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Abstract: This paper presents a novel control strategy of a wind turbine based on Doubly 

Fed Induction Generator (DFIG) to maximize the electrical power generated by the DFIG, 

for low wind speed. To achieve this objective, the nonlinear sliding mode control with 

exponential reaching law (ERL ), the Bees algorithm and the fuzzy maximum power point 

tracking MPPT are applied to the system. The ERL and the Bees algorithm are used to 

obtain a good reference tracking and to suppress the chatter phenomenon. The 

effectiveness of this control strategy is proven through the simulation results. 

Keywords: Wind Energy; Doubly fed induction generator; Sliding Mode Control; 
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1 Introduction 

Wind energy conversion is the fastest-growing energy source among the new 

power generation sources in the world. Advances in wind turbine technology 

made necessary the design of more powerful control systems. This is in order to 

improve wind turbines behavior, namely to make them more profitable and more 

reliable. 

Many control strategies have been studied and applied to optimize the power for 

low wind speed: in reference [2] a fuzzy logic and a second order sliding mode 

controller were presented, the control scheme based on feedback linearization and 

gain scheduled linear quadratic regulator (LQR) is applied for the control of a 

wind turbine in [3]. In reference [4] a nonlinear state feedback PI controller with 

an estimator was used to optimize the power; a comparative study on the 

performance between PI and SMC controllers is presented in [5]. Reference [6] 

has developed an adaptive feedback linearization controller; a fuzzy-PI controller 

is used to extract an optimal power from the wind turbine system based on the 

Permanent Magnet Synchronous Generator in [7]. In reference [8] an RST 

controller is used to optimize the produced power, an LQG controller based on the 
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linearized wind turbine model was used in [9]. In reference [10], a variable 

structure control based on a sliding mode control has been presented, and a robust 

nonlinear controller has been presented in [11]. 

The objective of this paper is the control of active and reactive powers in the 

variable speed wind turbine. For this, we must continually adjust the turbine 

rotational speed according to the wind speed. The nonlinear sliding mode control 

with an exponential reaching law is used to achieve our objective. In [12], [13] 

and [14], the authors have used the conventional sliding-mode control to control 

the power produced by a wind turbine, but in this paper, we will use the same 

method but by employing an exponential reaching law (ERL) proposed by Fallaha 

et al. [15] to calculate the control law, the fuzzy maximum power point tracking 

MPPT to determine the rotational speed reference and the Bees algorithm to 

determine the optimal parameters of the controller. The advantage of the proposed 

approach is that allows to obtain a good reference tracking and the suppression of 

chatter phenomenon. 

This paper is organized as follows. Firstly, In Section 2, the wind turbine 

configuration is presented. In Section 3, the sliding mode control is used to 

establish the control law applied to the system. Finally, the simulation results are 

given to show the efficacy of the proposed approach. 

2 Wind Turbine Systems 

A wind turbine generally consistes of a wind rotor, drive shaft, gear system and a 

generator, as presented in Fig. 1 [16]. The wind turbine consists of several blades 

(mostly three blades). The wind turbine rotates at a speed which depends on the 

wind speed. This speed will be adapted to that of the electric generator through a 

gearbox. 

 

 

 

 

 

Figure 1 

One-mass wind turbine model 
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The energy recovered by the wind turbine rotor is given by: 

2 31

2
t pP  C ρπR v

 
  

 
                                                                                             (1) 

Where,   is the air density [ 3Kg / m ], R is the blade length [ m] , v represents 

the wind speed [ m / s ]. pC is the power coefficient; it depends on the tip speed 

ratio  λ  and the pitch angle of the blades   . It is given by [17]: 
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The tip-speed ratio  λ  is defined as: 

tRΩ
λ

v
                                                                                                                (3) 

tΩ , is the mechanical angular speed of the turbine [ rad / sec ]. 

The mechanical torque and the mechanical angular speed are given by: 
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tC is the mechanical torque [ N.m ] and G is the multiplication ratio. 

The mechanical angular speed is determined by applying the fundamental 

equation of dynamic: 

mec mec em mecJΩ C C fΩ                                                                               (5) 

Where: 

J is the total inertia of the rotating parts [ 2Kg.m ], f is the coefficient of viscous 

damping, and emC  is the electromagnetic torque of the generator [ N.m ]. 

The electrical and magnetic equations of the DFIG are given by: 
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Where: 

sV is the stator voltage.  

rV is the rotor voltage.  

sφ is the stator flux.  

rφ is the rotor flux.  

sR is the stator resistance.  

rR is the rotor resistance.  

sl is the inductance of stator phase.  

rl is the inductance of rotor phase.  

sm is the mutual inductance between two stator phases.  

rm is the mutual inductance between two rotor phases.  

srm is the maximum of the mutual inductance between the stator and the rotor.  

In the three-phase plan, the representation of asynchronous machine is difficult 

because it is strongly coupled. So it is necessary to represent the machine behavior 

in a two-phase plane given by the transformation of Park (Fig. 2). 
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a) DFIG representation on a three-phase plane                   b) DFIG representation on a two-phase plane 

Figure 2 

The Park Transformation 

The Park reference frame is given by the following set of equations [18-19]: 
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Where, sl s mecω ω PΩ  . 
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Where, 

sd sqV , V , direct and quadrature voltages on the stator axis.  

rd rqV , V , direct and quadrature voltages on the rotor axis. 

sd sqI , I , direct and quadrature stator currents.  

rd rqI , I , direct and quadrature rotor currents. 
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sω , the stator currents pulsation.  

P , the number of machine poles pairs. 

sd sqφ , φ , direct and quadrature stator flux.  

rd rqφ , φ , direct and quadrature rotor flux. 

sL , the stator inductance.  

rL , the rotor inductance.  

mL , the mutual inductance between the stator and the rotor.  

The stator active and reactive powers of the DFIG are given by [20], 
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3 Control Strategy 

As it is shown in Fig. 1, there are two control parts (mechanical and electrical 

parts). For each one, we will design a sliding mode controller. The optimal 

rotational speed of the turbine corresponds to opt  and 0  . It is used as a 

reference for the controller to determine the command (electromagnetic torque) 

that will be applied to the generator. The difficulty in controlling the DFIG is due 

to the coupling between the stator and rotor. 

To simplify the task, the model is approximated to that of a DC machine. By 

orienting d axis in the direction of the flux s . We obtain: 

0

sd s
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Taking into account of (9), we obtain: 
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The rotor flux can be written as: 
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If we neglect the stator resistance (for medium and high-power  machines), and 

we make the stator flux constant (ensured by a stable grid connected to the stator). 

We obtain the direct and quadrature voltages on the stator axis: 

0sd

sq s sd

V

V  





                                                                                                      (14) 

Taking into account (10) and (12), we obtain the stator active and reactive powers: 
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Taking into account equations (8) and (13), we obtain the direct and quadrature 

voltages on the rotor axis: 
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The optimal stator active and reactive powers given by (17) are used as reference 

for controllers to calculate commands ( rdV and rqV ) that will be applied to the 

DFIG rotor. 
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The synthesis of these commands ( rdV .  and rqV . ) is represented thereafter, using 

the nonlinear sliding mode control with exponential reaching law. 
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4 Sliding Mode Control 

The sliding mode control belongs to the family of a variable structure controllers. 

The advantage of this method is its simplicity and robustness in spite of 

uncertainties in the system and external disturbances. 

It consists of designing a control law that helps, to attract the state vector toward 

the sliding surface and to slide on the surface until reaching the equilibrium point 

(Fig. 3) [21-23]. 

We consider a nonlinear system defined as: 

( n )x ( t ) f ( x,t ) b( x,t )u( x,t )                   (18) 

where, x is the state vector and f ( x,t ),b( x,t )are nonlinear functions and u  is 

the control input. 

 

 

 

 

 

  

 

 

Figure 3 

Sliding mode in a phase plane ( s e e   ) 

To design a sliding mode control law, we must firstly, choose the switching 

surface. We take the general form proposed by Slotine [24]: 

 1n
d

S e
dt




 

  
 

                                                                                           (19) 

Where, de x x   is the tracking error; dx  is the desired state, n  is the system 

order and   is a positive coefficient. 

After choosing the sliding surface, we must choose the control law where the 

reaching condition defined by Lyapunov equation satisfied, 

0SS            t   

The control law has the following form, 

eq discu u u                                                                                                       (20) 
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In order that the condition (19) is verified at any time, S  is chosen as follows [15] 

(a complete study of sliding-mode with ERL can be found in [15]): 

 0 01
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S sat
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                                                                       (21) 

Where, k  is the discontinuous gain, 
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The use of saturation function instead of sign function is justified to avoid 

chattering phenomenon. 

4.1 Wind Turbine Rotational Speed Command 

In this part, we develop a law command to control the rotational speed. Taking 

into account of (8) and (10), we obtain, 

5
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The tracking error is defined by, d
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According to (18), the switching surface is given by, 

d
mec mecS e                                                                     (24) 

 

2 1
1 2 3

0 01
p

d d
mec mec mec mec em mec

S

k S
S c c c C sat  

e
  


 
            

  

 

 

21 2 1

3 3 3
3 0 0

1

1
p

d
em mec mec mec

S

c c k S
C   sat

c c c
c e

 
 



 
        

     
 

          (25) 



A. Mechter et al. Sliding Mode Control of a Wind Turbine with Exponential Reaching Law 

 – 176 – 

Where, 
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4.2 Stator Active Power Command 

In this part, we develop a law command to control the stator active power. 

According to the first equation of (16), the quadrature currents on the rotor axis is 

given by: 
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The tracking error is defined by, d
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According to (18), the switching surface is given by, 
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Where,   
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4.3 Stator Reactive Power Command 

In this section, we calculate the law command to control the stator reactive power. 

According to the second equation of (16), the quadrature currents on the rotor axis 

is giver by: 
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The tracking error is defined by, d
rq rqI I   

According to (18), the switching surface is given by, 

d
rq rqS e I I .                                                                                                 (32) 

 

7 8 9 10

3

3 0 01
p

d d
rq rq rq rd rq rq

S

S I I c I c I c c V I

k S
sat  

c e
 

 


      

 
   

     
 

 

 

7 8 9 3

10 10 10 10
10 3 0 0

1

1
p

d
rq rq rq rd

S

c c c k S
V   I I I sat

c c c c
c c e

 
 



 
      

     
 

      (33) 

Where, 
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5 Simulation Results 

The control strategy was applied to a 660-kW wind turbine using Matlab/Simulink 

software. The simulation results show the effectiveness of the control strategy 

used in this study. The parameters of the wind turbine are: 

 
321 165 1 225 0 01
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s

r s r m
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Nominal frequency: 50Hz. 

The exponential reaching law parameters: 0 0 08.  , 2p  , 1000  , k  3. 

The optimal active power can be written with neglected losses as [11]: 

d opt

s tP P  

Form (1) and (3) we have: 3 s mecP k  with 
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With 
mec  is the estimated rotational speed and d

mec is determined using the 

fuzzy maximum power point tracking MPPT proposed by S. Abdeddaim et al. 

[25] to maximize the output power and to adjust in real time the rotational speed 

of wind turbines. 

on the other hand, the optimal reactive power is set to zero to ensure a unity power 

factor operation of the studied wind turbine:  0ref

sQ   [25], 

Or, form (15), we have : 
sqd

rd
m s

V
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The Bees algorithm is employed to determine the  control parameters 1k , 2k  and 

3k , it is an optimization algorithm inspired by the natural foraging behaviour of 

honey bees to find the optimal solution [26]. The parameters of the Bees algorithm 

are: the number of scout bees is 30, the number of best selected patche  is 20, the 

number of elite selected patches is 10, the number of recruited bees around best 

selected patches is 15 and the number of recruited bees around elite selected 

patches is 30. In the literature, we can find many objective functions as a 

performance criterion. In this paper, we use the integral of time multiplied by 

squared error (ITSE), defined by : 

2

0

sst

ITSE te ( t )   

Where sst  is the final time. 
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Fig. (4) present a variable wind profile comprised between 5 m/s and 12 m/s, and 

it varies under the nominal value (12 m/s). This allows observing the operation of 

the wind turbine for low wind speed. 
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Figure 4 

Wind speed 

Fig. 5 shows the generator rotational speed under the proposed control method and 

the reference. We can see clearly that the estimated 
mec  track perfectly the 

reference. 
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Figure 5 

Generator rotational speed 
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Figure 6 

Active power 
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The active and the reactive powers are presented in Fig. 6 and Fig. 7. As we can 

see, the powers converge to their desired references with good dynamics. 
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Figure 7 

Reactive power 
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Figure 8 

Generator rotational speed: comparaison between conventional sliding-mode control and sliding mode 

control with ERL and Bees algorithm 
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Figure 9 

Active power: comparaison between conventional sliding-mode control and sliding mode control with 

ERL and Bees algorithm 
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Figure 10 

Reactive power: comparaison between conventional sliding-mode control and sliding mode control 

with ERL and Bees algorithm 

Fig. 8, Fig. 9 and Fig. 10 represent a comparison between the conventional 

sliding-mode control and the sliding mode control with ERL and Bees algorithm. 

These results show the effectiveness of the proposed approach, especially the very 

good tracking performance of the desired trajectory. 

Conclusion 

In this paper, the control of a 600-kW wind turbine for low wind speed was 

presented. To achieve this objective, the nonlinear sliding mode control with 

exponential reaching law and Bees algorithm are used to conceive the controllers 

of mechanical and electrical parts. The fuzzy maximum power point tracking 

MPPT is using to determine the rotational speed reference. The advantage of the 

proposed approach, compared to the conventional method is the good reference 

tracking and the suppression of chatter phenomenon. Simulation results show the 

effectiveness of the applied control strategy. 
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