can be written: 
 

{
𝑆(𝑃)
•

=
𝑀𝑉𝑠

𝐿𝑠𝛿
𝑉𝑞𝑟

𝑛

𝑆(𝑄)
•

=
𝑀𝑉𝑠

𝐿𝑠𝛿
𝑉𝑑𝑟

𝑛
 (15) 

 

To ensure the convergence of function 0)(.)( xSxS
•

 accordingly, the switching terms are as follows: 

 

{
𝑉𝑞𝑟

𝑛 = 𝐾𝑉𝑞𝑟 . 𝑆𝑎𝑡(𝑆(𝑃𝑠))

𝑉𝑑𝑟
𝑛 = 𝐾𝑉𝑑𝑟 . 𝑆𝑎𝑡(𝑆(𝑄𝑠))

 (16) 

 

𝐾𝑉𝑞𝑟 ,𝐾𝑉𝑑𝑟Positive parameters must be used to check system stability. 

The classical sliding mode (SM) block diagram control for DFIG is shown in Figure 1. Note that the error 

function, sliding surface in Figure 1, is only included in the chatter function 𝑈𝑛(𝑡) for processing and does 

not input in equivalent function. 
 

 

 
 

Figure 1. Classical sliding mode (SM) block diagram for DFIG  
 

 

5. SLIDING MODE COMBINING WITH BACKSTEPPING DESING 

Authors in[20]-[22] implemented the backstepping method in 1990 to maintain general consistency, 

usually multivariate to higher order, control systems. It is a method for synthesizing recursive classes of 

nonlinear triangular structures, whatever their order [23]. Backstepping technique is a nonlinear method for 

control multivariable system on the basis of the Lyapunov theorem [24]. Compared with other control 

methods, [25] backstepping advantage is its versatility that is appropriate for any variation to keep condition 

stability of the system. 

We choose the Lyapunov V1 function first in a quadratic form for our system  
 

𝑉1 =
1

2
𝑒1
2 (17) 
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The derivative is as follows: 
 

𝑉1
•

= 𝑒1. 𝑒1
•

 (18) 
 

Lyapunov condition to guarantee the stability of the subsystem 𝑉1
•

, must be negative so we have to choose: 
  

𝑉1
•

= −𝑘. 𝑒1
2 < 0 (19) 

 

we base on (19) to check the stability condition with the sign function of the classical SM controller for the 

condition. The condition of convergence 𝑆(𝑥)
•

. 𝑆(𝑥) ≺ 0can be verified by the use of the equation of 

lyaponov backstepping condition (19) directly in the (13): 
 

{
𝑆(𝑃𝑠)
•

= 𝑃𝑠_𝑟𝑒𝑓
•

+
𝑀𝑉𝑠

𝐿𝑠𝛿
[(𝑉𝑞𝑟

𝑒𝑞 + 𝑉𝑞𝑟
𝑛) − 𝑅𝑟𝑖𝑞𝑟 − 𝑤𝑔𝛿. 𝑖𝑑𝑟 −

𝑔𝑀𝑉𝑠

𝐿𝑠
] = −𝐾1𝑆(𝑃𝑠)

𝑆(𝑄𝑠)
•

= 𝑄𝑠_𝑟𝑒𝑓
•

+
𝑀𝑉𝑠

𝐿𝑠𝛿
[(𝑉𝑑𝑟

𝑒𝑞 + 𝑉𝑑𝑟
𝑛) − 𝑅𝑟𝑖𝑑𝑟 +𝑤𝑔𝛿. 𝑖𝑞𝑟] = −𝐾2𝑆(𝑄𝑠)

  (20) 

 

𝑘1,𝑘2 > 0 active and reactive powers Gain of respective. 

During sliding steady state condition, 𝑆(𝑃)
•

= 0,𝑆(𝑄)
•

= 0and 𝑉𝑞𝑟
𝑛 = 𝑉𝑑𝑟

𝑛= 0 equivalent function are found 

from (20) written as follows: 
 

{
𝑉𝑞𝑟

𝑒𝑞 =
−𝐿𝑠𝛿

𝑀𝑉𝑠
𝑃𝑠_𝑟𝑒𝑓

•

+ 𝑅𝑟𝑖𝑞𝑟 +𝑤𝑔𝛿. 𝑖𝑑𝑟 +
𝑔𝑀𝑉𝑠

𝐿𝑠
+

−𝐿𝑠𝛿

𝑀𝑉𝑠
𝐾1𝑆(𝑃𝑠)

𝑉𝑑𝑟
𝑒𝑞 =

−𝐿𝑠𝛿

𝑀𝑉𝑠
𝑄𝑠_𝑟𝑒𝑓

•

+ 𝑅𝑟𝑖𝑑𝑟 − 𝑤𝑔𝛿. 𝑖𝑞𝑟 +
−𝐿𝑠𝛿

𝑀𝑉𝑠
𝐾2𝑆(𝑄𝑠)

  (21) 

 

Substituting the expression (21) in (20), same way in (15) and (16) for find the expression of 𝑉𝑞𝑟
𝑛 , 𝑉𝑑𝑟

𝑛 with 

the same values of SM (𝐾𝑉𝑞𝑟 , 𝐾𝑉𝑑𝑟) for ensure the performance of the new controller (SM-BS) Thus, the 

diagram block of Sliding mode combining with backstepping control of the DFIG is shown in the Figure 2. 
 

 

 
 

Figure 2. DFIG diagram block of Sliding mode combining with backstepping 

 

 

6. SIMULATION RESULTS  

6.1.  Tracking test 

The active and reactive response of the DFIG (5KW) by tow regulators (SM, SM-BS) without 

PWM converter (level two) and without perturbations (At the nominal speed of the generator.) and no 

parameters variations for the track test. Where we noticed the close performance of the regulators with 

improvement of the SM-BS controller shown in Figure 3. 
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Figure 3. Power/current controller response of DFIG (reference test) 

 

 

6.2.  Robustness tests  

The robustness test against parameters variations of DFIG. Figure 4 the value of the rotoric and 

statoric inductance 𝐿𝑟 and the magnetizing inductance M are increased by 50 % and 10 % successively of the 

nominal values, the rotoric resistance 𝑅𝑟 is increased by 100 % of nominal value. 

 

 

  
  

  
 

Figure 4. Controller response of DFIG (𝐿𝑟 , +50%,𝑀 + 10%,𝑅𝑟 + 100%) 

 

 

6.3.  Sensitivity to Perturbations test: (chattering phenomenon) 

It is clearly shown Figure 5 with PWM, the dramatic amplitude reduction of the oxillations 

concerning chattering phenomenon and almost zero error reference tracking in the case sliding mod–

backstepping (SM-BS) control. Under speed variation at t=2s. 
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Figure 5. Controller response of DFIG under wind speed variation (Chattering phenomenon) 

 

 

7. CONCLUSION  

In this paper we have been able to make the sliding surface (error) as input function for both main 

functions (Veq and Vn) of SM-BS with four setting gain (Kvdr; Kvqr; K1, K2), reverse conventional SM 

control has one input of sliding surface only about sign function and this is the main drawback. This 

combined control between sliding mode and backstepping technique, created a new control added to the 

classical sliding mode, it gave good results after the comparative study between SMC and SM-BS: after the 

results obtained by MATLAB/Simulink, for this new controller we can observe High output response time 

for tracking of references and it’s more robust against parameters variation of the DFIG versus the 

conventional SM controller. And regarding chattering phenomenon and sensitivity to perturbation, we also 

observe elimination of the chattering phenomenon the effect of the PWM clearly decreases and with its high 

efficiency to maintain its performance in the presence of perturbation (speed variation t=2s) compared to the 

classical SM controller. 
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