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In the control of Wind Energy System (WES), the most serious disturbances to occur are 

the variations of wind speed which can affect the quality and continuity of the generated 

power. In this research paper, an enhanced control strategy is proposed for a wind turbine 

(WT) system equipped with a Doubly Fed Induction Generator (DFIG) connected to the 

grid network. The proposed strategy design is based on an amended formula of the Super 

Twisting Control with adaptive gains that can be implemented to the cascaded system 

scheme comprising the speed and power control loops. This method is effective in 

reducing and smoothing the control effort by developing a simple formulation of sliding 

gain despite disturbance regarding variation on the parameters, and the random nature of 

wind speed. By comparison with the conventional Super Twisting Control, simulation 

results are given to illustrate the improvements of the use of adaptive Super Twisting 

Control based controllers in a WES Control. 
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1. INTRODUCTION

With the development of a global energy crisis and 

environmental pollution, wind energy has become one of the 

preferred options for its ability to produce a large part of the 

electricity, in addition to being as it is clean, renewable energy, 

sustainable, and not owned [1]. The wind energy industry has 

received rapid growth and significant enhancements by 

integrating new technologies such as variable speed turbines 

based on Doubly Fed Induction Generators (DFIGs), with the 

advantages of resilient structure, wide range speed operation 

capabilities, high wind-energy utilization efficiency, low 

inverter cost [2], variable speed and constant frequency 

operation, and separated control of active and reactive power, 

has conquered the market of wind-energy [3]. 

The need for theories and techniques that are efficient, 

reliable, and elaborate enough to properly integrate this type 

of wind turbine into the electricity grid is becoming a 

technological challenge. In practice, PI controllers are the 

most commonly used, because they are the easiest to 

implement, and less expensive but, performance is not always 

adequate when disturbances and parameter uncertainties occur 

[4]. 

Various nonlinear control methods have been suggested in 

the literature to solve the problems of linear controllers. The 

currently known Sliding Mode (SM) techniques are powerful 

tools for their great potential to be able to solve problems 

related to industrial processes, in particular the control, 

estimation and identification of the parameters of variant 

systems [5]. The First Order Sliding Mode Controls (FOSMC) 

achieves properties of convergence in a finite time and 

excellent robustness, against possible uncertainties and 

perturbations of the system [6]. They have been widely used 

in variable-speed wind turbine systems with various works 

available in the literature [7, 8]. However, the major problem 

commonly associated with FOSMC is the inherently occurring 

chattering phenomenon owing to the introduction of 

discontinuous signum function in the control law [9]. 

As class of the higher-order sliding mode, the Second Order 

Sliding Mode Control (SOSMC) has higher precision and 

smaller chattering than the FOSMC by covering discontinuous 

sign-function in a high order time derivative of some variable 

of the sliding mode [10]. Among the members of the SOSMC, 

the Super-Twisting Control (STC) was therefore the one that 

gave the best result, as it had a smooth control input and was 

most robust against modeling errors and disturbances. As 

results, the performances of STC remain insufficient by 

considering the uncertain nonlinear characteristics, unknown 

upper bound of uncertainty derivative, and sliding mode 

chattering problems [11]. 

The Adaptive Super Twisting Control (ASTC) can be 

employed, since the gains can then adapt to a level where they 

are as small as possible but still guarantee that sliding is 

maintained. The ASTC with adaptive gains is therefore the 

controller most suited for various practical use [12].  

The motivation behind this study is that the DFIG-WT 

system is subjected to uncertainties in parameters due to 

variation of wind speed and uncertain modeling. To cope with 

this variation of parameters and to eliminate the disadvantages 

highlighted previously with improved energy quality and 

system's responses, an adaptive control algorithm based on 

super twisting sliding mode control has been developed and 

detailed design of this ASTC strategy is performed to DFIG-

WT system. Therefore, this paper highlights the following 

contributions: 

• Design of ASTC strategy for DFIG-WT system in
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grid-connection mode. 

• A comparative study has been made between the STC 

and ASTC control for DFIG-WT system based on the 

simulated results.  

The aim of the strategy cascaded method based on the 

ASTC is designed to continually harvest the optimal 

aerodynamic energy and to achieve smooth regulation of both 

stator active and reactive powers quantities. It has been shown 

that from the simulated results, the ASTC can not only ensure 

quick and precise system’s response, but also effectively 

reduce the chattering and make the control input smoother as 

compared to the controller resulting from STC. 

The remaining of this paper is organized as follows: Section 

2, the whole system model under study is presented. Sections 

3, 4, and 5 are dedicated to the modelling and control of the 

WT and DFIG. In section 6, the second-order SMC control is 

described. The STC and ASTC control strategies are shown in 

Sections 6.1 and 6.2. The application of ASTC control is 

presented in Section 6.3. To test the efficiency of the designed 

controllers, simulation results are presented in Section 7. 

Finally, the general conclusions are presented in Section 8. 

 

 

2. WIND ENERGY SYSTEM 

 

In this study, the topology of the wind energy under study 

is shown in Figure 1. This type of configuration is a variable 

speed WT using a DFIG, and also uses a gearbox, but does not 

require the use of a soft starter or a reactive power 

compensation. Wind turbines are made up of several 

mechanical, electrical and control system components. 

Mechanical components convert the kinetic energy of the wind 

into mechanical energy, according to physicist Albert Betz. 

DFIG converts mechanical energy into electrical energy. As 

the name suggests, the power of the DFIG is connected to the 

network through the stator and rotor windings, by means of a 

power converter. The use of power converters allows flow of 

the bidirectional power in the rotor circuit and increases the 

generator speed. In the wind power system, used in this work, 

a power controller is made to act in cascade with the speed 

controller, the MPPT system is made to provide the power 

reference to be followed and, in order to keep the load running 

smoothly. 

 

 
 

Figure 1. Block diagram of the generation system based on 

DFIG 

3. WIND TURBINE MODEL 

 

The WT input power usually is: 
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where,  the air density (kg/m3), R is the Radius of WT (m); ν 

is the wind speed (m/s).  

The output mechanical power of WT is: 
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The power coefficient Cp (λ, β) is a non-linear function on 

the ratio speed of the blades and the wind. This ratio is known 

as tip speed ratio (TSR).  

The TSR is represented by λ and it is defined by: 
 

v
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where, Ωt is the turbine speed (rad/s). 

The torque of WT is the ratio of the aerodynamic power to 

the turbine shaft speed, can be expressed: 
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The generic formula used to model to Cp is reached from 

curves power of different points of operation turbine. 

A numerical approximation that is used to calculate Cp as: 

 

( ) 


 
0086.054.0

116
5176.0 ,

21

+







−−=

−

ieC
i

p
  (5) 

 

31

035.0

08.0

1




+
−

+
=i

 
(6) 

 

Figure 2 illustrates the characteristic curves of the power 

coefficient versus tip speed ratio for different blade angles. As 

observed, the power coefficient (Cp) changes with blade pitch 

angle variation. It increases with the decrease in pitch angle 

and attains its maximum value at a specific value of pitch angle 

equal to β=0°. 

In order to exploit full use of WT power, in low wind speed 

Cp should be equal to Cp_max=0.48, which is achieved for β=0° 

and λ=8 [13]. 
 

 
 

Figure 2. Cp versus λ with angle β 
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Figure 3. Wind turbine power curve when value of β=0 

 

There is one specific DFIG speed at which the output power 

of WT is optimal. By the connection of all MPP, the optimal 

power curve (PM_opt curve) is obtained. The turbine will get 

the maximum power PM_max, when the wind turbine is in the 

PM_opt curve (see Figure 3).  

Therefore, a Maximum Power Point Tracking (MPPT) 

control method, which is detailed in the following section, is 

required to control the rotor speed of the turbine and maintains 

it at the maximum power. 

Finally, the mechanical torque Tm and shaft speed that is 

injected when generating electricity is affected by the gearbox 

relationship, and are given by: 
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where, Tm the driving torque of the DFIG (N/m), Ωg is the 

generator shaft speed (rad/s) and G is the gain of gearbox, 

respectively.  

Furthermore, the dynamics of motion of the DFIG-WT 

coupling is given as follows [14]: 
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where, Tem is the electromagnetic torque (N/m), J is the total 

moment of inertia (Kg.m2) and fv is the coefficient of viscous 

friction (Kg.m/s). 

 

 

4. MPPT CONTROL 

 

Maximum Power Point Tracking (MPPT) is a control 

technique to increase the energy captured and improve the 

efficiency of energy conversion, many approaches have been 

discussed in the literature [15]. The MPPT employed in this 

study relies on the Tip Speed Ratio (TSR) control, which 

regulates the generator shaft speed continuously, while 

keeping the TSR at its optimum value (λ=λopt) to capture the 

maximum wind power. Therefore, the TSR technique consists 

in determining the speed of the generator which makes it 

possible to obtain the maximum generated power. 

According to the fundamental equation of dynamics making 

it possible to determine the evolution of the generator speed 

from the total mechanic torque applied to the rotor, this speed 

can be adjusted to a reference. This is obtained by using an 

adequate controller of the speed to have a reference 

electromagnetic torque [16, 17]. 

As shown in Figure 4, the MPPT strategy is based on wind 

speed measurement and speed control needs a controller. 

Therefore, an anemometer is needed to measure wind speed 

[18]. 

From Eq. (3), the optimal WT shaft speed is defined as: 
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According to the gearbox model, the reference DFIG shaft 

speed is: 

 

gg G=   (10) 

 

 
 

Figure 4. Wind turbine model and control scheme 

 

The reference electromagnetic torque is obtained from the 

servo-control of the speed of the generator shaft using a 

regulator as follows: 

 

( )ggem gT −=  Re  (11) 

 

With Reg: the speed regulator, conventionally a PI 

controller. 

 

 

5. DFIG MODEL AND CONTROL 

 

The equations of the generator DFIG of p pairs of poles fed 

by a set balanced triphasic can then be expressed, in a 

synchronous rotating d − q frame, as follow [19]:  

Stator and rotor voltages: 
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where, Stator and rotor flux: 
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where, Rs and Rr are the resistors of the stator and rotor, 

respectively; ω=pΩ and ωs are the rotor and stator angular 

velocity respectively; Ls, Lr, and M are the stator inductance, 

rotor inductance and mutual inductance, respectively; and p is 

the number of pole pairs. 

The electromagnetic torque can be expressed as a function 

of the stator flux and rotor currents: 
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The active and reactive stator powers delivered from the 

DFIG machine is given by: 
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The adaptation of these equations to the chosen system of 

axes and to the simplifying assumptions considered in our case 

gives: 
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6. SECOND ORDER SLIDING MODE CONTROL  

 

Second-order sliding mode control SOSMC is a very 

attractive suggested solution to improve the performance of 

SMC sliding modes by increasing accuracy and reducing 

chattering. The main attribute of SOSMC is the finite time 

convergence to zero (or to a vicinity of 0) of the sliding 

variable and its time derivative (S, S') [20]. 

A number of SOSMC control elements, two of them 

dedicated to systems of relative degree 2 which are 

respectively the suboptimal algorithm, the twisting algorithm, 

and the third is the super twisting algorithm and it is dedicated 

to systems with dynamics having relative degree 1 with respect 

to sliding variable S [21]. 

 

6.1 Super twisting control STC 
 

The STC is the most effective second-order continuous 

sliding mode control algorithm. It produces the continuous 

control function that directs the sliding variable and its 

derivative to zero (i.e. S=S'=0) in finite time. This algorithm 

only works with bounded perturbations, therefore a 

conservative upper bound should be used when designing the 

controller to ensure that sliding is maintained [22, 23]. 

We can therefore consider STC algorithm as a nonlinear 

generalization of a PI controller [24]. The STC algorithm is 

made of two parts one presents a discontinuity while the other 

v is continuous [25]. 

The STC control law expression is given by: 
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where, S and r are the switching function and the exponent, 

determined respectively defined for the STC controller, and Ki 

(i=1, 2) are the gains of the proportional and integral parts of 

the STC controller. 

In order to guarantee the convergence of sliding surfaces (S, 

S') towards zero in a finite time, the gains of the proposed 

command can be chosen as follows [26]: 
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For a real sliding mode, the control law will be given as 

follows: 

 

( ) ( )−−= SsignkSsignSkust 2

5.0

1  (21) 

 

6.2 Adaptive super twisting control ASTC 

 

This is a fairly recent approach, proposed by Shtessel in 

2010 and 2012 [27, 28], it consists of using variable control 

gains that ensure the establishment, in a finite time, of a 

SOSMC in the presence of limited disturbances by unknown 

limits. The important feature of the adaptive algorithm is that 

it does not overestimate the values of the controller’s gains. In 

this case, the controller gains are variable k1=k1 (s, t) and k2=k2 

(s, t). The principle consists in introducing a domain (s), 

where once reached, the gains k1and k2 start to decrease 

dynamically until the trajectories of the system leave this 

domain, then, these gains start to grow dynamically in order to 

force these trajectories to return to this domain in finite time. 

Instead of a fixed gain, ASTC introduces an adaptive gain for 

the sign function to achieve faster convergence and less chatter. 

Intuitively, adaptive gain has a low value when the slip 

function is near zero (where chatter occurs).  

Here, we present briefly summarises the ASTC algorithm. 

Following the notation of Shtessel et al. (2012), the ASTC 

control law reads [28]: 
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where, kc>0 is the constant. Values k1=k1 (S, t) and k2=k2 (S, 

t) are the adaptive gains to be determined.  

The control gains k1 and k2 are adapted dynamically 

according to the ref. [26]: 

 

( )

112

1

1
1

11

2

0                                   0

0      
2

kk

kif

kifSsign

dt

dk








=









=

−
=  

(25) 

 

where, ω1, γ1, μ, ε1> 0, are tunable controller parameters. 

Figure 5 shows the block diagram of the proposed controller 

ASTC. 

 

 
 

Figure 5. Block diagram of the proposed ASTC controller 

 

6.3 Application of ASTC control  

 

In this research, the ASTC technique was applied for both 

MPPT and the power converter control to increase the energy 

captured from the wind turbine, and to improve power 

regulation with better efficiency and quality of generated 

power of WECS. The block diagram of the control system, 

using the proposed ASTC, is shown in Figure 6. 

The inputs of the controllers are the power and speed errors, 

respectively. 

Then, the choice of slip variables is the following: 
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Moreover, each component of the action control variables 

consists of two terms [29]. 
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where, the terms with subscript «st» are calculated, through 

application of the ASTC algorithm, as: 
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With k1and k2 the adaptive gains are expressed as the Eq. 

(25). 

The addends with subscript «eq» in Eq. (27), which 

correspond to equivalent control terms, can be obtained in a 

similar way as the traditional SMC, are derived by letting 

Śd=Śq=ŚΩ=0.  

 

 
 

Figure 6. Three-p block diagram of the whole device studied 
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As a result: 
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Equivalent control terms are therefore included not only to 

improve the transient response of the system, but also for the 

adjustment of the ASTC gains αi and βi. 
 
 

7. SIMULATION RESULTS 
 

To test and analyze the performances of the proposed 

control strategy using the controllers based on Super-Twisting 

Adaptive, simulations were carried out using the complete 

dynamic model of Figure 6. The Simulation has been realized 

using Matlab–Simulink software with a 1.5 (MW)DFIG 

coupled to a grid [30].  

The temporal evolution of the wind used in this simulation 

is shown in Figure 7. Representative results obtained by 

simulation during 2s of the controlled system with each of the 

designed controllers are presented and analyzed below.  
 

 
 

Figure 7. Wind speed profile  
 

DFIG-WT parameters values are listed below in Table 1 in 

appendix.  
 

Table 1. DFIG-wind turbine parameters 
 

Parameter Value Unity 

DFIG 

Nominal power 1.5 MW 

Nominal voltage 690 V 

Frequency 50 Hz 

Poles pairs number 2 - 

Stator resistance 2.65.10-3 Ω 

Rotor resistance 2.63.10-3 Ω 

Stator inductance 5.60.10-3 H 

Rotor inductance 5.60.10-3 H 

Mutual inductance 5.48.10-3 H 

Turbine 

Number of blades 3 - 

Air density 1.225 Kg/m3 

Turbine radius 35.25 M 

Gearbox ratio 75 - 

DFIG+ Turbine 

Generator inertia 1000 Kg.m2 

Friction factor 0.0024 Kg.m/s 

Table 2. STC controller parameters 

 

Speed controller Power controller 

K1Ω=1.5sqrt(L) K1=1.5sqrt(L) 

K2Ω=1.1(L) K2=1.1(L) 

L=500 L=15000 

 

Table 3. ASTC controller parameters 

 

Speed controller Power controller 

kc=120 kc=500 

Ω1=20 ω1=60 

Γ1=1 γ1=1 

1=0.05 1=0.005 

ε1=2 ε1=10 

 

Moreover, the ASTC controller’s settings were used shown 

above in Table 2, and for the STC controllers, the fixed gains 

can be chosen as shown in Table 3. 

 

7.1 MPPT responses 

 

Figure 8 illustrates the dynamic performance of the WT 

system obtained by using two different control schemes, we 

note respectively from top to bottom the aerodynamic power 

obtained, the variation of the speed ratio and the variation of 

the coefficient of power.  

 

 
(a) T reference active power Ps

* 

 
(b) Tip speed ratio TSR 

 
(c) Power coefficient Cp 

 

Figure 8. Comparison of the performance of wind turbine 

system 
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Figure 8(a) presents the reference stator active power with 

MPPT process, which the DFIG-WT proves an optimum 

capacity operation.  

It can be seen in Figure 8(b) and Figure 8(c) that the MPPT 

strategy ensures the tracking of the optimum power points, by 

maintaining the coefficient of performance around its 

maximum, and the TSR around its optimum value. From these 

figures, the smoothness of the proposed ASTC is proved, and 

this is responsible for improved mechanical behavior. The 

simulation results show that the proposed control scheme for 

MPPT control of the WT presents better performances in 

capturing the optimal wind energy as well as chattering 

suppression. 

 

7.2 Whole system responses 

 

Figure 9 shows a comparison of stator active and reactive 

powers response of DFIG, PS, and QS, together with the 

optimal powers PS
* and QS

*, for the controlled system with 

each of the designs developed. While Figure 9(a) corresponds 

to the adaptive ASTC controller, Figure 9(b) presents the 

curves corresponding to the system controlled by the 

conventional STC. It can be observed from this figure that 

despite the variation in wind speed and machine parameters, 

the active and reactive powers of the DFIG accurately follow 

their reference values for both schemes, but with a smaller 

error and oscillation for ASTC in steady-state. On the other 

hand, we also see in the event of a reference shift that the 

ASTC does not have any overshoot of the two powers during 

the transient phenomenon, this implies an attenuation of the 

oscillations. In Figures 10(a) and 10(b), the detail of the 

oscillations and the resulting chattering of the STC controller 

are shown. 

Moreover, the spectral analysis of the line current illustrated 

in Figures 11(a) and 11(b) clearly shows that the total 

harmonic distortion was minimized by almost a third for the 

ASTC controller (THD=0.21%) compared to the STC 

controller (THD=0.62%). 
 

 
(a) With ASTC controller 

 
(b) With STC controller 

 

Figure 9. Powers response comparison  

 
(a) Active powers 

 
(b) Reactive powers 

 

Figure 10. Powers zoom of comparison power responses  

 

 
(a) With ASTC controller

 
(b) With STC controller 

 

Figure 11. Spectrum harmonic of one phase stator current  

 

The three-phase currents obtained from the stator using 

ASTC scheme represented in Figure 12(a) shows that they 

have sinusoidal shapes less wavy than using STC scheme in 

Figure 12(b), which signifies clean energy without harmonics 

supplied to the network. Finally, Figure 13(a) and Figure 13(b) 

show the rotor currents drawn by DFIG using ASTC control 
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and conventional STC respectively. It is clear that the 

frequency of the rotor currents is lower than the frequency of 

the stator currents. 

 

 
(a) With ASTC controller

 
(b) With STC controller 

 

Figure 12. Three- phase stator currents of the DFIG 

 

 
(a) With ASTC controller

 
(b) With STC controller 

 

Figure 13. Three- phase rotor currents of the DFIG 

 

 

8. CONCLUSION 
 

In this work, an adaptive no-linear control algorithm based 

on sliding mode is developed to improve the control strategy 

of DFIG driven by a wind energy conversion system, under 

variable wind speed and connected to the electrical network. 

This method combines the advantages of second-order super-

twisting sliding mode control and the adaptive control 

methodology.  

The proposed control scheme using ASTC Controllers 

guarantees an efficient performance for tracking time-varying 

references generated by the Tip Speed Ratio MPPT control 

algorithm, to extract the maximum power under wind speed 

turbulence. 

At the same time, the regulation of the active power, as well 

as the reactive power, is carried out efficiently, which 

contributes to a correct control of the wind energy conversion 

system with better-generated power quality. 

The design of ASTC controllers’ parameters has an impact 

on control performance and has to be adequately chosen. As 

such, future work will focus on tuning the proposed 

controller’s parameters using optimization techniques to find 

their optimal values in an auto-manner and to demonstrate the 

feasibility of the proposed approaches by the development of 

a prototype to experimentally validate the proposed control 

method. 
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