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Abstract
This paper suggests the integral Backstepping nonlinear control of the wind power plant based on the Doubly-Fed Induction 
Generator connected to the grid in normal conditions and under parameters variation. The stator of the generator is explicitly 
linked with the electrical network. However, the rotor winding is associated with the grid via a bidirectional AC/DC/AC 
converter. The purpose of this paper is to control the powers produced by a variable speed wind turbine, pilot the exchanged 
power between the system and the electrical grid and regulate the voltage of the continuous bus capacitor. Besides, the sug-
gested method is applied to establish the maximum power tracking strategy. The Backstepping control law is established 
founded on the stability of the Lyapunov function. The proposed control is performed and compared with the conventional 
Backstepping and the indirect field-aligned control. Discussion of the principle and elaboration of the Integral Backstep-
ping laws are achieved. Performance tests are realized by MATLAB/ Simulink software. From the simulation results, the 
effectiveness and superiority of the Integral Backstepping are well demonstrated.

Keywords DFI generator · Integral Backstepping control · Lyapunov function · MPPT · Wind power plant

Introduction

In the world as it is today and without electricity, daily life 
would be difficult to imagine. Therefore, It is necessary to 
produce electric energy efficiently and continuously. Follow-
ing the terrible damage caused by the electricity production 
on the environment using fossil fuel energy sources such as 
coal, oil, and natural gas, renewable energy based on inex-
haustible energy sources remains the best solution to replace 
the existing energy sources [1]. Recently, wind energy is con-
sidered clean, sustainable energy, and economically reason-
able. It has known considerable development and exploita-
tion, thanks to the strong growth in the research domain. The 

wind energy conversion system has several configurations. 
Figure 1 represents the studied system configuration, which 
is widely used and dedicated to wind energy applications. 
The wind turbine shaft is coupled to the Doubly-Fed Induc-
tion Generator (DFIG) through the gearbox to adapt the slow 
speed to the high speed. DFIG stator is directly connected to 
the electrical network. However, the rotor is branched to the 
grid through two pulse width modulation converters cascaded 
via a capacitor. The Rotor Side (RS) converter permits the 
control of the generated power by the generator, and the Grid 
Side (GS) converter maintains the DC-link voltage constant 
and controls the injected reactive power into the grid [2]. 
The main advantage of the wound rotor induction generator 
integrated with the Wind Power Plant (WPP) is that the abil-
ity to use a partial sized converter in the rotor to control the 
power and ensure grid stability [3, 4].

The produced mechanical power depends on the char-
acteristics of each turbine and the wind variable speed. 
Consequently, tracking the maximum power generated is 
required when the profile wind speed changes. Many con-
trol schemes have been developed to perform the Maximum 
Power Tracking (MPT). In this work, the Tip Speed Ratio 
(TSR) algorithm is designed to pilot the generator speed 
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rotation. More details about the MPT strategies are given by 
Mousa et al. [5]. The TSR strategy can be classified into two 
categories [6]. The first one has required knowledge of the 
characteristic aerodynamic curve of wind turbine speed, and 
the second one does not need any information about wind 
speed to generate the optimal speed rotation of the rotor.

The vector control (VC) is widely employed for control-
ling the rotor wound induction generator because it can 
permit a separate control of the reactive and active power. 
The Direct and Indirect Field-Aligned Control (D/IFAC) are 
variants of the VC. Bouderbala et al. [7] have proposed a 
comparative study between direct and indirect control based 
on Proportional-Integral (PI). The authors have shown that 
indirect control presents satisfactory performance than direct 
vector control. The PI controller gains values are based on 
the generator parameters, which are subject to many con-
straints, such as parameters uncertainties due to temperature 
increasing, defect occurring in the generator, and machine 
saturation, that could deflect the system from its optimum 
operating [8]. That is why many techniques have been pro-
posed and developed for dealing with the vector control 
drawbacks, such as Backstepping and Sliding Mode Con-
trol (SMC). The particularity of these two techniques is that 
they are based on the stability of the Lyapunov function 
and are simple to implement. Direct Torque Control (DTC) 
is another commonly used control method for controlling 
torque and flux independently and by going so managing 
active and reactive power [9]. The presence of significant 
ripples and the variable switching frequency, which are the 
main drawbacks of this approach. These disadvantages can 

degrade the quality of the output power. Therefore, Cherifi 
et al. [9] have proposed the Space Vector Modulation to 
reduce the oscillations observed in the created torque (SVM-
DTC). Additionally, Y Benevieri et al. [10] have suggested 
the synchronous DTC for reducing the harmonic spectrum 
content in the torque. The SMC has been proposed to control 
the DFI generator [11, 12]. However, its utilization is gen-
erally accompanied by the chattering phenomenon, which 
is the major drawback of SMC [13]. A modified form of 
the conventional sliding mode control for controlling the 
DFIG and reducing the chattering, which is called Terminal 
Sliding Mode Control (TSMC), is proposed and compared 
with SMC and vector control by Zahedi et al. [11]. Based 
on a nonlinear terminal sliding surface, the TSMC ensures 
a faster convergence of the system. Kelkoula et al. [14] have 
proposed the super twisting sliding mode algorithm, which 
is based on the sliding surface, for the DFIG-based wind tur-
bine. Ameliorating the time converge and reducing the chat-
tering are the powerful points of this technique. However, 
the robustness test shows that the variation of the generator 
settings has an impact on the response time, and significant 
ripples are observed in the findings. On the other hand, Sami 
et al. [15] have presented a super twisting fractional-order 
terminal sliding mode control for controlling the convert-
ers of the DFIG. The authors have compared the proposed 
technique with the fractional-order sliding mode and the 
standard sliding mode control. The suggested has shown an 
advantage in terms of minimizing the chattering problem. 
However, Chojaa et al. [16] have proposed the Integral Slid-
ing Mode (ISM) as another alternative method of the Sliding 

Fig. 1  Synoptic scheme of WPP based on DFI generator
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Mode to control the powers and deal with the drawback of 
SMC. However, the system’s performance in terms of the 
responses time, static errors, and overshoot are evaluated as 
unsatisfactory. In addition, the quality of the results may be 
lowered if the surface sliding is chosen improperly.

Taking into consideration the prior studies, the Backstep-
ping technique, which has been utilized by many research-
ers, is a nonlinear approach that is used to deal with the 
nonlinearity of complex systems. Dbaghi et al. [17] have 
applied Backstepping to control the Rotor Side Converter 
and have tested the robustness by varying only and simul-
taneously the rotor inductance and resistance by 50% of 
their rated values. Results are compared to those obtained 
by indirect power control. Furthermore, El Mourabit et al. 
[18] have applied the Backstepping control for regulation of 
the PMSG wind turbine based on the real wind profile of the 
Dakhla-Morocco city. In addition, Mensou et al. [19] have 
established Conventional Backstepping (BSC) to control 
the whole wind energy conversion system. Besides, Nadour 
et al. [20] have established a comparative study between 
the Backstepping controller and the vector control based 
on PI Controller for DFIG-based Wind Turbine. Addition-
ally, Bossoufi et al. [21] have designed a robust Adaptive 
Backstepping Control, which is based on adaptive pole 
placement control, to control the powers of the DFIG. By 
studying previous works, the authors have proved the excel-
lent performance of the nonlinear Backstepping control 
for regulating the produced power. However, variations in 
generator characteristics caused by rotor winding warming 
or machine saturation can affect the Backstepping control-
ler’s performance. Many researchers have recently proposed 
the Integral Backstepping Controller (IBSC) as an alterna-
tive to Backstepping to overcome this issue. El Malah et al. 
[22] have proposed the integral Backstepping (IBSC) to get 
the Maximum Power Tracking (MPT) and control the unit 
power factor of a Hybrid Wind-Photovoltaic System con-
nected to the grid in normal conditions.

Unlike the contributions presented by Dbaghi et al. [17] 
and El Malah et al. [22], our work proposes a complete and 
detailed study of the Integral Backstepping Controller for 
regulating the wind power plant in many circumstances, 
including MPT strategy. The advised technique is compared 
to the conventional Backstepping and the indirect vector 
control under parameters variation to test its robustness.

The main contribution of this paper is to test the robust-
ness integral Backstepping control against different genera-
tor parameters variation. Besides, a comparative analysis is 
established between the Backstepping with integral action 
(IBSC), Conventional Backstepping (BSC), and the Open 
Loop Indirect Field-Aligned Control (IFAC) strategies 
for controlling the converters of the wind energy system 
based on the DFI generator. Likewise, the MPT with speed 

regulation is established based on these three studied tech-
niques. The paper is organized into the following sections:

– Second section presents the modeling of the WPP;
– Third section discusses the MPT with a speed regulation 

strategy computed by the PI controller;
– Forth section proposes the control of the active and reac-

tive powers by using the IBSC, BSC, and IFAC;
– Fifth section proposes the control of the MPT, DC link 

voltage, and stator powers by using the IBSC and BSC;
– Sixth section discusses and compares the simulation 

results in normal conditions and under generation varia-
tion;

– And finally, the conclusion is presented in the seventh 
section.

Wind Power Plant modeling

Model of the Wind Turbine

The turbine mechanical power ( PTu ) is expressed as [23]:

The mechanical torque  TTu is written as below:

Where  Vw is the wind velocity, ρ is the air density (kg/
m3), R is the blade ray (m), ΩTu is the angular velocity of 
the turbine, and CP represents the performance factor of the 
turbine. CPcan be formulated as [24]:

This coefficient is calculated by the tip speed λ and the 
angleβ of the blade pitch. The latter is fixed to β = 2◦ for 
having  CPmax. Eq. (4) defines the expression of λ [23, 25]:

Model of the Gearbox

Equation (5) presents the mechanical equation of the system, 
taking into consideration that the overall mechanical dynam-
ics are brought back to the turbine shaft [23, 25]:

(1)PTu =
1

2
.Cp(λ, β).ρ.π.R

2.V3
w

(2)TTu =
PTu

ΩTu

(3)
CP(β, λ) =

[

0.5 − 0.0167.(β − 2)
]

.sin

(

π(λ + 0.1)

18.5 − 0.3.(β − 2)

)

− 0.00184.(λ − 3).(β − 2)

(4)� =
R.ΩTu

Vw

Technology and Economics of Smart Grids and Sustainable Energy (2022) 7:4 Page 3 of 15    4



Technology and Economics of Smart Grids and Sustainable Energy (2022) 7:4

1 3

Where

Where  Jtot is the overall inertia of wind energy system, 
 TTu is the turbine torque,  TTem is the electro-magnetic torque 
of the DFI generator, f is the overall viscous coefficient of 
friction, Ωmec is the rotational speed at the rotor shaft of the 
gearbox (rad/s) and  GB is the gearbox multiplier.

Model of the DFI Generator

The Park transformation allows simplifying the general elec-
trical model, which is determined by the following equa-
tions. Stator and rotor voltages equations are [12, 26]:

Where  Vrot and  Vg is the rotor and grid voltage;  ista and  irot 
are the currents; ψsta and ψrot are the flux;  Rsta and  Rrot are 
the resistances; ωg and ωrot are the angular frequencies;  Lsta 
and  Lrot are the inductances;  Lm is the Mutual inductance. 
The “rot” and “sta” denote the rotor and stator, respectively. 
The electro-magnetic torque can be expressed as follows 
[12]:

Where  pp is the number of generator pole pairs.
The stator powers are expressed as follows [7]:

Maximum Power Point

During the normal functioning of the wind turbine, the 
maximum power control method is developed to exploit the 
energy available in the wind as much as possible. The MPT 
method with mechanical speed control is established. This 
technique consists of maintaining the generator speed at its 
reference, which is maximized when the  Cp is optimal. The 
electro-magnetic torque  (Tem) developed by DFI Generator 

(5)Jtot.
dΩmec

dt
+ f.Ωmec = Tg − Tem

(6)Tg =
TTu

G
B

=
TTu

GB

and GB =
Ωmec

ΩTu

(7)

⎧

⎪

⎪

⎨

⎪

⎪

⎩

Vgd = Rsta.ista_d +
d� sta_d

dt
− ωg.ψsta_q

Vgq = Rsta.ista_q +
d� sta_q

dt
− ωg.ψsta_d

Vrot_d = Rrot .irot_d +
d� rot_d

dt
− ωrot.ψrot_q

Vrot_q = Rrot .irot_q +
d� rot_q

dt
− ωrot.ψrot_d

(8)Tem = −pp.
Lm

Lsta

(irot_q.ψsta_d − irot_d.ψsta_q

)

(9)Ps = Vgd.ista_d + Vgq.ista_q

(10)Qs = Vgq.ista_d − Vgd.ista_q

is equal to its reference value imposed by the control defined 
as [27]:

The optimal electro-magnetic torque  Tem−opt for obtain-
ing a rotation speed equal to the optimal speed is given as 
follows:

Where  Kp−mppt and  Ki −mppt are the PI controller gains. 
The optimal speed (Ωmec−opt) is [27] :

Determination of the PI gains for MPT

The PI controller parameters are determined by the pole com-
pensation method. The time constant of the system ( Tsys ) is:

The gains of the controller are expressed as:

Indirect Field‑Aligned Control Strategy

Rotor Side (RS) Converter Control

To command independently the powers of generator and to 
deal with the coupling problem of the system, the indirect vec-
tor control is applied. In this paper, the powers are controlled 
in the open loop and the rotor currents are controller in the 
closed-loop. Stator flux is considered constant and is aligned 
according to d-axis. The stator resistance is neglected and the 
stator voltage equation can be simplified as [7]:

By using Laplace Transform, the equations of the rotor 
voltages can be expressed as [7]:

(11)Tem = Tem−opt

(12)Tem−opt =
[

Kp−mppt + Ki−mppt.
1

S

]

.[Ωmec−opt − Ωmec]

(13)Ωmec−opt = GB.ΩTu−opt; With ΩTu−opt =
Vw.λopt

R

(14)Tsys =
Jtot

f

(15)

Ki−mppt =
1

τ.f
And Kp−mppt =

−Ki−mppt.Jtot

f
;with τ =

Tsys

1000

(16)ψsta_d = ψsta,ψsta_q = 0;Vgd = 0Vgq = Vg = ωs.ψsta

(17)

Vrot_d =

[

Rrot +

(

Lrot −
Lm

2

Lsta

)

.s

]

irot_d − g.ωg

(

Lrot −
Lm

2

Lsta

)

irot_q

(18)Vrot_q =

[

Rrot +

(

Lrot −
Lm

2

Lsta

)

.s

]

irot_q + g.ωg

(

Lrot −
Lm

2

Lsta

)

irot_d + g
Vg.Lm

Lsta
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Where g is the slip of the generator.
From Eqs. (17)-(18), the rotor currents expressions are 

deduced as follows:

The current references can be expressed as follows [7]:

The voltage references are expressed easily from Eqs. 17 
and 18 as follows:

Where

Determination of the Gains of PI Controller

To set the PI parameters ( Kp−rsc,Ki−rsc ), the pole compensa-
tion method is utilized. The time constant of the system is:

The equations of PI parameters ( Kp−rsc,Ki−rsc ) are given 
as follows:

Control of the Grid Side Converter (GSC)

The GSC consists of controlling DC-link voltage and 
reactive power exchanged with the grid. To elaborate the 
control scheme of the GSC, the grid voltage is consid-
ered orientated to the q-axis and is determined by using 
the Park transformation. The Phase-Locked Loop (PLL) 

(19)irot_d =

[

Vrot_d + g.ωg

(

Lrot −
Lm

2

Lsta

)

irot_q

]

∕

[

Rrot +

(

Lrot −
Lm

2

Lsta

)

.s

]

(20)irot_q =

[

Vrot_q − g.ωg

(

Lrot −
Lm

2

Lsta

)

irot_d − g
Vg.Lm

Lsta

]

∕

[

Rrot +

(

Lrot −
Lm

2

Lsta

)

.s

]

(21)i*
rot_q

= −
Lsta

Lm.Vg

.P*
s

(22)i*
rot_d

= −
Lsta

Lm.Vg

.

(

Q*
s
−

V2
g

ωg.Lsta

)

(23)

V*
rot_q

=
[

i*
rot_q

− irot_q

]

.[Kp−rsc1 + Ki−rsc1.
1

S
] + er_d + g

Vg.Lm

Lsta

(24)V*
rot_d

=
[

i*
rot_d

− irot_d

]

.[Kp−rsc2 + Ki−rsc2.
1

S
] + er_q

(25)

er_d = g.ωg

(

Lrot −
Lm

2

Lsta

)

.irot_d and er_q = g.ωg

(

Lrot −
Lm

2

Lsta

)

.irot_q

(26)Ts = (Lrot −
Lm

2

Lsta

)∕Rrot

(27)Kp_rsc =
1

Trsc

.(Lrot −
Lm

2

Lsta

) And Ki−rsc =
Kp_rsc.Rrot

(Lrot −
Lm

2

Lsta

)
With Trsc =

Ts

100

technique is used to obtain the angle of transformation. 
The grid voltages can be expressed as:

The voltages and powers can be simplified as follows [28]:

The relation between the powers of converters can be 
expressed as follows [29]:

The grid side converter power can be deducted as 
follows:

Where  PRSC is the rotor side converter power, which 
can be defined as:

So, the DC-link power ( P*
dc

 ) can be expressed as:

From Eqs. (31), (32), (33), (34) the references of the grid 
currents can be derived as follows [29]:

In order to have a unit power factor, it is supposed that the 
reference of reactive power is null. Therefore, we impose a null 
direct current grid reference ( i*

GSC_d
= 0 ). The voltage refer-

ences are expressed as follows [28]:

Where

(28)Vgd = 0 And Vgq = Vg

(29)VGSC_d = −
[

Rf + Lf.s
]

.iGSC_d + ωg.Lf.iGSC_q

(30)VGSC_q = −
[

Rf + Lf.s
]

.iGSC_q − ωg.Lf.iGSC_d + Vg

(31)Pg = Vg.iGSC_q

(32)Qg = Vg.iGSC_d

(33)VdC.iC = PGSC − PRSC

(34)Pg = PGSC = VdC.iC + PRSC

(35)PRSC = VDC.iRSC

(36)P∗
dc
= VDC.i

∗
c

(37)i∗
GSC_q

=
1

Vg

.
(

V∗
DC

.i∗
c
+ PRSC

)

; i∗
GSC_d

=
Q∗

g

Vg

(38)

V*
gd

=
[

i*
GSC_d

− iGSC_d

]

.[Kp−gsc2 + Ki−gsc2.
1

S
] + eGSC_q

(39)

V*
gq

=
[

i*
GSC_q

− iGSC_q

]

.[Kp−gsc1 + Ki−gsc1.
1

S
] − eGSC_d + Vg

(40)eGSC−q = ω
g
.Lf.iGSC_q; eGSC_d = ωg.Lf.iGSC_d
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The expressions of the grid currents can be deduced as fol-
lows [30]:

Where  Sd and  Sq are the switching states computed by Park 
transformation. The  PIDC controller is employed to regulate the 
DC-link voltage at its reference. Therefore, The PI controller 
parameters are given below:

Where z is the damping coefficient
The currents  igsc_q and  igsc_d, flowing through the RL filter, 

are regulated by a  PIGSC controller used in the inner loop. Con-
sidering the time constant  Tgsc of the controlled system, the PI 
controller gains are:

Integral Backstepping Control

Principle of Backstepping Control

Backstepping is a nonlinear technique capable to break a complex 
system down to a sequence of sub-problems on lower-order sys-
tems. The basic idea of this approach is to design a controller for 
a system recursively by considering some of the state variables as 
“Virtual Controls” and designing for them intermediate control 
laws with the Control Lyapunov Function (CLF) [31]. Starting 
by definition of a virtual control state, then, forcing it to become a 
stabilizing function. Consequently, by appropriately designing the 
related control input based on the Lyapunov stability theory, the 
error variable can be stabilized [32]. The integral Backstepping is 
a modified variant of the Backstepping control with mathematical 
integral action. This technique has the advantage of the ability of 
error cancellation in the presence of perturbation.

Application of the Integral Backstepping 
for Controlling the MPT

According to the equation of the dynamic rotation speed of the 
DFI generator given by Eq. (5), the Backstepping approach is 
used to develop the control, permitting the system to follow the 
speed corresponding to the maximum power ( Ω*

mec
) [24]. Thus, 

the error variable is defined, in the first step, as follows:

(41)iGSC_q =
1

[

Rf + Lf.s
] .
(

V*
gq
− ωg.Lf.iGSC_d − VDC.Sq

)

(42)iGSC_d =
1

[

Rf + Lf.s
] .
(

V*
gd
+ ωg.Lf.iGSC_q − VDC.Sd

)

(43)Kp−DC = 2.z.ω.c And Ki−DC = ω2.c;

(44)Kp−gsc1,2 =
Lf

Tgsc

;Ki−gsc1,2 =
Rf

Tgsc

Using Eq. (5), the derivative of DFI generator rotation 
speed is defined as:

The derivative of the error presented by Eq. (45) is:

By replacing Eq. (46) in Eq. (47), we obtain:

Choosing  Lf as a Lyapunov function [26, 33] :

WhereαΩ = C�
Ω
∫ t

0
ϵdc.d(t) , C

�
Ω

 represents the integral 
action design parameter

Computing the derivative of  Lf as:

Equation (50) can be written as:

To analyze the stability of this system, we define the Stabiliz-
ing function of Lyapunov, which is called virtual control as [32]:

Where  CMPPT is a positive constant. From Eqs. (50) and 
(51) we can deduce the following expression:

From Eq. 53, the virtual command  Tem can be defined by:

Application of the Integral Backstepping 
for Controlling the Rotor Side Converter (RSC)

Stator Power Signals

The RSC is designed, in this section, by Backstepping pro-
cedure to pilot the stator active and reactive power. For this 

(45)ϵΩ = Ω∗
mec

− Ωmec

(46)
dΩmec

dt
=

1

Jtot
.(Tg − Tem − f.Ωmec)

(47)ϵ̇Ω = Ω̇*
mec

− Ω̇mec

(48)ϵ̇Ω = Ω̇mec −
1

Jtot
.(Tg − Tem − f.Ωmec)

(49)Lf−MPPT =
1

2
ϵ2
Ω
+

�2
Ω

2

(50)
L̇f−MPPT = ϵΩ.ϵ̇Ω + 𝛼Ω.C

�
Ω
.ϵΩ = ϵΩ.(Ω̇

*
mec

− Ω̇mec + C�
Ω
.𝛼Ω)

(51)

L̇f−MPPT = ϵΩ.

[

Ω̇*
mec

−
1

Jtot
.
(

Tg − Tem − f.Ωmec + C�
Ω
.𝛼Ω

)

]

(52)L̇f−MPPT = −CMPPT.ϵ
2
Ω

(53)

Ω̇*
mec

−
1

Jtot
.
(

Tg − Tem − f.Ωmec + C�
Ω
.𝛼Ω

)

= −CMPPT.ϵΩ

(54)
T*
em

= −J
tot

(

Ω̇*
mec

+ CMPPT.ϵΩ
)

+ Tg − f.Ωmec + C�
Ω
.αΩ
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task, virtual control should be designed based on the rotor 
currents. As you can see in Eqs. (21) and (22), the active 
power is controlled by the  irot_q current. However, the reac-
tive power is piloted by the  irot_d current. Considering the 
Eqs. (17) and (18), the temporal derivation of the rotor cur-
rents equations can be deduced as follows [34]:

Where.

Calculating the errors between desired (reference) rotor 
currents and the actual one to stabilize it by Backstepping 
in the first step as:

The time derivative of the errors is given by:

So, by replacing the time derivative of currents in Eqs. 59 
and 60, we obtain:

The Lyapunov candidate function is defined, in a second 
step, as follows [34, 35]:

Whereαr1 = C�
r1
∫ t

0
ϵRSC−1.d(t) andαr2 = C�

r2
.∫ t

0
ϵRSC−2.d(t) , 

C′
r1
 and C′

r2
 are the integral action invariants. The derivation of 

Lyapunov function is expressed as:

(55)

{

dirot_d

dt
=

1

a
(Vrot_d − R

rot
irot_d + b.irot_q)

dirot_q

dt
=

1

a
(Vrot_q − Rrotirot_q − b.irot_d − c)

(56)
a = Lrot.

(

1 −
L2
m

Lrot.Lsta

)

; b = g.�g.Lrot

(

1 −
L2
m

Lrot.Lsta

)

; c =
Lm.Vg.g

Lsta

(57)ϵRSC−1 = i*
rot_q

− irot_q

(58)ϵRSC−2 = i*
rot_d

− irot_d

(59)dϵRSC−1

dt
=

di*
rot_q

dt
−

dirot_q

dt

(60)dϵRSC−2

dt
=

di*
rot_d

dt
−

dirot_d

dt

(61)dϵRSC−1

dt
=

di*
rot_q

dt
−

1

a
(Vrotq

− Rrot.irot_q − b.irot_d − c)

(62)dϵRSC−2

dt
=

di*
rot_d

dt
−

1

a
(Vrot_d − R

rot
irot_d + b.irot_q)

(63)Lf−r1 =
ϵ2
RSC−1

2
+

�2
r1

2
And Lf−r2 =

ϵ2
RSC−2

2
+

�2
r2

2

(64)
L̇f−r1 = ϵRSC−1.ϵ̇RSC−1 + αr1.C

�
r1
.ϵRSC−1 = ϵRSC−1(ϵ̇RSC−1 + αr1.C

�
r1
)

(65)
L̇f−r2 = ϵRSC−2.ϵ̇RSC−2 + αr2.C

�
r2
.ϵRSC−2 = ϵRSC−2(ϵ̇rsc2 + αr2.C

�
r2
)

So, replacing the errors derivation given in Eqs. 61 and 62, 
the Lyapunov derivative rewrites as:

To ensure the system stability, according to Lyapunov func-
tion, the derivation of Lf−rsc must be negative and is given as 
follows:

Where Crsc1 and Crsc2 are positive constants. By equalizing 
the Eqs. 66 and 67 with Eq. 68, we obtain:

Therefore, the virtual command Vrd and Vrq are deduced 
directly as follows:

Application of the Integral Backstepping 
for Controlling the DC‑link Voltage and the GSC

DC control Signal

Let us determine the derivative error ϵdc between the DC-
link voltage and its desired [35]:

Selecting the first Lyapunov function associated with the 
DC bus voltage error with the error integral action value 
[34, 35]:

Whereαdc = C�
dc
∫ t

0
ϵdc.d(t) . C’dc represents the integral 

action invariant.

(66)L̇f−r1 = ϵRSC−1.

[

di*
rot_q

dt
−

1

a
(Vrot_q − Rrotirot_q − b.irot_d − c) + αr1.C

�
r1

]

(67)

L̇f−r2 = ϵRSC−2.

[

di*
rot_d

dt
−

1

a
(Vrot_d − R

rot
irot_d + b.irot_q) + αr2.C

�
r2

]

(68)L̇f−r1 = −CRSC−1.ϵ
2
RSC−1

And L̇f−r2 = −CRSC−2.ϵ
2
RSC−1

(69)di*
rot_q

dt
−

1

a
(Vrot_q − Rrotirot_q − b.irot_d − c) + αr1.C

�
r1
= −CRSC−1.ϵRSC−1

(70)

di*
rot_d

dt
−

1

a
(Vrot_d − R

rot
irot_d + b.irot_q) + αr2.C

�
r2
= −CRSC−2.ϵRSC−2

(71)V*
rot_q

= a.

[

di*
rot_q

dt
+

Rrot

a
irot_q +

b

a
.irot_d +

c

a
+ CRSC−1.ϵRSC−1+αr1.C

�
r1

]

(72)

V*
rot_d

= a.

[

di*
rot_d

dt
+

Rrot

a
irot_d −

b

a
.irot_q + CRSC−2.ϵRSC−2+αr1.C

�
r1

]

(73)ϵ̇dc = V̇
*

dc
− V̇dc, with V̇dc =

ic

C

(74)Lf−dc =
ϵ2
dc

2
+

�2
dc

2
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The derivative of Eq. 74 applies:

This can be rewritten satisfying L̇f−dc< 0 as follows:

Where  Cdc is a positive parameter. Considering Eqs. 74 
and 76, we can write:

Equation 77 allows the synthesis of the DC link current 
reference(i*

c
) such as:

On the other hand, we have:

Therefore, the quadrature grid current reference can be 
expressed as a function of the DC-link voltage as:

GSC Control Signals

The expressions of the time derivative of grid currents are 
given in d-q frame reference as [18]:

The derivative of the errors of the component currents 
flowing through the filter ϵGSC−1and ϵGSC−2 is defined as:

(75)

L̇f−dc = ϵdc.ϵ̇dc + αdc.C
�
dc
.ϵdc = ϵdc(V̇

*

dc
−

ic

C
+ αdc.C

�
dc
)

(76)L̇f−dc = −Cdc.ϵ
2
dc

(77)V̇
*

dc
−

ic

C
+ 𝛼dc.C

�
dc
= −Cdc.ϵdc

(78)i*
c
= C.(V̇

*

dc
+ Cdc.ϵdc + αdc.C

�
dc
)

(79)i*
c
=

P*
dc

Vdc

(80)P*
dc
= P*

gsc
− Prsc

(81)i*
gq

=
P*
gsc

Vg

(82)i*
gq

=
C.Vdc.

(

V̇
*

dc
+ Cdc.ϵdc + 𝛼dc.C

�
dc

)

+ Prsc

Vg

(83)
digq

dt
=

1

Lf

(−Vgq − Rfigq − ωg.Lf.igd + Vg)

(84)
digd

dt
=

1

Lf

(−Vgd − R
f
igd + ωg.Lf.igq)

Replacing the Eqs. 83 and 84 in Eqs. 85 and 86, respec-
tively, the errors derivative becomes:

Lyapunov function is given as expression:

Whereαg1 = C�
g1
∫ t

0
ϵGSC−1.d(t) andαg2 = C�

g2
.∫ t

0
ϵGSC−2.d(t) , 

C′
g1

 and C′
g2

 are the integral action invariants. The derivation of 
Lyapunov function is expressed as:

In order to guarantee the stability of the system accord-
ing to Lyapunov, the derivation of Lf−gsc must be negative:

The virtual command of rotor current is deduced as:

Which gives the expression of the actual global command 
 Vgd and  Vgq are defined by:

(85)dϵGSC−1

dt
=

di*
gq

dt
−

digq

dt

(86)dϵGSC−2

dt
=

di*
gd

dt
−

digd

dt

(87)dϵGSC−1

dt
=

di*
gq

dt
−

1

Lf

(−Vgq − Rfigq − ωg.Lf.igd + Vg)

(88)dϵGSC−2

dt
=

di*
gd

dt
−

1

Lf

(−Vgd − Rfigd + ωg.Lf.igq)

(89)Lf−g1 =
ϵ2
GSC−1

2
+

�2
g1

2
And Lf−g2 =

ϵ2
GSC−2

2
+

�2
g2

2

(90)
L̇f−g1 = ϵGSC−1.ϵ̇GSC−1 + αg1.C

�
g1
.ϵGSC−1 = ϵGSC−1(ϵ̇GSC−1 + αg1.C

�
g1
)

(91)
L̇f−g2 = ϵGSC−2.ϵ̇GSC−2 + αg2.C

�
g2
.ϵGSC−2 = ϵGSC−2(ϵ̇GSC−2 + αg2.C

�
g2
)

(92)L̇f−gsc = −Cgsc1.ϵ
2
GSC−1

− Cgsc2.ϵ
2
GSC−2

(93)

di*
gq

dt
−

1

Lf

(−Vgq − Rfigq − ωg.Lf.igd + Vg)+αg1.C
�
g1

= −Cgsc1.ϵGSC−1

(94)
di*

gd

dt
−

1

Lf

(−Vgd − Rfigd − ωg.Lf.igq) + αg2.C
�
g1

= −Cgsc2.ϵgsc−2

(95)

Vgq = −Lf.

[

di*
gq

dt
+αg1.C

�
g1

+ Cgsc1.ϵGSC−1

]

− Rf.igq − ωs.Lf.igd + Vg

(96)Vgd = −Lf.

[

di*
gd

dt
+ αg2.C

�
g2

+ Cgsc2.ϵGSC−2

]

− Rf.igd + ωs.Lf.igq
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Results and Discussion

The wind power plant based on the wound rotor induction 
generator is modeled by diverse equations established previ-
ously and simulated employing the parameters presented in 
Table 1 under Matlab/Simulink software. The wind profile 
speed used to simulate the system is presented in Fig. 2. 
The superiority of the integral Backstepping is performed in 
normal conditions and under generator parameters variation.

Dynamic Response in Normal Conditions

This part shows the simulation results of the DFIG which is 
driven to rotate by the wind turbine and is connected to the 
non-ideal grid. The grid voltages components are computed 
using the Park transformation, which is based on the angle 
transformation obtained by the Phase-Locked Loop (PLL) 
with the PI controller. Figure 3 shows the quadrature and 
direct voltages of the grid used to feed the generator. Fig-
ure 4 presents the three-phase stator currents with a stator 
frequency is equal to 50 Hz. Figure 5 presents the mechani-
cal rotation speed, which is obtained by utilizing the MPT 
strategy on the basis of the PI controller, the Conventional 
Backstepping, and the Integral Backstepping control. The 
latter offers a short time for tracking the speed reference 
without an overshoot compared to the other techniques. 
However, Fig. 6 illustrates the coefficient power of the wind 
turbine calculated by the three methods. As you can see, the 
IBSC maintains the  Cp factor to its optimal value  (Cpmax = 
0.5), for which the tip speed ratio is optimal (λopt = 9.19), and 
the aerodynamic power is at its maximum value. Besides, 
the perturbation of the wind speed variation is rejected in 
court time. Figure 7 shows the stator active power com-
puted by the studied controls. As demonstrated by compar-
ing these results, the produced power perfectly follows the 
reference ( P*

s
 ) by utilizing the Integral Backstepping than the 

Conventional Backstepping and the indirect vector control, 
respectively, with better performances in terms of rapidity 
and precision. Figure 8 shows the reactive power, which is 
regulated to zero for ensuring a unit power factor, as shown 

in Fig. 9. Remarkably, the Backstepping with integral action 
gives better performances, and the power factor is regulated 
to one regardless of the variation of the wind speed profile. 
Figure 10 shows the influence of the wind speed variation 
on the DC link voltage. We can confirm that the main advan-
tage of integral Backstepping by quickly rejecting the wind 
disturbance and keeping the DC-link voltage constant with a 
zero error. Likewise, the overshoot is considerably enhanced 
by using the proposed technique than conventional Back-
stepping and classical PI controller, respectively. Table 2 
presents comparative results between the three strategies, 
which are calculated for the rated values. As can be seen, the 
IBSC reveals better results than the conventional Backstep-
ping and indirect vector control built on the PI controller. 
The overshoot is eliminated, the response time is consider-
ably reduced, and the static error is canceled by using the 
proposed technique.

Dynamic Response Under Parameters Variation

This section tests the robustness of the Integral Backstep-
ping controller against unexpected variation of the generator 

Fig. 2  Variable wind speed 
profile (m/s)

Table 1  The nominal values of the parameters of the studied Wind 
Power Plant System

Parameters Symbol Values

Turbine Radius of blade R 51,583 m
Coefficient of multiplier GB 47,23
Total moment of inertia Jtot 1000 kg.m2

DFIG DFIG rated power Ps 5 MW
Stator leakage inductance Lsta 1,2721 mH
Rotor resistance Rrot 1,446 mΩ
Rotor leakage inductance Lrot 1,1194 mH
Mutual inductance Lm 0,55187 mH
Stator line to line voltage Vg 950 V

Capacity DC-link capacitance C 4400 µF
Filter RL Resistor of the filter Rf 20 Ω

Inductance of the filter Lf 0,08 H
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internal parameters. For this task, several cases are consid-
ered and studied.

First, the mutual inductance is increased by + 20% of its 
rated value. Figure 11 shows the influence of this parameter 

on the generated active power. As you can see, the IBSC 
ensures a better set-point tracking with a short response time 
and zero error. The mutual inductance is reduced by - 20% 
for more sensitivity analysis, as illustrated in Fig. 12. As you 

Fig. 3  Grid voltage components 
(V)

Fig. 4  Stator three-phase cur-
rents

Fig. 5  Rotational speed cal-
culated by the MPT strategy 
(rad/s)

Fig. 6  Power Coefficient of the 
wind turbine computed by the 
three techniques
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can observe, the proposed technique ensures the system’s 
stability while avoiding static error. However, it is destroyed 
by using the indirect vector control.

The second case concerns the variation of the rotor 
resistance by + 100% (example of rotor windings warm-
ing-up, (Djeriri and DJERIRI [13]; Nadour et al. [20]). 
Figure13 illustrates that the response time of the IBSC 
and the BSC is similar and becomes long by applying 
the IFAC technique. However, IBSC demonstrates a zero 
error.

The third situation is about increasing the rotor induct-
ance by +100%, as shown in Fig. 14. Remarkably, the sta-
bility of the produced power is guaranteed by the IBSC and 
BSC. However, it is lost by using the IFAC based on the PI 
controller.

Fourth, the inductance and resistance of the rotor are 
changed simultaneously by 100%. As you can see in 
Fig. 15, the IBSC shows better performances in terms 
of precision and stability than the BSC and IFAC, 
respectively.

And finally, the fifth state tests the influence of the stator 
inductance, which is increased by + 100%, on the produced 
power. It can be observed that the IBSC affirms superiority 
against parameters, as shown in Fig. 16.

These results conduct us to close that the integral Back-
stepping control is more robust in terms of canceling the 
error than the Backstepping, and indirect field-aligned 
control.

The proposed strategy is compared to existing control 
approaches published in the literature as shown in Table 3. 
This comparison is made using the response time, the error 
in steady state, and the overshoot. The Integral Backstepping 
strategy clearly reacts faster than the other strategies, with 
no static error and no overshoot.

Conclusions

In this manuscript, the wind energy system is mod-
eled, controlled, and is simulated based on a variable 
wind speed profile. The DFIG stator is directly linked 
to the electrical network, and the rotor is coupled via 
two bidirectional converters. First, the Maximum Power 
Tracking with speed regulation is designed. Second, the 
control of the powers is established by using Integral 
Backstepping Control, Conventional Backstepping, and 
indirect field-aligned control based on the PI controller, 
in which their gains are calculated by pole compensation 

Fig. 7  Stator Active Power (W)

Fig. 8  Stator Reactive Power 
(VAR)
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method. Finally, the robustness tests are done by vary-
ing all the parameters of the generator. The simulation 
results show that:

– The response time of the Integral and Conventional 
Backstepping controllers is similar in terms of power 
reference tracking in ideal conditions, and it is low-

Fig. 9  Unit Power Factor (UPF)

Fig. 10  DC-Link Voltage (V)

Table 2  Comparative analysis of the three methods in normal conditions

Active Power
(rated value : 5 MW)

DC link Voltage
(rated value : 1200 V)

Rotational speed
(rated value : 105.2 rad/s)

Performances PI BSC IBSC PI BSC IBSC PI BSC IBSC
Response time 10,7 ms 1,7 ms 1.7 ms 35,3 ms 7,36 µs 6,1 µs 0.1 ms 50 µs 50 µs
Static error (%) 1.34 0.32 0 0.25 1.58 0 0,5 0 0
Overshoot (%) - - - 16.19 3.92 0.25 0 2.7 0
Robustness Not robust Medium Robust Not robust Medium Robust Not robust Medium Robust

Fig. 11  Stator Active Power 
(W) -  Lm’ =  Lm + 20%
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ered by 84.11% when compared to the indirect vector 
control. Besides, the Backstepping with integral action 
ensures a reference track with a null error because of 
the integral action.

– The performances of the Integral Backstepping are 
satisfactory and very attractive than the Conventional 

Backstepping and the Indirect Vector Control, respec-
tively, in terms of DC-link voltage regulation under 
wind speed variation. When compared to the results 
achieved by Conventional Backstepping and Indi-
rect Vector Control, the response time is reduced by 
17.12% and 99.97%, respectively. Furthermore, when 

Fig. 12  Stator Active Power 
(W) -  Lm’ =  Lm - 20%

Fig. 13  Stator Active Power 
(W) -  Rrot’ = 2.Rrot

Fig. 14  Stator active power (W) 
-  Lrot’ = 2.Lrot

Table 3  Comparative the 
proposed method with another 
existing methods

Ref. Paper Approach Response 
time (ms)

Static error Overshoot (%)

Chojaa et al. [16] Integral Sliding Mode 280 +/− 0.31 ×  104 ≈5
El Moubarit et al. [18] Nonlinear Backstepping Controller 70 - ≈0.3
Proposed technique Integral Backstepping Control 1,7 0 No overshoot
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compared to the findings attained by conventional 
Backstepping and Indirect Vector Control, the over-
shoot is reduced to 93.62% and 89.45%, respectively.

– The IBS Control presents better robustness against the 
generator parameters variation than the Conventional 
Backstepping and the indirect vector control, respec-
tively. The IBSC ensures better stability, enhances pre-
cision and reduces the system response time.
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