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Abstract

In this paper, we are interested in the development of a robust control of active and reactive power for a Doubly Fed Induction 

Generator for variable speed wind energy using hybrid control by Adaptive Fuzzy logic and Sliding Mode Controller (AFSMC). This type 

of control is introduced to avoid the major disadvantage of variable structures systems which is the chattering phenomenon. Using the 

variable structure is to ensure the high dynamic of convergence and the robustness towards parametric variations and disturbances. 

Whereas the fuzzy control is introduced here in order to remove residual vibrations in high frequencies. Simulation results show that 

the proposed control strategy gives better results.
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1 Introduction
The use of wind energy conversion systems has developed 
into one of the most important new alternatives to con-
ventional fossil fuels in recent years. It offers an excel-
lent opportunity to generate electricity and contribute to 
respect for the environment [1, 2].

Doubly Fed Induction Generator (DFIG) is one of the 
most popular variable speed wind turbines in use nowadays 
because of its high performance in terms of systematic low 
cost, high energy efficiency, operating over a wide range 
of speed variation and extracting the maximum amount of 
power available. The complexity of its control was mainly 
due to the strong nonlinearity as a multiple-input multi-
ple-output system, the existence of uncertainty of model 
parameters, the external disturbances [3]. In recent years, 
the Sliding Mode Control (SMC) method has been widely 
used for robust control of nonlinear systems. Sliding mode 
control, based on the theory of variable structure systems, 
has attracted a lot of research on control systems for the 
last two decades. It achieves robust control by adding 
a discontinuous control signal across the sliding surface, 
satisfying the sliding condition, [4–6]. Nevertheless, this 
type of control has an essential disadvantage, which is 

the chattering phenomenon caused by the discontinuous 
control action, [7, 8].

In the literature, several methods have been developed 
by researchers to reduce this phenomenon [9, 10]. In this 
work, a hybridization between the Adaptive Fuzzy Logic 
Control and the Sliding Mode will be applied to the power 
control of the DFIG. Integrated in a wind system in order 
to increase the performance of the sliding mode control, 
namely; minimizing the effect of the chattering phenome-
non and improving the robustness of the system.

This paper is devised in 5 sections as follows: 
in Section 2 the system modeling is briefly reviewed. 
The control of active and reactive powers of the DFIG 
using two different nonlinear controllers; sliding mode and 
Adaptive Fuzzy Sliding Mode is presented in Section 3. 
In Section 4, the two controllers are compared in terms of 
power reference tracking. Finally, in Section 5 the main 
conclusions of the work are drawn.

2 Wind turbine conversion system
A wind turbine conversion system is a system that con-
verts the wind turbines mechanical energy obtained from 
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wind into electrical energy through a generator calibrated 
according to nominal turbine speed, number of generator 
pole-pairs and network frequency [11]. Fig. 1 shows the 
synoptic scheme of the studied system.

The main parts of this scheme are:
• the wind turbine,
• the gearbox and generator,
• the rotor-side converter (RSC)
• and the grid-side converter (GSC) connected back-

to-back by a dc-link capacitor.

2.1 Turbine modeling
The theoretical power produced by the wind is given by [12]:

P C
S V

tur p
v=

× ×ρ 3

2
,  (1)

where Cp represents the wind turbine power conversion 
efficiency. It is a function of the tip speed ratio λ and the 
blade pitch angle β in a pitch-controlled wind turbine.
λ is defined as the ratio of the tip speed of the turbine 

blades to wind speed [12]:
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where R is blade radius. Ω is angular speed of the turbine.
Cp can be described as [13]:
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The aerodynamic torque expression is given by [11]:
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The gearbox is installed between the turbine and generator 
to adapt the speed of the turbine to that of the generator [11]:

Ω Ωg tG= × .  (5)
The mechanical equations of the system can be charac-

terized by [11]:
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2.2 Mathematical modeling of DFIG
In the literature, the Park model of the DFIG is largely 
used [14]. The equations of voltages for the DFIG stator and 
rotor in the Park reference frame are given as follows [15]:
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where the rotor frequency ωr is given by:

ω ω ωr s= − .  (9)

The flux equations of the DFIG are:
φ
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The electrical model of the DFIG is completed by the 
following mechanical equation (Eq. (12)):

T T f J d
dtem r= + × + ×Ω
Ω .  (12)

Here, the electromagnetic torque Tem can be written 
as follows [16]:
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The active and reactive stator and rotor powers are 
given by [17]:
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Fig. 1 Wind energy conversion chain.
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3 Design of the Sliding Mode Control
The basic idea of Sliding-Regime Control is first to draw 
the states of the system to a suitably selected region, then 
to design a law of command that will always maintain 
the system in this region [18]. As a result the Sliding Mode 
Control is based on the following steps [19]:

1. selection of the switching hyperplane to impose 
the desired dynamics for the controlled system and

2. design of the discontinuous control such that the sys-
tem enters the sliding mode regime and remains there.

The model of this system is demonstrated for a follow-
ing nonlinear system [20]:

x f x t B x t u x t= ( ) + ( )× ( ), , , ,  (16)

where x n∈ℜ  is the state vector, f x t n, ,( )∈ℜ  
B x t un m m, ,( )∈ℜ ∈ℜ×  is the control vector.

In the proposed SMC control scheme, the following 
sliding surface is used [21]:
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where
• e(x): denotes the error of the controlled greatness;
• λ: is a positive coefficient, 
• n: denotes the order of the system.
• Xref : reference greatness.

Consider a Lyaponov function [22]:

V S=
1

2

2
.  (18)

From Lyaponov theorem we know that if V is negative 
definite, the system trajectory will be driven and attracted 
toward the sliding surface and remain sliding on it until 
the origin is reached asymptotically [23]:

V d
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where η is a strictly positive constant.
The sliding control law u(t) is defined as:
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where u is the control vector, ueq is the equivalent control 
vector, un is the switching part of the control (the correction 
factor), Kf is the controller gain, ueq can be obtained by con-
sidering the condition for the sliding regime, S(x, t)and ζ > 0.

Fig. 2 shows the soft command at a threshold.

Concerning the DFIG control using sliding mode theory, 
the surfaces are chosen as functions of the error between 
the reference input signal and the measured signals.

3.1 Application of Sliding Mode Control of DFIG
In this work we will choose a reference frame linked to 
the stator flux and if the per phase stator resistance is 
neglected, which is a realist approximation for medium 
and high power machines used in wind energy conver-
sion, the stator voltage vector is consequently in quadra-
ture advance in comparison with the stator flux vector:

V V Vsd sq s s s= = ≈ ×0, .ω φ  (21)

We obtains an uncoupled power control, where the com-
ponent irq of the rotor current controls the active power. 
The reactive power is imposed by the direct component ird .
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The arrangement of the equations gives the expressions 
of the voltages according to the rotor currents:
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Fig. 2 Representation of the soft command at a threshold.
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3.1.1 Regulation surface of the active statoric power 
with SMC
The sliding surface representing the error between the mea-
sured and reference active power, is given by this relation:

e P Ps s= −* .  (26)

We can write:

  S P P Ps s s( ) = −* .  (27)

Its derivative is

  S P P Ps s s( ) = −* .  (28)

Substituting the expression of Ps Eq. (22) in Eq. (28), 
we obtain:
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Substituting the expression of irq  Eq. (25) in Eq. (29), 
we obtain:
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where KVrq  is the positive constant.

3.1.2 Regulation surface of the reactive statoric power 
with SMC
The sliding surface representing the error between the mea-
sured and reference reactive power, is given by this relation:
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We can write:
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Its derivative is
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Substituting the expression of ird  Eq. (24) in Eq. (38), 
we obtain:
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where KVrd  is the positive constant.
Fig. 3 shows block diagram of the power control of the 

DFIG with SMC.

3.2 Control strategy by Adaptive Fuzzy Sliding Mode
In order to improve the performance of this control strat-
egy especially elimination of phenomenon of chattering, 
several methods have been proposed. In our paper, we pro-
pose the hybrid approach of Adaptive Fuzzy Logic and 
Sliding Mode Control (AFSMC).

Adaptive Fuzzy Sliding Mode Control meets the objec-
tives described in the introduction by its robustness to the 
modeling uncertainties of the generator and the wind tur-
bine. It therefore increases reliability, improves energy 
efficiency and, with chattering elimination, it limits the 
mechanical stress on the entire transmission of the wind 
turbine [22, 24].

It has the same control law as the SMC set to apart 
from the parameters K and ξ the component Vn that will be 
adapted by a system to a fuzzy inference.
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The terms k and ξ are therefore adapted by a fuzzy 
adapter having two inputs (ε) and (dε) of three membership 
functions and an "α" output of nine membership functions 
which are represented in Figs. 4 and 5 respectively.

The linguistic terms used here are represented in Table 1.
Therefore, the discontinuous control law of Eq. (34) 

becomes:
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The discontinuous control law of Eq. (43) becomes:
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The rules governing the gain adaptation law and 
the parameter are presented in Table 2.

Table 1 Linguistic terms

N Negative P Positive

Z Zero NB Negative Big

NS Negative Small NM Negative Medium 

PS Positive Small PM Positive Medium

PB Positive Big

Table 2 The rules governing the Gain Adaptation Law and 
the parameter

R1 : if S is P and S  is P, then α is N.

R2 : if S is P and S  is Z, then α is NB.

R3 : if S is P and S  is N, then α is NM.

R4 : if S is Z and S  is P, then α is NS.

R5 : if S is Z and S  is Z, then α is ZE.

R6 : if S is Z and S  is N, then α is PS.

R7 : if S is N and S  is P, then α is PM.

R8 : if S is N and S  is Z, then α is PB.

R9 : if S is N and S  is N, then α is P.

Fig. 3 Block diagram of the power control of the DFIG with SMC.

Fig. 4 The inputs membership functions of the AFSMC controller.

Fig. 5 The output membership functions of the AFSMC controller.
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Fig. 6 shows block diagram of the power control of the 
DFIG with AFSMC.

4 Results and analysis
To test the performance of the proposed approach in wind 
turbine active/reactive power regulation; a comparative 
study is conducted under variable wind speed. Simulation 
model is constructed in Matlab/Simulink. The parameters 
utilized are listed in Appendix.

This test is to achieve active and reactive power steps 
while the machine is driven at variable speed.

The main purpose of this test is the study and com-
parison of the behavior of the two types of Sliding 
Mode Controllers (SMC and AFSMC) used in this work 
with respect to the monitoring of the proposed regula-
tion instructions and the effect of Chattering phenomenon 
on the quality of the current leaving the stator windings 
and the rotor of the DFIG.

The simulation results obtained are shown in Figs. 7 
and 8. As shown in these figures, it is noted for the two 
types of controllers used that the active and reactive powers 
measured perfectly follow their references and with almost 
perfect decoupling between the two axes d and q. We can 
also notice that the electromagnetic torque (Fig. 9) depends 
directly on the active power. This is translated by its shape 
identical to that of the active power. In this case, we can 
conclude that the active power is a consequence of the elec-
tromagnetic torque; while the reactive power is a conse-
quence of the excitation of the rotor circuit.

The results obtained from Figs. 10, 11, 12 and 13 show 
that for the proposed controller (AFSMC), the phase sta-
tor currents have almost sinusoidal shapes, which means 
that a good quality energy is supplied to the network. 
These results allow us to conclude that the adopted control-
ler (AFSMC) is the most efficient vis-à-vis the reduction of 
the chattering phenomenon compared to the SMC controller.

5 Conclusion
In this work, we have developed hybrid Adaptive Fuzzy 
Sliding Mode Control of active and reactive powers in a 
DFIG and performance evaluations. After a description Fig. 6 Block diagram of the power control of the DFIG with AFSMC

Fig. 7 Active power

Fig. 8 Reactive power

Fig. 9 Electromagnetic torque
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of Doubly Fed Induction Generator with variable wind 
speed and fixed frequency of the grid, we have estab-
lished a two-phase power mathematical model of the 
DFIG. In order to control the active and reactive pow-
ers exchanged between the DFIG and the grid, a hybrid 
Adaptive Fuzzy Sliding Mode approach using vector 

control strategy has been presented. Responses of our 
system with this type of controller have shown that the 
last gives very interesting performances toward reference 
tracking and avoid the chattering phenomenon. The main 
parameters of the wind turbine are given in Table 3 and 
the main 4 parameters of the DFIG are given in Table 4.
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Appendix
Table 3 Wind turbine parameters

Number of blades 3

Blade radius, R 35.25 m

Gearbox ratio, G 90

Moment of inertia, J 1000 kg m2

Viscous friction coefficient, f 0.0024 N m s−1

Cut-in wind speed 4 m/s

Cut-out wind speed 25 m/s

Table 4 DFIG parameters

Rated Power Pn 1.5 MW

Stator Voltage Vs 398/690 V

Stator Frequency f 50 Hz

Stator Resistance Rs 0.012 Ω

Rotor Resistance Rr 0.021 Ω

Stator inductance Ls 0.0137 H

Rotor inductance Lr 0.0136 H

Mutual inductance M 0.0135 H

Viscous friction f 0.0024 Nm/s

Inertia J 1000 kg m2

Number of pairs of poles P 2
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