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Abstract

In this study, a Sliding Mode (SM) methodology combined with a robust H∞ control scheme (SM-H∞) was proposed to control 

the stator active and reactive power generated by the Doubly Fed Induction Generator (DFIG). The purpose of the proposed controller 

is to  improve the DFIG stator active and reactive power tracking performances by reducing chattering phenomena under variable 

wind speed, which provides major drawbacks of conventional SM controllers. The H∞ technique was used to define the SM attractive 

control part, which helps to reduce chattering phenomena and improves robustness in the presence of parameter variations and 

wind speed changing. The DFIG stator was directly connected to the grid and, its rotor was linked to the grid through a back-to-back 

converter. The proposed approach was tested using Matlab/Simulink and a comparison with the conventional SM and the SM fuzzy 

logic controllers was carried out. The results of simulation illustrated an effectiveness of the proposed SM-H∞ controller even in the 

presence of the DFIG parameter variations and speed changing compared with the other techniques.
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1 Introduction
The use of electric power generation as a renewable energy 
resources is becoming one of the ideal solutions used 
to resolve energy crises, environment pollution, and global 
warming [1]. Among different types of renewable energy 
resources, wind energy is one of the most used methods 
for power generation due to its economic benefits, and use-
fulness for power systems in diverse areas  [2]. Recently, 
wind power generations have more attention for both 
industrial and academic researchers for improving perfor-
mances of Wind Energy Conversion Systems (WECS) [3].

Doubly Fed Induction Generators (DFIGs) are widely 
used for variable speed wind system due to its benefits, such 
as the reduction of power converter size, possibility of stator 
active and reactive power control independently, and decou-
pling between mechanical speed and grid frequency  [4]. 
The most known electric configuration for the DFIG based 
Wind Turbine (WT) is when the DFIG stator is linked 
directly to the grid, its rotor is connected to the  grid via 

back-to-back power converter [5]; this configuration ensures 
the energy generation at nominal grid voltage and frequency 
values independently of mechanical speed changes [6].

In the context of DFIG control, various control tech-
niques have been developed for Variable Speed Wind 
Turbine (VSWT) based on DFIG. The most popular one 
was named decoupled Proportional-Integral (PI) control-
ler [7], where the Field Oriented Control (FOC) combined 
with the PI controller was used to regulate the stator active 
and reactive power [4, 8]. However, this controller is not 
robust and highly depends on the DFIG parameters, which 
affects electrical power generation quality [9].

In the last years, Sliding Mode (SM) control has been 
extensively tested due to its implementation simplicity and 
robustness respecting of some classes of system uncertain-
ties and external disturbances, which can affect the trajec-
tories tracking of the controlled systems [10, 11]. Different 
studies have been published for the DFIG control scheme 
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using the SM control. In [12], a conventional SM con-
trol was used to regulate the DFIG stator active and reac-
tive power, where the proposed controller was compared 
with the PI-FOC and the Reference Signal Tracking (RST) 
controllers, the SM controller in this work shows a high 
performances compared with the PI and the RST control-
lers, but it does not treat the SM chattering problem caused 
by attractive control part [13, 14], these chattering phe-
nomena my leads to an instability of system [15].

Furthermore, previous studies were carried out to 
improve the SM technique drawbacks and reduce chatter-
ing phenomena effects, the development of robust control-
ler is very important. The fuzzy logic control is one of 
the important branches of artificial intelligence strategies 
that is able to reproduce human reasoning and occupies 
a  large place in modern research fields [16]. This tech-
nique becomes very dominant in several industrial fields. 
The integration neuro-fuzzy is also an interesting and 
present a strong solution to ensure optimal regulation that 
meets the requirements of the user even in a difficult and 
variable environment [16, 17].

Melin and Castillo in [18] have proposed to hybrid neuro 
with fuzzy logic for controlling the battery charging pro-
cess. For the combination of SM, author in [19] and in [20] 
proposed a SM controller combined with fuzzy logic tech-
nique, which was applied to control the variable speed 
WECS based on a DFIG; this study leads to reduce the SM 
chattering phenomena; however, the  obtain results men-
tioned that a significant ripples are still observed on  the 
controlled dynamics. In another study in [11], where a SM 
fuzzy logic controller was used to control the stator pow-
ers generated by a DFIG; the simulation results mentioned 
that the response time is significantly reduced compared 

with the convectional controllers with limitation of distur-
bances effects. However, chattering is still observed on the 
stator active and reactive power dynamics. In [21], an H∞ 
controller is proposed to control the DFIG active and reac-
tive power, the obtained results illustrated that the  pro-
posed H∞ controller improves tracking performances 
compared with the decoupled PI controller. Previous 
research has established that the role of the robust H∞ con-
troller designed for the DFIG to improve quality of gener-
ated power by reducing the stator currents harmonics [22].

This study proposed the SM-H∞ controller for the DFIG 
stator active and reactive power. The proposed controller 
leads to reduce chattering phenomena presented in  con-
ventional SM controllers caused by attractive control 
part. To reach this objective, the H∞ was used to define 
the attractive control part of the SM control methodology. 
This modified SM control algorithm (SM-H∞) was con-
sidered as the main contribution of this research. The sim-
ulation results illustrated the effectiveness of the  pro-
posed controller for chattering reduction in comparisons 
with the conventional SM and the SM fuzzy logic control-
lers. In addition, the proposed control algorithm reached 
an adequate tracking performances in presence of param-
eter variations and wind speed changes.

2 Wind power system model
The selected wind power system is based on a DFIG. 
As known, the wind system is composed of two parts: mechan-
ical and electrical. The mechanical part is the aero-generator 
used to extract power from wind. Moreover, the electrical 
part is composed of DC-link and DFIG then used to con-
verter the generated mechanical power to electrical energy. 
Fig. 1 displays the WT system based on DFIG. The DFIG 
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Fig. 1 DFIG based Wind Turbine system.
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stator is directly linked to grid, whereas the rotor is con-
nected to grid through a back-to-back converter controlled 
by Pulse Width Modulation (PWM) [6]. This back-to-back 
converter is composed of two voltage sources converters 
which are: the Rotor Side Converter (RSC) and the Grid Side 
Converter (GSC) [23, 11].

In this study, the DFIG active and reactive power are 
controlled via the RSC controller, while the GSC con-
troller was not included and the DC voltage at the output 
of the DC link was considered as a constant. In order to 
establish the RSC controller, the SM-H∞ controller was 
suggested as a controller to improve the DFIG control per-
formances and reduce chattering phenomena presented 
in the conventional SM controllers [11].

2.1 DFIG modelling
The DFIG model in d − q reference frame was given 
by Eq. (1) [24, 25]:
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Where sl  and rl  are the stator and the rotor inductances 
( )H  respectively, ml  is the mutual inductance ( )H , dsi , 

qsi , dri  and qri  are the d q−  stator and rotor currents 
( )A , sR , rR  are the stator and the rotor resistances ( )Ω  
respectively, p  is the number of pole pairs;  dsϕ , qsϕ , drϕ  
and qrϕ  are the d q−  stator and rotor flux ( )Web  respec-
tively. The dsv , qsv , drv  and qrv are the d q−  stator and 
the rotor voltages ( )V  respectively.

The expression of the electromagnetic torque is [13, 19]:
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The active ( sP ) and reactive ( sQ ) stator power are 
[24, 25]:
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2.2 DFIG Field Oriented Control
From Eq. (3) and Eq. (4), a high coupling between the 
stator and the rotor components was presented, which 
influenced the role of DFIG control to be particularly 
difficult. In order to ensure the decoupling between con-
trol axes, a Field Oriented Control (FOC) technique was 
applied  [23,  24] by aligning the stator flux sϕ  with the 
direct axis d− − , as shown in Fig. 2, then [26, 27]:
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Thus, the electromagnetic torque becomes [11, 19]:
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and the stator active and reactive power were expressed 
by Eq. (7) [11, 19]:
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The DFIG control stator powers is achieved through 
the control of the DFIG rotor currents. For that, a relation-
ship between the rotor currents and the rotor voltages was 
established by Eq. (8) [13, 14]:

v R i l di
dt

g l i

v R i l
di
dt

g l i

dr r dr r
dr

s r qr

qr r qr r
qr

s r

= + − ( )

= + +

σ ω σ

σ ω σ ddr
m s

s

g l v
l

( ) +










. 	 (8)

O Stator axis

Rotor axis

d, q frame

qx

qr

Oxa

Ora

Oxb

Orb

OdOq

JxVx

Fig. 2 Orientation d q−  reference frame [11].



56|Saihi et al.
Period. Polytech. Elec. Eng. Comp. Sci., 64(1), pp. 53–63, 2020 

Where σ = −








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2l
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m

s r

 represents the dispersion coefficient. 

The Fig. 3 depicted the DFIG active and reactive power 
control scheme based on Sliding Mode Field Oriented 
Control (SM-FOC), where two independent controllers are 
used for each control axis. This method focused on com-
pensating the linking terms between the d q−  axes 
( )s r qrg l iω σ , ( )s r drg l iω σ  and the disturbance term 

g l v
l
m s

s









  on the q− −  axis in Eq. (8) to ensure an indepen-

dent control for the stator active and reactive powers.

3 DFIG proposed control strategy
Recently, there has been an increasing interest in the use 
of DFIG Sliding Mode control due to its robustness to 
the parameter of variations and disturbances under match-
ing condition [28, 29].

The SM controller was designed to force the controlled 
dynamics towards sliding surface and keeps it there [30]. 
In order to force the DFIG stator active and reactive power 
to track their corresponding references, the sliding sur-
faces are selected to equal the error between the desired 
dynamics and real ones by Eq. (9) [31]:
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The sliding surface derivative was calculated by substi-
tuting the active and reactive power expressions of Eq. (7) 
in Eq. (9) by Eq. (10) [11, 19]:
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Using the current expressions qri  and dri  obtained from 
the voltage qrv  and drv  of Eq. (8) in Eq. (10) we obtain [11]:
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Replacing qrv  by eq n
qr qrv v+  and drv  by eq n

dr drv v+  in Eq. (11), 
the sliding surface derivatives can be rewritten by Eq. (12):
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The equivalent control is obtained by using the following 
condition [31]:
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Then, the expression of the equivalent control is 
calculated as:
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During the convergence mode, the condition 
S P S P( ) ( ) ≤ 0  and S Q S Q( ) ( ) ≤ 0  are verified and 
the equivalent control was applied. Substituting Eq. (14) 
in Eq. (12), the sliding surfaces derivatives are obtained 
as [30, 31]:
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To define n
qrv  and n

drv  controls which are considered 
as an attractive control part of the SM controller, it is often 
selected as a relay shape defined as [14, 19]:

v K V l
l l

sign S P

v K V l
l l

sign S Q

qr
n

P
s m

s r

dr
n

Q
s m

s r

= − ( )( )

= − ( )( )




 σ

σ
.





	 (16)

The PK  and QK  should be positive gains [29, 31]. 
Considering the nature of attractive control part, chatter-
ing phenomena was produced and can destabilize the plant.

3.1 Sliding Mode H∞ controller
The attractive control part of the SM algorithm causes 
chattering phenomena. In order to avoid this drawback, 
H∞ was proposed to design an attractive control part. 
For that, the SM control law was defined by including H∞ 
technique by Eq. (17):

v v v
v v v
v v veq H
qr qr

eq
qr

dr dr
eq

dr

= +
= +
= +

⇒





∞

∞

∞

H

H
. 	 (17)

The suggested control scheme is a hybrid control 
including the SM control and robust H∞ control, where 
the switching controller term, K sign S PP

( )( )  and 
K sign S QQ ( )( )  are defined by using the H∞ control tech-
nique. Fig. 4 explains the SM-H∞ control structure.

Robust H∞ control issue has been examined widely 
in recent years [32, 33]. It is an important solution for sys-
tem disturbances and uncertainties [34].

The main problem of the H∞ control technique is to find 
the controller function ( )K s , which internally stabiliz-
ing the controlled dynamics closed-loop, and minimizing 
the H∞ norm of the transfer function as depicted in Fig. 4, 
which express the relation between input and output [22, 35]:
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With γ is a positive constant value named optimization 
level. ( )S s  is the sensitivity function calculated as 
S s

G s K s
( ) =

+ ( ) ( )
1

1
 [21, 22].

The standard configuration of the H∞ controller ( )K s   
represented by a multi-variable model with two inputs and 
two outputs, the plant ( )G s  and the uncertainties nW  is 
illustrated in Fig. 5 [36, 37].

Where ( )z t  is the criterion H∞ input vector, ( )y t  is 
the measured output vector, ( )u t  is the control input vec-
tor, and ( )

nW s  is the exogenous input vector [35].
Fig. 6 shows the whole control system based on SM-H∞ 

controller where the proposed control scheme was aug-
mented by the weighting function [38, 39].

For the SM-H∞ controller, where H∞ technique is 
selected to compose an attractive control part, two feed-
back controls loops are designed; the first one is used 
to regulate the stator active power and the second one is 
utilized for adjusting the stator reactive power. The nom-
inal system ( )G s  is augmented with weighting transfer 
functions W s1

( ) , W s2
( )  and W s3

( )  penalizing the error 
signals, the control signals, and output signals respectively.

The robustness improvement of the H∞ control is 
mainly based on the correct selection of the proper weight-
ing functions as a poor selection weights definitely leads 
to inappropriate system performances.

3.2 Weighting functions selection
In order to define sensitivity the function ( )S s  using 
weighting function ( )

1W s , the following condition should 
be required:
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Where W s1
( )  is defined as W s s M

s
s b

b
1
( ) =

+
+

ω
ω ε

 to ensure 

an adequate selection of weighting function W s1
( ) . 

The parameter ε  is selected to be a low value at base fre-
quencies and sM  is fixed at maximum limit value in high 
frequencies of the sensitivity function ( )S s  of response 
frequency as illustrated in Fig. 7.

To determine the function K s S s( ) ( ) , weighting func-
tion W s2

( )  is used and the following condition should be 
required [36, 38]:
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. To assure 

an  adequate selection of the weighting function W s2
( ) , 

1ε  and sM  are chosen with same manner as in W s1
( )  but 

the frequency response of the function ( ) ( )K s S s  was 
considered, as depicted in Fig. 8.

The function S s G s( ) ( )  depends on the two filters 
W s1
( )  and W s3

( ) . To ensure the stability of the controlled 
system, the following condition was considered [21, 35]:
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1 3
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In general case, it is sufficient to fixed W s3
( )  as a con-

stant, which permits to adjust the behavior of S s G s( ) ( )  
in low and medium frequencies, and prove the correct 
behavior in presence of disturbances [36, 38].

Fig. 9 presents the sensitivity function ( )S s , comple-
mentary sensitivity functions T s S s G s( ) = ( ) ( )  and 
S s K s( ) ( ) . Those functions are given for system without 
uncertainties. For the system with uncertainties, func-
tions are given by inverse of weighting function of 
γ

W s1
( ) , γ
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( )  and γ

W s W s
1 3
( ) ( ) . It is very clear to 

observe the infinity norm of the condition (Eq. (18)) which  

is lower than y, the sensitivity and complementary sensi-
tivity functions ensures an adequate attenuation of noise 
and disturbances rejection.

We therefore conclude that 0.3271Pγ =  and 0.5482Qγ = . 
The Sliding Mode of attractive control part resulted 
from  the H∞ technique is obtained by Eqs. (22),  (23) 
for the active and reactive power respectively:

v K s

s s
s

qrn Q= ( )

=
⋅ + ⋅ + ⋅

+ ⋅
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3 10

. . .

. ss s2 14 13
2 27 10 3 038 10+ ⋅ + ⋅. .
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4 Simulation results
The proposed SM-H∞ controller as applied for the DFIG sta-
tor active and reactive power has been implemented using 
Matlab/Simulink1. In addition, a comparison study between 
the proposed controller with the SM conventional and 
the SM fuzzy logic controllers was carried out into account 
in terms of trajectory tracking (reactive and active power), 
chattering phenomena reduction, wind speed changing and 
robustness to DFIG parameter variations (parameters of 
Wind Turbine and DFIG are given in Table 1 and Table 2).

Fig. 10 presents the selected wind profile as applied 
to  the Wind Turbine; the wind speed changes between 
9.5 m/s and 11.5 m/s.

The DFIG rotor mechanical speed was displayed in Fig. 11 
where a time-varying mechanical speed was applied to 
the DFIG, which improve the analyze of the impact of WT 
speed variations on the stator active and reactive power.

The generated active power measured by the DFIG sta-
tor and controlled by the proposed SM-H∞ (red) as well as 
the conventional SM (blue), and the SM fuzzy logic (green) 
controllers was depicted in Fig. 12. The active power 
desired by dynamics (black) was selected as a time-vary-
ing trajectory in order to examine the proposed controller 
performances in presence of reference variations.

Fig. 13 offers the behavior of the stator reactive power 
controlled by the proposed SM-H∞ (red), the conven-
tional SM (blue), and the SM fuzzy logic (green) control-
lers where its desired value (black) was maintained null 
in order to obtain the stator power factor at unit value.

Fig. 14 (a) and (b) shows the DFIG electromagnetic 
torque behavior and stator current. Simulation results 
show the effectiveness of the proposed controller to track 
the time-varying active power for desired reference and 
maintain constant the stator reactive power. In addition, 
chattering phenomena is largely reduced by the proposed 
SM-H∞ compared with the other controller (convectional 
SM and SM fuzzy logic), which helps to avoid major draw-
backs of the SM control algorithm. It's also ensure the sta-
bility of the controlled dynamics, and improve control 
scheme performances. Moreover, the proposed SM-H∞ 
ensures high decoupling between the control d q−  axes 
compared with the other controllers.

As a result, the proposed SM-H∞ controller illustrated 
an adequate tracking performances even in the presence 
of reference variations and speed changing. In  addition, 
the response time was improved and chattering phenomena 

1 Matlab, Simulink. de 1994-2019, © The Math Works, Inc.

was largely reduced, which helps to improve the quality of 
the generated power.

4.1 Robustness test
The purpose of this test is to examine the proposed control-
ler performances and compare it with the conventional SM 
and SM fuzzy logic controllers. To reach this  objective, 
the DFIG electric parameters were changed as follows.

Fig. 15 presented the DFIG stator active power with a 
change of the rotor resistance rR  by 200 % of its nom-
inal value. The DFIG stator reactive behavior with an 

Table 1 Parameters of wind turbine

Radius of wind turbine 35.25 m 

Number of blades 3

Nominal rotational speed 10 m/s

Optimum power coefficient constant 8.1

Maximum Cp 0.42

Density of air 1.225 kg m−3

Dry friction torque 953 N m 

Total inertia of the mechanical 50 kg m2

Table 2 Parameters of the DFIG

Rated generator power 1.5 MW

Rated voltage 698 V

Rated mechanical speed 12 m/s

Rated frequency 50 Hz

Pole pairs 2

PM flux 0.0024 Wb

Stator D-axis inductance 0.0136 H

Rotor Q-axis inductance 0.0137 H

Mutual inductance 0.0135 H

Stator resistance 0.012 Ω

Rotor resistance 0.021 Ω
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augmentation of the rotor resistance rR  by 200 % of 
its nominal value as illustrated in Fig. 16.

Fig. 17 shown the DFIG stator active and reactive power 
with a variation of the stator resistance rR  by 150 % of 
its nominal value.

Fig. 18 displayed the behavior of the DFIG stator 
active power with an increase of the rotor inductance rl  
by 100 % of its nominal value. The DFIG stator reactive 
power dynamics with an enlargement of the rotor induc-
tance rl  by 100 % of its nominal value shown in Fig. 19.
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Fig. 20 presented the DFIG stator active and reactive 
power with an augmentation of the stator inductance sL  
by 100 % of its nominal value.

Consequently, it can be seen that the DFIG rotor param-
eter variations has no effects on the stator active and reac-
tive power controlled by the proposed SM-H∞ controller, 
while a sluggish response time and a high reactive power 

peak was observed following the change of the active 
power value (at 1.5 s and 3 s) of the other two controllers 
(conventional SM and SM fuzzy logic).

As a results, the proposed SM-H∞ controller illus-
trated an excellent performances compared with the other 
two controllers even in the presence of DFIG rotor param-
eter variations. In addition, stability, robustness, and 
a perfect decoupling between the d q−  control axes was 
ensured through maintaining of such control. Moreover, 
chattering phenomena was largely reduced when the pro-
posed SM-H∞ controller used.

5 Conclusion
In this study, a robust Sliding Mode H∞ controller was 
developed to control the generated active and reactive 
power from the DFIG based on variable speed Wind Energy 
Conversion System (WECS). The proposed controller leads 
to  improve the control performances of the control algo-
rithm that are based on sliding  mode techniques by reducing 
chattering phenomena under variable wind speed produced 
by the attractive control part and may lead to instability. 
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Fig. 17 Stator resistance rR  variation effects on active/reactive power.
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The H∞ control method was used to define the attractive 
control part of the Sliding Mode control algorithm.

The proposed control scheme was compared with the 
conventional Sliding Mode as well as the Sliding Mode 
fuzzy logic controllers. The obtain results illustrated 
the effectiveness of the proposed SM-H∞ controller even 
in the presence of time varying reference trajectory, speed 
changing, and DFIG parameter variations. In addition, 

chattering phenomena was largely reduced and response 
time was improved using the proposed SM-H∞ control-
ler. Moreover, stability, robustness, and high decoupling 
between the control axes was ensured. Finally, the pro-
posed control scheme suggested a good solution to improve 
the Sliding Mode control algorithm performances applied 
for power generation systems, which helps to ensure high 
quality of generated power.
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