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Abstract

This paper introduces an efficient and simple power control for the Wind Energy Conversion System (WECS) based on the Doubly-Fed 

Induction Generator (DFIG). Due to the limitation performance of the conventional PI controller against DFIG parameters change and 

wind speed variation; the sliding mode theory is applied in order to overcome these drawbacks. To improve the performances of 

a WECS, robust and nonlinear control techniques, namely; Conventional Sliding Mode Control (C-SMC) and Third Order Sliding Mode 

Control (3O-SMC), were implemented to independently control the stator active and reactive powers. However, both techniques 

exhibited a chattering phenomenon, an undesirable phenomenon caused by discontinuous signals. To overcome this drawback and 

further enhance previous control techniques, an advanced Variable Gain Super Twisting Algorithm (VGSTA) is proposed and compared 

to SMC and 3O-SMC. Furthermore, to validate the effectiveness of the proposed VGSTA strategy in comparison to two previous 

control methods, the WECS was simulated and validates using the MATLAB/Simulink environment. The simulation results clearly 

demonstrated the superiority of the proposed VGSTA strategy over the previous SMC and 3O-SMC techniques. This was obvious in 

terms of both fast convergence velocity and reduce chattering phenomenon.
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1 Introduction
With the growing awareness of environmental problems 
arising from the use of fossil fuels and the projected rise 
in energy consumption in the coming decades, many coun-
tries have embarked on a quest to identify optimal meth-
ods of energy production [1]. In recent years, governments 
worldwide have recognized renewable energy as a viable 
alternative to polluting energy sources [2, 3] due to its 
ability to ensure energy autonomy for all nations [4, 5]. 
An unprecedented global challenge is being launched 
today in the field of energy resources. In this context, there 
are several forms of renewable energy. Wind energy is 
considered one of the most important sources of renew-
able energy, as it ranks second after hydropower [6]. Wind 
turbine technology has become a highly promising, reli-
able, and clean source of renewable energy [7]. The use 
of Wind Energy Conversion Systems (WECS) based on 

Doubly-Fed Induction Generators (DFIG) has gained sig-
nificant popularity in different generations of wind energy 
systems. This technology has found widespread adoption, 
especially in remote and rural areas, owing to its numerous 
advantages that are highly relevant in the present era [8, 9].

In the WECS review based DFIG, the stator is directly 
connected to the grid, while the rotor is connected to the 
grid through back-to-back converters, as shown in the pro-
vided Fig. 1. The control of the DC link voltage and the 
stator powers (Ps and Qs ) is accomplished by the grid-side 
converter (GSC) and the rotor-side converter (RSC) respec-
tively [10]. Robust control is a critical aspect of renewable 
energy technologies, particularly in dealing with external 
disturbances, uncertainties, and nonlinearities in nonlin-
ear systems such as WEC Systems [11]. In the literature, 
many discussions have taken place regarding numerous 
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control strategies for DFIG systems. These control strate-
gies include Direct Torque Control (DTC) [12, 13], Model 
Reference Adaptive Control (MRAC) [14, 15], Mod- 
el Reference Adaptive System (MRAS) [16–20], and 
Backstepping [21–23]. These discussions have signifi-
cantly contributed to the advancement of knowledge in the 
field. They assist researchers, engineers, and practitioners 
in making informed decisions regarding the selection and 
implementation of control strategies for DFIG systems.

In recent years, Sliding Mode Control (SMC) has 
gained significant popularity; particularly in nonlinear 
systems (refer Fig. 2). Many researchers have explored 
robust control systems that incorporate a discontinu-
ous control signal through a sliding surface to satisfy the 
sliding condition [24]. Nevertheless, standard SMC has 
a notable drawback, which is the chattering phenomenon 

that can be detrimental to the system [25]. This phenome-
non is caused by the discontinuous signals introduced by 
the sign function [26].

In [10, 27] provided a detailed Super Twisting Sliding 
Mode Control (ST-SMC) strategy for a DFIG, enabling 
independent control of the active and reactive stator powers. 
In [26], the authors proposed the super twisting fractional 
order terminal sliding mode control (ST-FOTSMC) strategy 
to address the chattering phenomenon associated with clas-
sical SMC control. Moreover, in [28], a novel strategy for 
Direct Field-Oriented Control (DFOC) was developed utiliz-
ing third-order sliding mode (3O-SM). Control to minimize 
oscillations and reduce Total Harmonic Distortion (THD) 
in the current and active power of induction generators. 
Furthermore, the use of Fractional Calculus theory (FCT) 
to enhance the Super-Twisting Algorithm (STA) to achieve 

Fig. 1 The WEC System including: turbine, gearbox, generator, filter, converters, MPPT control, transformer and grid

Fig. 2 Enhancement made in sliding mode control (SMC) [26]
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high-quality power and current is proposed in [29], while 
minimizing steady-state error and reducing error and over-
shoot in reactive and active power.

In [30], the authors proposed a control strategy based 
on an amended formulation of the Super-Twisting Control 
with adaptive gains applied to a grid-connected wind 
power system based on DFIG. This method was com-
pared with the conventional super-twisting control, and 
it was found that the proposed control technique reduces 
and facilitates control efforts through the development 
of a simplified sliding mode formulation, despite distur-
bances related to parameter variations and the randomness 
of wind speed. In [31], the authors explored adaptive sec-
ond-order sliding mode control techniques to maximize 
the extracted wind energy in a WECS. Through model-
ing and simulation, it was demonstrated that the control 
method features robustness and relative simplicity.

To effectively address the chattering phenomenon and 
enhance the performance of the wind power system, 
a robust control strategy called the Variable-Gain Super-
Twisting Algorithm (VGSTA) is proposed. The VGSTA 
strategy aims to reduce the chattering phenomenon, 
reduce response time (dynamic response), improve power 
quality (THD ≤ 5%), minimize overshoot, and effectively 
mitigate uncertainties and external disturbances. The per-
formance and effectiveness of this control strategy are 
evaluated through the analysis of simulation results.

The main contributions of this paper are:
1. Improving the power quality delivered to the grid 

by proposing the robust controllers, in order to over-
come the disadvantages of conventional controls in 
transient and steady-state conditions.

2. The proposed control method makes the wind 
power system perform very well in both wind 
speed sudden variation (random profile), and DFIG-
electromechanical parameters change.

3. The VGSTA-SMC control minimizes overshoot, 
response time, and active/reactive power ripples, 
enhancing power quality and robustness against 
DFIG' parameters change.

This paper is organized as follows: firstly, the mathe-
matical model of the Wind Turbine (WT) and Doubly Fed 
Induction Generator (DFIG) in the (d, q) reference frame is 
presented in Sections 2 and 3. In Section 4, the modeling of 
the fourth controls (FOC, C-SMC, 3O-SMC, and VGSTA-
SMC) is discussed. Section 5 presents and discusses simu-
lation results. Finally, the reported work is concluded.

2 Turbine modeling
The wind is a stochastic variable [32], characterized by its 
direction and speed, which are influenced by factors such 
as location and climate conditions [33]. The input power of 
a wind turbine is typically:

P R Vv � � � �
1

2

2 3� � .  (1)

The wind turbine's mechanical power is expressed as 
follows:

P P C R v Ct v p p� � � � � � � ��
1

2

2 3� � � �, ,  (2)

where: R: radius of turbine (m), V: wind speed (m/s), λ: rel-
ative speed, ρ: air density (  ρ = 1.225 kg m3), β°: pitch angle 
(deg), Ωt : turbine speed (rad/s), and Cp represents power 
coefficient can be described as:
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n1 = 0.5176, n2 = 116, n3 = 0.4, n4 = 5, n5 = 21, n6 = 0.0068.
The block diagram in Fig. 3 presents the model of the 

wind turbine.
The graph depicts the power coefficient (Cp ) versus 

tip speed ratio (TSR or λ) for a pitch angle of 0° (  β = 0°). 
The maximum value of Cp (Cp−max = 0.48) is achieved when 
the blade pitch angle is set to 0° and the tip speed ratio is 
set to 8.1 (presents optimal λopt ), as shown in Fig. 4.

Notably, this point corresponds to the maximum power 
point tracking (MPPT) condition [9]. By using poles 
placement method, the two PI controller adjustment gains 
(KP_MPPT and KI_MPPT) are given by [34]:

Fig. 3 Schematic block of wind turbine
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where: ωn is the undamped natural frequency, ξ is the 
damping ratio, and for ξ = 1 and ωn = 100 rad/s, the values 
of KP_MPPT and KI_MPPT are given by:
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Pitch angle control is a crucial aspect of wind turbine 
operation, primarily used to regulate the turbine's rota-
tional speed and optimize power output. This control sys-
tem often works in conjunction with MPPT algorithms to 
enhance energy capture (refer to Fig. 5). To achieve this, 
we employ a PI controller to keep the turbine operating 
near its maximum efficiency point, despite varying wind 
speeds [34–36]. Additionally, PI controllers are applied to 
pitch angle control to ensure the efficient and reliable oper-
ation of wind turbines.

3 Modeling of DFIG
After applying the Park transform, we obtain the rotor and 
stator voltages for the DFIG, additionally, the flux equa-
tions, as follows [10, 37, 38]:
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The electromagnetic torque:
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where: Ωr is mechanical speed, Tr is the load torque, and J 
is total inertia.

The stator active and reactive powers:
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4 Control design
4.1 Field oriented control strategy
It is assumed that the stator voltage and the stator pulsation 
ωs are constant, the electrical grid is stable, and the effect 
of stator resistances is negligible. This leads to a direct 
axis 'd' alignment along the location of the stator flux vec-
tor with zero variation in the steady state [39]. Therefore, 
this can be expressed as follows:

�sq � �0, .�� ��sd s  (10)

The DFIG model can be described on the previously 
written equation in the synchronous reference frame (refer 
to Fig. 6), where the direct axis "d " is aligned with the sta-
tor flux vector Φsd = Φs ), while the stator flux vector on the 
quadrature axis is non-existent Φsq = 0).

After neglecting the stator resistances, the following 
equations can be simplified:

V V Vsd sq s s� � � �0; ,� ��s  (11)

�sq s sq rqL I M I� � � � � 0,  (12)

Fig. 4 Power coefficient Cp versus tip speed ratio (λ)

Fig. 5 Block diagram of the pitch angle β control Fig. 6 Stator and rotor flux vectors along the dq frame
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The electromagnetic torque:
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To control the DFIG, expressions show the relationship 
between the currents and the rotor voltages applied to it.
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The schematic diagram of the field-oriented control based 
PI, a simple yet effective control strategy widely employed 
in industrial applications [34], is illustrated in Fig. 7.

The PI controller has two parameters: the proportional 
gain (KP_PI ) and the integral gain (KI_PI ). The KP_PI gain deter-
mines how quickly the controller responds to errors, while 
the KI_PI gain determines how well the controller eliminates 
steady-state errors. The calculation of PI controller gains 
depends on the system's parameters [34, 40, 41]. The open-
loop transfer function (OLTF) incorporating the controllers 
is expressed as follows (taking into account that the vari-
able 's' represents the Laplace variable):
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To eliminate the zero present in the transfer function, 
we choose the method of pole compensation for the regu-
lator synthesis:
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For a response time tr (5%) = 1 ms, we obtain:
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4.2 Design of conventional SMC
For many years, researchers have continuously proposed 
various control strategies for DFIG, among which SMC 
stands out as a nonlinear and robust method [42]. It offers 
several advantages, including a simple and easily imple-
mentable structure. Furthermore, it enables effective con-
trol even in the presence of disturbances and uncertainties, 
with its design grounded in three main elements [43–46].

Fig. 7 Schematic diagram of DFIG-field oriented control based on PI controllers
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4.2.1 Identification of the sliding surface
The choice of sliding surface is expressed by:
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By substituting the derivatives of active and reactive 
powers into Eq. (22), we obtain:
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with: σ is the dispersion coefficient between windings d 
and q, usually is: σ = 1 − (M 2 / Ls Lr ).

4.2.2 The convergence condition
The stability condition is given by:

e e e eP P Q Q� � � � 0 0, .  (23)

4.2.3 The convergence condition
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The C-SMC controller gains can be determined by the 
following expressions [47]:
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To ensure stability of the considered system, gains r1 
and r2 must be constant and positive (refer to Table 1). 
Based on the Eq. (24), we can construct the scheme for 
C-SMC as illustrated in Fig. 8.

4.3 Design of third order SMC
The third-order sliding mode controller (3O-SMC) is 
a robust control strategy that has been proven effective in 
controlling systems. It is considered an alternative to both 
nonlinear and linear strategies, overcoming the main dis-
advantages of conventional SMC technology described 
in the literature. This technology is based on the Super 
Twisting algorithm, and the 3O-SMC control can be 
expressed using the following equations [48]:
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Offset, γ1(t), γ2(t) and γ3(t) in the Eq. (28), we get:
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2 3
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Fig. 8 Schematic diagram of conventional SMC algorithm based on DFIG

Table 1 Gains values of diffrent controllers

Strategies: PI C-SMC 3O-SMC
VGSTA-

SMC

Parameters
KP_PI = 7.575 ∙ 10−4 r1 = 80

∂1 = 0.5 α1 = 11

∂2 = 9900 α2 = 9900

KI_PI = 53.54 ∙ 10−2 r2 = 900 ∂3 = 10 α3 = 0.6
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The sliding surfaces shown in Eq. (21) are used as 
inputs for the 3O-SMC control law. Thus, based on the last 
Eq. (28) obtained, we can express Vrd
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 and Vrq
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The tuning constants ∂1, ∂2, and ∂3 are used to improve 
the performance of the 3O-SMC method. These gains 
are calculated using mathematical formulas and further 
refined through manual adjustments until the desired result 
is achieved (Table 1). The 3O-SMC controller scheme is 
presented in Fig. 9.

4.4 Design of VGSTA-SMC
The Variable Gain Super Twisting Algorithm (VGSTA) 
can be expressed as follows:
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The standard Super Twisting Algorithm (STA) can be 
restored when α3 = 0 and the gains α1 and α2 are kept constant 
and unchanged. However, by setting α3 > 0, the VGSTA-SM 
control allows for dealing with perturbations that grow out-
side the sliding surface. 

Additionally, the variable gains α1 and α2 make the slid-
ing surface insensitive to perturbations. It should be noted 
that the control variable is continuously smooth, in contrast 

to the discontinuous nature of the Conventional Sliding 
Mode Control (C-SMC) [27, 48].

The uncertainty and perturbation supported by VGSTA 
can be expressed as follows:
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ϑ2(t, x) and ϑ1(t, x), are known continuous functions.
System driven by the VGSTA (Eq. (30)) can be 

expressed as:
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Theorem 1. Suppose that for some known continuous 
functions ϑ1(t, x) ≥ 0, ϑ2(t, x) ≥ 0 the inequalities of Eq. (30) 
are satisfied. Then for any initial condition (h1(0), e(0), 
h0(0)) the sliding surface e = 0, will be reached in finite 
time if the variable gains are selected as [29]:
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where � �� �� �0 0 0, , ,  are arbitrary positive con-
stants. The time it takes to reach the sliding surface can 
be estimated by:

Fig. 9 Schematic diagram of third order SMC algorithm based on DFIG
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where V(e, h0 ) = ξ T Pξ, with � �T e e e h� � � ��� ��
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For arbitrary positive constants � � ��0 0,  the 
function is a Lyapunov function for the subsystem 
(e, h0 ) of Eq. (34), demonstrating finite-time conver-
gence. Equation (37) is positive definite, continuously 
everywhere, and differentiable everywhere except on 
the set S e h R e� � �� �� �, .
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At every point in R S2   setminus S, where this deriv-
ative exists. Similarly, one can calculate the derivative of 
V(x) on the same set as:
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Choosing P as specified in Eq. (38) and the gains 
according to Eq. (37), we obtain:

Q I� �

�

� � � �� �
� � �� � � � � �

� � � � �� � �
� �

2

2 4 2

2 4 4 2

2 4

1 1 2

2

2

2 1

2

1

�� � �

�

� � �

*

22 2
1 2 3

� � �

�

�

�
�
�

�

�

�
�
�

� � P

,
 

Q I� �

�
� � �� � ��� � � � � �

� � �

�

�
�

�

�
�

� �
� �

2

2 4 4 2 4 2

2 2

1

2

2

2

1

1

�� � *
,

 

That is positive definite for every value of (t, x). This 
indicates that:
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is the Euclidean norm of ξ, and:
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we can conclude that:
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Note that the trajectories cannot stay on the set: 
S e h R e� � �� �� �, .
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2
0  This means that V is a continu-

ously decreasing function and we can conclude that the 
equilibrium point (e, h0 ) = 0 is reached in finite time from 
every initial condition. Since the solution of the differen-
tial equation:
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is given by:
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It follows that (e(t), h0(t)) converges to zero in finite 
time and reaches that value at most after a time given by 
Eq. (37). This concludes the proof of Theorem 1.

When P(x) = const, p first SMC can handle bounded 
perturbations ξ(x(t), t) that are measurable along system 
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trajectories. Conversely, the STA with constant gains α1 
and α2 can compensate for Lipschitz continuous perturba-
tions ξ(x, t) along system trajectories, where their absolute 
value cannot increase faster than a linear function of t or 
faster than linearly with respect to e t� � 0 5.  along the sys-
tem trajectories.

Based on Eq. (30), can be expressed the equations 
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The values of the constants , and , which are calculated 
using Eq. (35), are presented in Table 1. From the last two 
equations, we can construct the scheme of the VGSTA-
SMC controller as illustrated in Fig. 10.

5 Analysis of performance indices
The controller's performance is evaluated using four cri-
teria: Integral of Absolute Error (IAE), Integral Time 
Absolute Error (ITAE), Integral of Squared Error (ISE), 
and Integral Time Square Error (ITSE). These metrics 
provide a quantitative evaluation of the controller's per-
formance [38, 46]:
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6 Simulation results
In this paper, a 1.5 MW DFIG is connected to a 398/690V 
grid with rated parameters are given in Table A1. 
Additionally, the wind-turbine parameters are given in 
Table A2, are also considered, Table 1 presents respec-
tively the parameters used in the PI, 3O-SMC, and 
VGSTA-SMC controllers. Notably, the parameters used 
for active power control are the same as those used for 
reactive power control. The following teste will be con-
ducted using MATLAB/Simulink® environment:

•  Test-1: Electromechanical wind turbine-DFIG pa- 
rameters.

•  Test-2: Decoupling terms.
•  Test-3: Reference tracking.
•  Test-4: Evaluating Control Strategies using Phase-

Plane Trajectories
•  Test-5: Robustness tests and performance compar- 

ison.

Fig. 10 Schematic diagram of variable gain super twisting algorithm SMC algorithm based on DFIG
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6.1 Electromechanical wind turbine-DFIG parameters
The simulation test serves the purpose of thoroughly eval-
uating the performance of conventional control strategies 
within a wind turbine system, particularly under variable 
wind conditions. The objective is to gain comprehensive 
insights into various crucial parameters. The wind speed 
analysis focuses on understanding the system's response 
to changes in wind conditions, ensuring its adaptability 
and operational effectiveness.

Rotation speed examination provides a critical assess-
ment of the turbine's ability to maintain optimal rotational 
speeds amidst fluctuating winds.

The evaluation of slip is pivotal for gauging the effi-
ciency of the wind turbine in harnessing power from the 
wind. The scrutiny of rotor currents sheds light on the 
electrical behavior and control of the rotating components, 
while the assessment of rotor power delves into the effi-
ciency of power conversion. The analysis of stator active 
power further illuminates the electrical power output, 
while stator currents examination offers insights into the 
electrical behavior and control of stationary components. 
Revisiting rotor currents underscores their dynamic sig-
nificance in comprehending the wind turbine's response.

Fig. 11 showcases the simulation results of a wind tur-
bine generator employing conventional control under a ran-
dom wind speed profile, with a peak of 12 m/s. Notably, the 
generator exhibits both sub-synchronous (below 1500 rpm) 
and super-synchronous (above 1500 rpm) modes while 
maintaining zero reactive power (Qs = 0 Var). The MPPT 
strategy dictates the target stator active power (Ps−ref ), visu-
alized in (   f   ) closely following its reference.

Slip behavior (s), shown in (c), is carefully confined 
within a stable zone between 0.24 and −0.22. This ensures 
efficient operation, as positive slip (>0) signifies decreased 
efficiency due to generator speed falling below synchro-
nous, while negative slip (<0) indicates potential rotor 
power increase due to exceeding synchronous speed.

Notably, mechanical speed (Nr ) reaches 1500 rpm at 
0.4S, 1.12 sec, 1.69 sec, and 1.79 sec within the stable zone 
highlighting efficient rotor power generation, this can 
be expressed mathematically Pr = −s ∙ Ps (refer Table 2). 
Rotor currents (Ir−abc ), depicted in (d), display sinusoidal 
waveforms with slight ripples influenced by slip changes. 
They remain manageable within the stable zone but may 
increase with extreme slip values, reflecting genera-
tor adjustments to high or low speeds. In contrast, stator 
currents (Is−abc ) in (h) maintain a stable sinusoidal shape 
unaffected by slip due to their distinct generation source. 
Finally, Fig. 11(e) exhibits a power factor very close to unity 

PF P P Qs s s� � �� �2 2
1  thanks to the zero-reference 

reactive power, emphasizing efficient real power exchange 
with the grid and accurate MPPT tracking. Based on the 
simulation results, we can create Table 3, which illustrates 
the electromechanical values in the steady state.

6.2 Decoupling terms
This test aims to confirm the efficacy of the proposed 
control algorithm effectively separates the direct (d) and 
quadrature (q) axes compared to conventional control-
lers (PI, C-SMC, and 3O-SMC). Successful decoupling 
ensures that alterations or disturbances in one axis do not 
influence the other, thereby contributing to improved con-
trollability and stability of the system. Fig. 12 illustrates 
the simulation results of the decoupling terms test for both 
conventional and proposed control methods, the reference 
active and reactive power profiles can be found in Table 4.

The simulation results obtained in Fig. 12 (to the left) 
of the term decoupling test highlight the effectiveness of 
the proposed control algorithm (VGSTA-SMC) in separat-
ing the d–q axis components, especially when compared 
to conventional controllers (PI, C-SMC, and 3O-SMC). 
Successful decoupling is apparent as alterations or distur-
bances in one axis do not significantly impact the other, 
contributing to an improved level of controllability and 
stability within the system. This is evidenced by the nota-
ble reduction in cross-coupling (Overshoot ≈ 2%) in the 
proposed control, reaching an almost negligible level. 
Such a reduction indicates that one axis has minimal influ-
ence on the other, thereby enhancing the control capability 
and overall system stability. Fig. 12 (to the right) displays 
the Total Harmonic Distortion (THD) values obtained 
using different controller strategies: PI, C-SMC, 3O-SMC, 
and VGSTA-SMC.

The Fast Fourier Transform (FFT) method is employed 
to calculate the THD values.

The THD Is-abc rates for the PI controller, conventional 
sliding mode control (C-SMC), and VGSTA are shown to 
be 14.05%, 3.81%, and 3.62%, respectively, all below the 
5% acceptable limit for most power systems. The elevated 
THD value in the PI controller is attributed to the presence 
of the chattering phenomenon, which can introduce signifi-
cant harmonic distortion in the system. Therefore, based on 
the THD analysis, VGSTA-SMC can be considered a favor-
able choice among the controllers (C-SMC and 3O-SMC).

Furthermore, the analysis of active and reactive power 
errors reveals that the VGSTA-SMC controller has the low-
est errors (+/− 1.5469), making it the most effective con-
troller for tracking the desired active and reactive power 



402|Itouchene et al.
Period. Polytech. Elec. Eng. Comp. Sci., 68(4), pp. 392–412, 2024

controller for tracking the desired active and reactive power. 
In comparison, the 3O-SMC controller exhibits errors of 
+/− 3.0805, followed by the C-SMC controller with errors 

of +/− 31.235, and the PI controller with the highest errors 
of +/− 50.510. These results are succinctly summarized 
in Table 5, providing a comprehensive overview of the 

Fig. 11 Simulation results of DFIG parameter under three operating

Table 2 Rotor power flow performance

Modes fs (Hz) fr (Hz) Ps (Mw) Pr (W) S Nr (rpm)

Synchronous 50 0 −1.06 ∙ 10+6 0 0 1500

Sub-synchronous 50 +11 −5.006 ∙ 10+5 −1.111 ∙ 10+5 0.2219 1167

Super-synchronous 50 −10.5 −1.882 ∙ 10+6 −3.990 ∙ 10+5 −0.212 1818
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Table 3 Wind turbine electromechanical values for steady state

Parameters Maximum value Minimum value

Wind speed v (m/s) 12.18 7.3

Rotation speed n (rpm) 1872 1129

Rotor current Ir (A) 3563 −3565

Slip S (–) 0.24 −0.22

Rotor power Pr (W) 1.12 ∙ 105 −5.13 ∙ 105

Stator active power Ps (MW) −2.08 −0.436

Stator current Is (A) 3500 −3492

Rotor direct current Ird (A) 85.5 85.5

Rotor quadrature current Irq (A) 716 3516

Stator direct current Isd (A) 0 0

Stator quadrature current Isq (A) −3454 −7313

Power factor PF (–) 0.99 1

Fig. 12 Simulation results of decoupled terms and power quality for conventional and proposed controls
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controllers' performance in terms of decoupling, harmonic 
distortion, response time, and power tracking capability.

6.3 Reference tracking
The main objective of this test is to evaluate and com-
pare the performance of different control strategies in 
tracking the reference power under varying conditions. 
Specifically, the tests aim to assess the tracking accuracy 
of each control strategy, including PI, C-SMC, 3O-SMC, 
and VGSTA-SMC, under different scenarios. In Case I, 
the reference active power is generated by the MPPT 

strategy, and in Case II, the reference active power is 
a step change. In both cases, the reactive power reference 
is kept at zero to ensure a unit power factor (FP = 1) on the 
stator side of the DFIG.

The results in Fig. 13 indicate that, the VGSTA-SMC 
strategy performs better in terms of tracking the reference 
power with less deviation and a smoother response com-
pared to 3O-SMC, C-SMC, and PI. This highlights the 
importance of selecting an appropriate control strategy 
based on the system’s accuracy, stability, and robustness 
requirements under varying operating conditions.

Table 4 Active and reactive power reference profiles for decoupling terms test

Time (s) Stator active power Ps (MW) Stator reactive power Qs (MVar)

[0–0.3] −0.3 +0.2

[0.3–0.5] −0.5 +0.2

[0.5–0.7] −0.5 0

[0.7–0.9] −0.3 0

[0.9–1.2] −0.3 −0.2

[1.2–1.5] −0.5 −0.2

[1.5–1.8] −0.5 0

[1.8–2] −0.3 0

Table 5 Recapitulation results for PI, C-SMC, 3O-SMC, and VGSTA-SMC

Control THD Is−abc (%) THD Ir−abc (%) Overshoot (%) Response time (ms) Power Error (KW/KVar)

PI 14.05 223.57 Remarquable (≈70%) 1.7 +/− 50.510

C-SMC 13.03 207.14 Remarquable (≈60%) 1.2 +/− 31.235

3O-SMC 3.81 89.73 Neglected (≈5%) 0.5 +/− 3.0805

VGSTA-SMC 3.62 91.46 Neglected (≈2%) 0.3 +/− 1.5469

Fig. 13 Simulation results of the reference tracking test for both conventional and proposed control methods
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6.4 Evaluating Control Strategies using Phase-Plane 
Trajectories
This simulation test aims to compare the performance of three 
control strategies (C-SMC, 3O-SMC, and VGSTA-SMC) by 
analyzing their phase-plane trajectories. By examining the 
trajectories, it is possible to determine which control strat-
egy offers the best balance between stability, precision, and 
efficiency. The Fig. 14 compares the performance of three 
different control strategies: C-SMC, 3O-SMC, and VGSTA-
SMC. Each plot represents the phase-plane trajectories of 
a controlled system under these strategies.

The C-SMC plot (Fig. 14(a)) exhibits a more scattered 
trajectory, reflecting classical sliding mode control's ten-
dency for high-frequency oscillations or chattering and 
less smooth convergence to the desired state, which can 
be problematic in practical applications due to increased 
wear and energy consumption, resulting in less precise 
control compared to the other methods

In contrast, the 3O-SMC trajectory (Fig. 14(b)) is more 
consolidated and smoother, with quick convergence to 
a compact region, suggesting effective control with rapid 
stabilization, which makes it more efficient and reliable 
than C-SMC. This method enhances robustness and min-
imizes chattering by extending sliding mode control to 
higher-order derivatives. However, the VGSTA-SMC tra-
jectory shows an initially wider spread of the trajectory, 
which converges to a smaller region over time. Thus, the 
proposed control is the smoothest and most regular com-
pared to the C-SMC and 3O-SMC, showcasing minimal 
oscillations and the least chattering. This control strat-
egy ensures fast and smooth convergence to the desired 
state with high robustness and stability. Therefore, while 
C-SMC is simple to implement, it is less desirable due to 

its high chattering. The 3O-SMC offers a good balance 
between simplicity and performance. In contrast, VGSTA-
SMC (Fig. 14(c)) is ideal for applications requiring mini-
mal chattering and high robustness, despite its more com-
plex design and tuning requirements.

6.5 Robustness tests and performance comparison
Several factors, such as temperature, magnetic saturation 
of materials, harmonics, frequency changes, and others, 
can influence the parameters of an asynchronous generator 
in real-world applications. Therefore, in this test, the val-
ues of Lr and Ls are reduced by 10% to assess the impact of 
parameter variations on the performance of the proposed 
control strategy and to evaluate the system's performance 
and stability with and without MPPT. The Fig. 15 shows 
the simulation results for three different robust control 
strategies (C-SMC, 3O-SMC, and VGSTA-SMC) applied 
to a DFIG with variable parameters.

Through the simulation results, the three control strat-
egies can maintain good performance even when the 
parameters of the DFIG change. However, the VGSTA-
SMC controller has the best performance. We observe that 
the designed nonlinear controller VGSTA-SMC exhibits 
more robustness compared to both controllers C-SMC 
and 30-SMC. This is evident in the curves of active and 
reactive powers, which show a large number of oscilla-
tions at the energy level. These results also indicate that 
the VGSTA-SMC has the advantage of maintaining dura-
bility and reducing the chatter phenomenon caused by the 
signal function. Table 6 illustrates the numerical values of 
performance criteria for various controllers (PI, C-SMC, 
3O-SMC, VGSTA-SMC). As shown in Table 7, a compre-
hensive and general comparison of these control devices 

Fig. 14 The phase-plane trajectories of the different controllers in the wind energy system
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is presented. To evaluate the performance of the proposed 
controller and demonstrate its advantages in terms of sta-
bility, robustness, and efficiency, the proposed controller 
is compared with other recently published control tech-
niques, as shown in Table 8. An analysis of these results 
reveals that the proposed controller (VGSTA-SMC) 

exhibits significantly smaller IAE and ISE values com-
pared to other controllers. 

This indicates that the VGSTA-SMC produces minimal 
errors. Similarly, a trend of lower ITAE and ITSE values is 
observed for the same controller, suggesting its effectiveness 
in dealing with disturbances and rapid response to variations.

Fig. 15 Simulation results for power control under DFIG-variable parameters
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Table 6 Numerical values of performance criteria for different controllers

Robustness test

Without MPPT With MPPT

Strategies PI C-SMC 3O-SMC VGSTA-SMC PI C-SMC 3O-SMC VGSTA-SMC

THD Is−abc 2.56 0.95 0.3 0.26 2.69 1.14 1.11 1.09

THD Ir−abc 63.44 53.17 52.93 53.08 11.72 6.48 6.41 6.37

Respense time (ms) 2.1 1.5 0.9 0.6 1.9 1.38 0.7 0.3

Overshoot (%) 75 64 9 4 72 63 7 3

IAE (Ps ) 9465 6904 2561 2549 1094 7168 4276 4266

IAE (Qs ) 8320 6061 2252 2230 1124 8266 3876 3847

ITAE (Ps ) 6937 5765 1972 1964 1088 7137 4062 4089

ITAE (Qs ) 7498 5578 1921 1900 1104 8238 3727 3702

ISE (Ps ) 3.97 ∙ 108 2.834 ∙ 108 1.159 ∙ 108 1.153 ∙ 108 6.21 ∙ 107 4.56 ∙ 107 2.231 ∙ 107 2.191 ∙ 107

ISE (Qs ) 11.17 ∙ 107 8.906 ∙ 107 4.276 ∙ 107 4.641 ∙ 107 9.6 ∙ 107 7.152 ∙ 107 1.826 ∙ 107 1.79 ∙ 107

ITSE (Ps ) 11.53 ∙ 107 8.428 ∙ 107 4.081 ∙ 107 3.955 ∙ 107 6.85 ∙ 107 4.587 ∙ 107 2.041 ∙ 107 2.11 ∙ 107

ITSE (Qs ) 7.58 ∙ 107 5.372 ∙ 107 2.58 ∙ 107 3.162 ∙ 107 9.9 ∙ 107 7.491 ∙ 107 1.682 ∙ 107 1.648 ∙ 107

Table 7 Comparison of PI-controller, C-SMC, 3O-SMC, and VGSTA-SMC performance criteria for different controllers

PI controller C-SMC 3O-SMC VGSTA-SMC

Approach Linear Nonlinear Nonlinear Nonlinear

Adaptability Limited Moderate Moderate High

Stability Limited Improved Improved Improved

Robustness Limited Moderate High High

Complexity Low Moderate Moderate Moderate to high

Tracking accuracy Moderate Moderate High High

Sensitivity to model uncertainties High Moderate Moderate Low

Implementation difficulty Low Moderate Moderate Moderate to high

Performance under disturbaces Moderate Moderate High High

Chattering effect Low Moderate Moderate Low to moderate

Applicability Simple systems Moderate complexity Moderate to high complexity High complexity

Table 8 Comparison between the proposed method and other controllers technologies published recently

Ref. Year Control 
technique THD (%) DFIG rated 

power
Reference 
tracking Overshoot Stator 

connection
Dynamic 
response Robustness

[9] 2016 NFC/T2FLC-
DPC 0.78 4.0 KW ++++ Neglected Grid-

connection Excellent High

[20] 2023 MRAC-I/OLDC 1.41 4.0 KW ++++ Neglected Grid-
connection Very fast High

[26] 2020 ST-FOTSMC −−− 2.0 MW ++++ Neglected Grid-
connection Excellent −−−

[28] 2021 DFOC-TOSMC 1.42 1.5 MW +++ Neglected ≈ 
1.5%

Grid-
connection Excellent High

[29] 2023 FOSTA 0.01 1.5 MW ++++ Neglected Grid-
connection Excellent High

[38] 2022 BCS-ALO 0.93 1.5 MW ++++ Neglected Grid-
connection −−−− −−−

[45] 2019 DPC-STA 1.66 1.5 MW +++ −−−− Grid-
connection Excellent High
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7 Conclusion
In this paper, a study was conducted on a WECS based on 
a DFIG. The main objective of the proposed control was 
to enhance the system's performance despite variations of 
DFIG parameters and wind speed. The proposed VGSTA-
SMC controller has exhibited excellent dynamic perfor-
mance, ensuring high power quality even in the presence of 
wind speed fluctuations. Additionally, satisfactory improve-
ments were provided, including a reduction in the total har-
monic distortion (THD) of the stator current, minimization of 
static error, and minimization of the chattering phenomenon, 

in contrast to C-SMC and 3O-SMC controls. The validation 
was performed under MATLAB/Simulink environment.

The future trends of this work are various especially in 
terms of power converter; such as; multilevel converter, 
Matrix converter (MC) and Modular Matrix Converter 
(MMC) in order to improve the power quality delivered to 
the grid. Additionally, in order to improve the wind system 
performances, the hybrid power control such as: VGSTA-
SMC based on an advanced Fuzzy Logic optimized by GA 
or PSO algorithm presents an excellent solution in the case 
of unbalanced grid voltage.

Ref. Year Control 
technique THD (%) DFIG rated 

power
Reference 
tracking Overshoot Stator 

connection
Dynamic 
response Robustness

[48] 2019 MRSMC 3.14 1.0 KW −−− −−−− Grid-
connection −−−−

[49] 2020 Fuzzy SOSMC 0.28 1.5 MW +++ Neglected Grid-
connection Excellent High

[50] 2021 FOSMC 1.31 7.5 KW ++++ −−−− Grid-
connection −−−− High

[51] 2019 Fuzzy DTC. 1.73 1.5 KW +++ −−−− Grid-
connection −−−− −−−

[52] 2021 NDVC-FPWM 0.13 1.5 MW ++++ Neglected Grid-
connection Fast Medium

[53] 2021 SYSTA-
DRAPC 0.71 1.5 MW +++ Neglected Grid-

connection +++ High

[54] 2020 VM-DPC 1.7 2.0 MW ++++ −−−− Grid-
connection +++ −−−

[55] 2023 TOSMC 0.83 10.0 KW +++ Neglected Grid-
connection Excellent High

[56] 2019 FSMC −−− 1.5 KW ++++ Neglected −−−− −−−− High

[57] 2022 IP-DPC 3.62 4.5 KW ++++ Neglected Stand-alone Excellent High

[58] 2016 FOC-Hysteresis 3.5 3.5  KW +++ Neglected Grid-
connection Fast High

[59] 2021 ST-HODPSMC 1.5 KW ++++ Neglected Grid-
connection −−−− High

[60] 2024 ESOSM −−− 5 MW ++++ Neglected Grid-
connection Excellent High

[61] 2021 VGSTSM 100 MW +++ −−−− Grid-
connection Fast High

[62] 2022 IFOC-SSTA 0.10 1.5 MW ++++ −−−− Grid-
connection Excellent High

[63] 2019 STSMC −−− 1.5 MW 
PMSG +++ −−−− Grid-

connection Excellent Medium

[64] 2020 STA 7.5 kW Neglected Grid-
connection Fast Medium

Proposed −− VGSTA-SMC 3.62 1.5 MW ++++ Neglected Grid-
connection Excellent High

Table 8 Comparison between the proposed method and other controllers technologies published recently (continued)
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Appendix

Table A1 The turbine parameters

R = 35.25 m Blade radius

np = 3 Number of blades

G = 90 Gearbox ratio

J = 103 kg m2 Inertia

fr = 2.4 ∙ 10−3 N m S−1 Viscous friction coefficient

V =12 m/s Nominal wind speed

Table A2 DFIG parameters

Pn = 1.5 MW Rated power

Vr = 225 V Rotor rated voltage

Vs/Us = 398/690 V Stator rated voltage

In = 1900 A Rated current

f = 50 Hz Stator rated frequency

Lm = 13.5 mH Mutual inductance

Ls = 13.7 mH Stator inductance

Lr = 13.6 mH Rotor inductance

Rs = 12 mΩ Stator resistance

Rr = 21 mΩ Rotor resistance

P = 2 Number of Pole pairs

[53] Benbouhenni, H., Lemdani, S. "Combining synergetic control and 
super twisting algorithm to reduce the active power undulations 
of doubly fed induction generator for dual-rotor wind turbine sys-
tem", Electrical Engineering & Electromechanics, 621(3), pp. 8–17, 
2021.

 https://doi.org/10.20998/2074-272X.2021.3.02
[54] Cheng, P., Wu, C., Ning, F., He, J. "Voltage Modulated DPC Strate- 

gy of DFIG Using Extended Power Theory under Unbalanced Grid 
Voltage Conditions", Energies, 13(22), 6077, 2020.

 https://doi.org/10.3390/en13226077
[55] Kadi, S., Benbouhenni, H., Abdelkarim, E., Imarazene, K., 

Berkouk, E. M. "Implementation of third-order sliding mode for 
power control and maximum power point tracking in DFIG-based 
wind energy systems", Energy Reports, 10, pp. 3561–3579, 2023.

 https://doi.org/10.1016/j.egyr.2023.09.187
[56] Mechernene, A., Loucif, M., Zerikat, M. "Induction motor con-

trol based on a fuzzy sliding mode approach", Revue Roumaine 
des Sciences Techniques – Serie Électrotechnique et Énergétique, 
64(1), pp. 39–44, 2019. [online] Available at: http://revue.elth.pub.
ro/index.php?action=details&id=814 [Accessed: 07 July 2024]

[57] Amrane, F., Francois, B., Chaiba, A. "Experimental Investigation 
of Efficient and Simple Wind-Turbine based on DFIG-Direct Power 
Control using LCL-Filter for Stand-alone Mode", ISA Transactions, 
125, pp. 631–664, 2022. 

 https://doi.org/10.1016/j.isatra.2021.07.008 
[58] Amrane, F., Chaiba, A., Babes, B. E., Mekhilef, S. "Design and 

Implementation of High-Performance Field Oriented Control for 
Grid-Connected Doubly Fed Induction Generator via Hysteresis 
Rotor Current Controller", Revue Roumaine des Science Techniques 
– Serie Électrotechnique et Énergétique, 61(4), pp. 319–324, 2016. 
[online] Available at: http://revue.elth.pub.ro/index.php?action=de-
tails&id=609 [Accessed: 07 July 2024]

[59] Dekali, Z., Baghli, L., Boumediene, A. "Improved Super 
Twisting Based High Order Direct Power Sliding Mode Control 
of a Connected DFIG Variable Speed Wind Turbine", Periodica 
Polytechnica Electrical Engineering and Computer Science, 65(4), 
pp. 352–372, 2021.

 https://doi.org/10.3311/PPee.17989
[60] Ma, R., Siaw, F. L., Thio, T. H. G., Yang, W. "New Adaptive Super-

Twisting Extended-State Observer-Based Sliding Mode Scheme 
with Application to FOWT Pitch Control", Journal of Marine 
Science and Engineering, 12(6), 902, 2024.

 https://doi.org/10.3390/jmse12060902
[61] Ma, R., Haw, Y., Pan, W. "Variable-Gain Super-Twisting Sliding 

Mode Damping Control of Series-Compensated DFIG-Based Wind 
Power System for SSCI Mitigation", Energies, 14(2), 382, 2021.

 https://doi.org/10.3390/en14020382
[62] Benbouhenni, H., Bizon, N., Colak, I., Thounthong, P., Takorabet, N. 

"Simplified Super Twisting Sliding Mode Approaches of the Double-
Powered Induction Generator-Based Multi-Rotor Wind Turbine Sys- 
tem", Sustainability, 14(9), 5014, 2022.

 https://doi.org/10.3390/su14095014
[63] Nasiri, M., Mobayen, S., Min Zhu, Q. "Super-Twisting Sliding 

Mode Control for Gearless PMSG-Based Wind Turbine", Com- 
plexity, 2019(1), 6141607, 2022.

 https://doi.org/10.1155/2019/6141607
[64] Kelkoul, B., Boumediene, A. "Stability analysis and study between 

Classical Sliding Mode Control (SMC) and Super Twisting 
Algorithm (STA) for Doubly Fed Induction Generator (DFIG) 
under Wind turbine", Energy, 214, 118871, 2020.

 https://doi.org/10.1016/j.energy.2020.118871

https://doi.org/10.20998/2074-272X.2021.3.02
https://doi.org/10.3390/en13226077
https://doi.org/10.1016/j.egyr.2023.09.187
http://revue.elth.pub.ro/index.php?action=details&id=814
http://revue.elth.pub.ro/index.php?action=details&id=814
https://doi.org/10.1016/j.isatra.2021.07.008
http://revue.elth.pub.ro/index.php?action=details&id=609
http://revue.elth.pub.ro/index.php?action=details&id=609
https://doi.org/10.3311/PPee.17989
https://doi.org/10.3390/jmse12060902
https://doi.org/10.3390/en14020382
https://doi.org/10.3390/su14095014
https://doi.org/10.1155/2019/6141607
https://doi.org/10.1016/j.energy.2020.118871

	1 Introduction
	2 Turbine modeling
	3 Modeling of DFIG
	4 Control design
	4.1 Field oriented control strategy
	4.2 Design of conventional SMC
	4.2.1 Identification of the sliding surface
	4.2.2 The convergence condition
	4.2.3 The convergence condition

	4.3 Design of third order SMC
	4.4 Design of VGSTA-SMC

	5 Analysis of performance indices
	6 Simulation results
	6.1 Electromechanical wind turbine-DFIG parameters
	6.2 Decoupling terms
	6.3 Reference tracking
	6.4 Evaluating Control Strategies using Phase-Plane Trajectories
	6.5 Robustness tests and performance comparison

	7 Conclusion
	Nomenclature
	References
	Appendix

