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ABSTRACT 
 
In this paper, hybrid control strategy applied to doubly fed induction 
generator (DFIG) used in wind energy conversion systems (WECS) 
is presented. The main objective of the study is to derive a control 
strategy which will be applied to a bidirectional converter supplying a 
DFIG based on the combination of vector and backstepping control. 
Vector control approach has been initially carried out in order to get a 
decoupled active and reactive power with proportional-integral 
compensator (PI). In order to enhance some of the drawbacks of the 
PI compensator in terms of robustness, transient response and steady 
state error a backstepping approach has been used. Simulation study 
carried out on the DFIG generating both real powers extracted from 
the turbine and the required reactive power have shown good 
performances compared to those obtained by using PI compensator 
for the overall expected performance parameters. 
 
Keywords 
Doubly fed induction machine, Wind Power, Bidirectional Converter, 
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1. INTRODUCTION 
 

Increasing of environmental awareness, conservation of natural 
resources, increase of fossil fuels prices and the continuous search of 
lowering energy dependency on fossil fuels have encouraged the 
development of directives and national legislations enabling the 
deployment of new energy generation technologies such as renewable 
energy sources (RES). In addition, the energy's demand has been 
increased worldwide and it will continue to grow while fossil fuels 
are seeing rapid depletion which has motivated to look toward the 
deployment of more alternative energy sources. On the other hand, 
the new paradigm of distributed generation (DG) has led to a new 
trend of non-centralized energy production close to the end users by 
using renewable energies sources such as photovoltaic systems, wind 
turbines and other non-conventional sources and their integration into 
the distribution network forming a localized micro grid [1], [2] and 
[3].The wind energy has gained a high level of interest in recent 
years, mainly because is one of the most efficient forms of renewable 
energies all over the world [4], [5] and [6]. In 2007, an additional of 
almost 20,000 MW wind power was installed all over the world to 
reach 94,112 MW of the overall installed capacity. Indeed this 
represents an increase of 31% compared with the 2006 installed 
capacity and 27% compared with the global installed capacity [7] and 
[8].  

Doubly-Fed Induction Generator (DFIG) is one of the most 
widely used generators of wind energy applications with more than 
50% of installed Wind Energy Conversion Systems (WECS) using 
the variable speed technology [9] and [10]. Actually, DFIG presents 
noticeable advantages such as: variable speed generation, decoupled 
control of active and reactive powers, reduction of mechanical 
stresses and acoustic noise, improvement of power quality, maximum 
power capture capabilities and the use of a reduced power converter 
with a rated power of 25% of the total system power [11] and [12]. 

Backstepping is a recursive procedure which breaks a design 
problem for the overall system into a sequence of design problem for 
lower order system. In addition backstepping design does not force 
the designed system to appear linear, which can avoid cancellations 
of useful nonlinearities. Furthermore, additionally nonlinear damping 
terms can be introduced in feedback loop to enhance robustness [13], 
[14] and [15]. Motivated by these features of backstepping in one 
hand and on the other hand the high complexity and nonlinearity of 
wind energy conversion system, a control strategy based on this 
concept will be more appropriate in order to achieve the following 
performances: 
* Performing mouth and rapid transient response of the injected 
power into the grid for stability purpose of the entire power system. 
* Performing good and accurate tracking capabilities in steady state 
of both active and reactive reference powers injected into the grid 
utility. 

This paper suggests a hybrid vector and backstepping control 
strategy applied to a DFIG wind energy system. The proposed control 
strategy finds its strong justification for its insensitivity to parameters 
variation and the stability of the output variables due to the use of 
Lyapunov conditions. Mainly, this technique enables to control 
independently the active and reactive generated powers by DFIG. 

The rest of the paper is structured as follow.  Section 2, briefly 
provides the models of different wind energy system components.  In 
Section 3,  vector control of both active and reactive power 
generation are derived while in section 4 a hybrid vector control and  
backstepping control applied to the whole system model is given. In 
Section 5, simulation results using Matlab/Simulink ™ are presented 
and discussed. Finally, conclusions of the present work are drawn. 
 
2. MODELLING AND CONTROL OF THE 

INDIVIDUAL COMPONENTS OF WIND 
SYSTEM 

 
The studied wind system based on DFIG is mainly composed of a 

wind turbine, doubly fed induction generator and bidirectional power 
converter. A model of each sub-system is given in Figure 1.  
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Fig. 1: Global configuration of the wind energy conversion system. 

 
2.1 Modeling and Control of the Turbine  

 
The turbine is made up of three-bladed rotor and a hub. Through 

the turbine, wind energy is transformed into mechanical energy that 
rotates the main shaft of the generator. The aerodynamic 
(mechanical) power Pm extracted by the wind turbine is given by 
[16]: 
 

1 2 3. . . . . ( , )
2

P R V Cm T pρ π λ β=                             (1) 
 

Where ρ is the air density, RT is the wind turbine rotor length, V is 
the wind speed. The power coefficient   Cp (λ, β) represents the 
turbine efficiency to convert the kinetic energy of the wind into 
mechanical energy. This coefficient is a function of the blade pitch 
angle β and the tip speed ratio λ, which is defined as [17]: 
 

. RT T
V

λ =
Ω

                                            
(2) 

 

where ΩT is the shaft speed in (rad/s). 
As a matter of example, the expression of the power coefficient of a 
wind turbine of 4Kw is approximated using the following equation:  
 

( ) ( )( ) ( )
( ) ( ) ( ). 0,1
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Cp
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(3) 
 

Figure 2 shows the plot of Cp (λ,β) as a  function of lambda and beta. 
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Fig. 2: Power coefficient Cp as a function of � for different �. 
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Ideal characteristics of a wind turbine at variable speed are 
enumerated below: 
 

 Zone I: corresponds to the low speed where wind is 
insufficient to actuate the wind system. The objective in 
this zone is to extract the maximum power of the wind by 
applying techniques called extraction of maximum power. 

 Zone II: In this zone, the speed of the wind is constant. 
 Zone III: corresponds to the very high speed of the wind. 

The objective in this zone is to limit the output power to the 
nominal power of the wind system to avoid overloads. This 
is done by action on the pitch angle of the blades [18]. 
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Fig. 3: Ideal characteristic of a wind turbine at variable speed. 
 
Power optimization below the nominal output power zone                

In this zone of operation, the control has as main objective to 
maximize the captured energy of the wind and to minimize the efforts 
undergone by the driving mechanism. To maximize the capture of 
wind energy, there are two variables which are controlled in order to 
be maintained at their optimal values namely: λopt, βopt. β is 
maintained by fixing the pitch angle at its optimal value βopt, and λ 
by fixing the specific speed to its optimal value. The corresponding 
characteristic to this relation is given in Zone I, Fig. 3. 
 
Indirect control in Zone I 

Optimization technique of the mechanical power used in this 
zone is the Maximum Power Point Tracking Control (MPPT). In the 
present work, the maximum power coefficient is taken as: Cp 
max=0.48 by achieving for a tip speed ratio of λopt =9.2 and β=2 
deg. This choice has been dictated according to Figure 2, [19]. 
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The block diagram given by Figure 4 shows the implementation of 
the indirect control of the turbine. 
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Fig. 4: Block diagram of the turbine and indirect control speed. 
 
2.2 Generator Model 
 

Classical modeling of the doubly fed induction generator in the 
Park reference frame is used. Voltage and flux equations of the DFIG 
are provided as follow [20], [21], [22] and [23]: 
 

d sdV R I wsd s sd s sqdt
L I M Isd s sd rdd sqV R I w L I M Isq s sq s sd sq s sq rqdt and

d L I M Ird rd r rd sdV R I wrd r rd r rqdt L I M Irq r rq sq
d rqV R I wrq r rq r rddt

ϕ
ϕ

ϕϕ
ϕ ϕ

ϕ ϕ
ϕ

ϕ
ϕ

ϕ


= + −

 = +  = + + = +                 = + = + −  = + 


= + +


            (8) 

 

Electromagnetic torque equation is given by: 
 

( )MC p I Iem rd sq rq sdLs
ϕ ϕ= −

                                   
(9) 

 

Stator active and reactive powers are expressed by: 
 

P V I V Isd sd sq sq
Q V I V Isq sd sd sq

= +
 = −

                                           

(10) 

 

In the state space representation, the system is given as: 
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with: 
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α , β and δ  are constants defined as follows: 
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2.3 Modeling and control of the Grid side converter  
 

The Grid side converter is used to provide bi-directed power flow 
from rotor-side converter allowing the stabilization of the DC-link 
voltage and achieving unity power factor. 
 

Grid side converter modelling   
The AC source model and the rectifier model are given by the 

state space representation: 
 

0 0
11 1 10 02 2 2

3 3 30 0

R
L V Vi i and Ri i V Vbndt L L

i i V VR cn
L

 −       −      
      = − + −            
       −      −
                                   

(12) 

 

The converter: 
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In addition, the rectified current is given by: 
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The output voltage is governed by: 
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Fig.5: Schematic diagram of grid side converter. 
 

Grid side converter controller design  
The objective of the grid side converter is to regulate the DC link 

voltage and to set a unity power factor. The equations allowing the 
expression of  the input AC voltage Vp(d,q) to the rectifier in the 
(d,q) frame as a function of the voltages at the common connection 
point (CCP), V(d,q) are given by the following equations: 
 

. .

. .

didV V i Ipd d d q
diqV V

R L Lw
dt

R L Lwi Iq q dq tp d

−


=
   


=

− +
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(16) 
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The real and reactive powers are expressed by: 
 

3
2
3
2

P V I V Id d q q

Q V I V Iq d d q

  = +     
  = +   

                                     (17)

 
 

which can be rewritten in grouped form as follows: 
 

       

    
3 .
2    

V V IP d q d
IQ V V qq d

             =           −                                      

(18) 

 

Equation (19) allows processing the reference currents ( *I d
, *I q

) 

knowing the active and reactive powers references ( * *P Q ,  ). 
 

( )
*

*

* *

2
2 23

V VI Pd qd
V VI QV Vq q dq d

                               =        −  +                        

(19) 

 

where  V Vd q,  are the actual measured grid voltages. 

The reference of the real power *P  is calculated from the DC bus 

control loop responsible of maintaining constant DC capacitor 

voltage. Its value is given by the following expression:   
 

* * 0P U I ac s nd Q=           =  
 

The block diagram of the regulation is represented in Figure 6. 
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Fig.6: Block diagram of the grid side converter control. 

 
2.4 Rotor side converter modeling 
   

Rotor side converter is used to control the active and reactive 
powers injected by the stator of the doubly fed induction generator to 
the grid. The used converter is a simple two levels three-phase 
inverter (Fig.7). 
The mathematical model of the rotor side converter is given by: 
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Fig.7: Schematic diagram of the rotor side converter. 

 
3. VECTOR CONTROL OF ACTIVE AND 

REACTIVE POWER  
 

Vector control allows   independently control the flow of active 
and reactive powers between the grid and generator [24]. 

Stator and rotor variables are both referred to the stator reference 
park frame. Using this orientation, the d-component of the stator flux 
is equal to the total flux whereas the q-component of the stator flux is 
zero: φsd=φs and φsq=0. With this approach, decoupled control 
between active and reactive powers of the stator is obtained [25]. 

Assuming that the resistance of the stator windings (Rs) is 
neglected and referring to the chosen reference frame chosen, the 
voltage and the flux equations of the stator winding can be simplified 
in steady state as follow [26]: 
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d rdV R I wrd r rd r rqdt
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(21) 

 

The equations of flux are expressed by: 
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(22) 

 

The relationship between stator powers and rotor currents are given 
by the following equations: 
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The obtained control voltages which will drive the rotor   are given 
using the following expressions:  
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(25) 

 

In Figure 8, it is given the block diagram of vector control 
approach applied to the DIFG. 
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Fig.8: Block diagram of the vector control of the DFIG. 

 
4. BACKSTEPPING CONTROL OF  ACTIVE 

AND REACTIVE POWERS 
 

Backstepping approach is a nonlinear technique widely used in 
the control design. The multiple advantages of this approach include 
its large set of globally and asymptotically stabilizing control laws 
and its capability to improve robustness and solve adaptive problems 
[27], and [28]. The basic idea of Backstepping control design is the 
use of the so-called “virtual control” to systematically decompose a 
complex nonlinear control design problem into simpler and smaller 
ones. Backstepping control design is divided into various design 
steps. Each step deals with a single input–single-output design 
problem, and each step provides a reference for the next design step. 
The overall stability and performance are achieved by Lyapunov 
theory for the whole system [29], [30], [31] and [32]. 

The backstepping control possesses strengthen robustness and has 
been successfully applied in wind energy conversion system. In this 
paper, a controller is designed for decoupled control of active and 
reactive powers based on the backstepping algorithm to match the 
variable environment of WECS.  

The backstepping approach, which is based on the principle of 
vector control, will be applied to the control of the DFIG.  In this case 
the control will be applied in the (d, q) reference by considering the 
orientation of the stator flux:   
 

0

s d s

s q

ϕ

ϕ

ϕ


       =


=

                                         

(26) 

 

Equations of the derivative rotor currents are given by: 
 

1. . . . . .

. 1. . . . . . .. .

dIrd V R I g w L Ird r rd s r rqdt Lr
dI M Vrq sV R I g w L I g wrq r rq s r rd sdt w L Ls s r

σ
σ

σ
σ

  = − +                         
 

    = − − −         

(27) 

 

Relations between stator powers and rotor currents are: 
 

.
.

.
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Equations of the derivative rotor reference currents are: 
 

.
.

.
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Lref refsI Prq sV Ms
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−

 −


=



& &

&&
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4.1 Application of Backstepping control to DFIG 
 

The combination of vector control and backstepping allow 
removing the PI regulators in vector control by Backstepping. 
Calculating of the control voltages is based on Lyapunov functions. 
This control is based on two steps which are given as follow: 
 
Step 1: 

In this step the errors" E1 "and "E2 ", which represent the error 

between the real currents ,I Ird rq
 
 
 

and reference 

currents ,ref refI Irq rd
 
 
 

, are identified.
 

( )
1

2

refE I Irq rq
refE I Ird rd

  = −     
 = −  
                                   

(30) 

 

The derivative of these errors is given by: 
 

( )
1

2

refE I Irq rq
refE I Ird rd

  = −    
 =  − 

& & &

& & &

                                  

(31) 

 

The Lyapunov function is defined by: 
 

( )1 2 2
1 22

E Eν = −
                                  

(32) 
 

To make the derivative of the Lyapunov function becomes null, one 
must choose errors as follows: 
 

1 1 1.E k E= −&           and             2 2 2.E k E= −&  
 

Time derivative of the Lyapunov function is: 
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with                         1 0k f and  2 0k f  
 

By replacing the derivatives of the currents   refI and Irq rq   & & by 

their values, we get the expression of the derivative errors given by: 
 

1

2

.1. . . . . . ...

1. . . . . .
.

L M Vrefs sE P V R I g w L I gs rq r rq s r rdM V L Ls r s

L refsE Q V R I g w L Is rd r rd s r rqV M Ls r

σ
σ

σ
σ

     
     = − − − − −
     

      
      = − − − +        

&

&

&

&

(34) 

 

1

2

.1 1. . . . . . ...

1 1. . . . . .
.

L MVrefs sE P V R I gw L I gs rq r rq s r rdMV L L Ls r r s

L refsE Q V R I gw L Is rd r rd s r rqV M L Ls r r

σ
σ σ

σ
σ σ

     
     = − − − − − −  
     

       
      = − − − − +        

&

&

&

&

(35) 

 
Step 2: 
By replacing the derivatives of the error by their values, we obtain: 
 

1 1

2 2

.1 1. . . . . . . ...
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Finally the choice of the control law is as follows: 
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Fig.9: Block diagram of the Backstepping control. 

 
5. SIMULATION RESULTS 
 
5.1 Simulation results with fixed speed (without turbine) 
 

In this case, remarkable improvements of dynamic and static 
performances are achieved by backstepping control approach 
compared to those obtained by PI regulator. Furthermore, this 
technique made possible a perfect decoupling between the two 
components of the stator’s generated powers. Improvements are 
noticed in both transient and reference tracking mode. It is clearly 
shown (Fig. 10. b and 11.b) the dramatic amplitude reduction of the 
oxillations and almost zero error reference tracking in the case 
backstepping control.   
 

 
      (a) 

 

 
      (b) 

 

Fig. 10: Stator active power, (a): Vector control, (b): Backstepping 
control 
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(b)  

 

Fig. 11: Stator reactive power, (a): Vector control, (b): Backstepping 
control. 

 
5.2 Results with turbine (variable speed) 
 

Simulation results, given in Figures below show the 
performances of Backstepping control approach against those 
obtained by applying vector control to a wind turbine system formed 
by a cascaded DFIG, rectifier and a two level three phase inverter 
drawn by wind turbine.   

The stator’s active power reference set point is determined by the 
available power at the turbine stage.  It shows clearly good tracking 
capabilities of the reference set point for both active and reactive 
powers by the DFIG. Fig.12. a, b and Fig.13. c, d  show the wind 
profile used for simulation purpose,  mechanical speed,  power 
coefficient and tip-speed ratio respectively. Time variation of stator’s 
active and reactive powers are shown in Fig.14.Currents through the 
stator, amplitude and frequency of rotor’s currents are shown in Fig. 
15 and 16 respectively. From these simulations, it is clearly shown in 
Fig. 17, the good tracking capabilities of the controller seen in the 
time evolution of the direct voltage. It is clearly.  

In addition, one phase voltage and its current simulated are 
shown in Fig. 18 when DFIG operates at sub-synchronous state. Near 
unity power factor is also achieved confirming the ability of the pulse 
width modulation (PWM) rectifier to reduce harmonic contents. 
Control strategy approach using backstepping allows fast transient 
response and a near zero steady state error. 
 

 
(a) (b)  

 

Fig. 12: (a): Wind profil applied, (b): Mechanical speed. 
 

 

 
(b) (d) 

 

Fig. 13: (c): Power coefficient, (d): Tip-speed ratio. 
 

 
                                                         (a)    
 

 
(b) 

Fig. 14: (a):  Stator’s active and reactive powers, (a): Vector control, 
(b): Backstepping control. 

 

 
                                                         (a) 
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                                                         (b) 
 

Fig.15: Stator current components, (a): Vector control, (b): 
Backstepping control. 

 

 
                                                         (a) 
 

 
(b) 

 

Fig.16: Rotor current components, (a): Vector control, (b): 
Backstepping control. 

 
 

 
    

Fig.17:  DC bus voltage. 

 
 
 

Fig.18:  The phase current and voltage of the grid. 
 
 

6. CONCLUSION 
 

The actual paper presents a comparative study on the 
performance of two control strategies: PI based and Backstepping 
control approaches for DFIG wind turbine when operating in power 
regulation mode. Both approaches achieve by an appropriate control 
the direct and quadrature components of the rotor voltage, performed 
by the rotor side power converter, Backstepping controller is applied 
to decoupled control of the active and reactive powers for doubly fed 
induction generator and show better performances in both transient 
and steady state. The designed controller is based on the stability 
theory of Lyapunov to ensure the stability and achieve the expected 
control results. Simulation results show the decoupled control of both 
active and reactive powers and then are regulated separately. Thus, 
wind energy conversion systems with doubly fed induction generator 
can not only capture the maximum wind power, but also provide 
reactive power to meet the need of the utility grid with simplified 
controller structure. 
 
7. APPENDIX  
 
Vx                      voltage 
 I                       current 
ϕ                       flux linkage 
Ωn                     nominal value of angular rotor speed 
Rs                     stator resistance 
Rr                     rotor resistance 
M                      mutual inductance 
Ls                      stator inductances 
Lr                      rotor inductances 
σ                       total leakage factor 
J                        moment of inertia 
P                       number of pole pairs 
Ce                     electromagnetic torque 
CT                     turbine torque 
Cg                     generator torque 
ΩT                     turbine speed 
Ωg                     generator speed  
θs                     rotor flux position 
ωr                     electrical angular rotor speed 
ωs                     synchronously rotating angular speed 
ρ                       air density 
RT                      radius of turbine 
Cp                     power coefficient 
λ                       speed ratio 
β                       pitch angle 
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E                       error 
Xref                    reference value of x 
Xopt                  optimal value of x 
d,q                    park reference frame 
AC                    alternative current  
DC                    direct current  
 P                      active power 
 Q                      reactive power 
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