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The study presents a comparative analysis of two advanced high-order
sliding mode control (HOSMC) strategies—super-twisting sliding mode
control (STSMC) and third-order sliding mode control (TOSMC)—for
enhancing the performance of doubly-fed induction generator (DFIG)-based
wind energy conversion systems (WECS). The key goals are to maximize
energy efficiency, minimize the total harmonic distortion (THD) in the stator
current, and reduce electrical losses within the system. Both control
strategies are integrated into a direct field-oriented control (DFOC) scheme
using space vector modulation (SVM) to improve dynamic response and
control accuracy. MATLAB/Simulink simulations show that TOSMC
consistently outperforms STSMC in multiple performance aspects. TOSMC
ensures better energy efficiency through precise tracking of active and
reactive power references while mitigating transient oscillations (chattering
effects). Furthermore, TOSMC significantly reduces harmonic distortion,
achieving a THD of 0.21%, compared to 0.33% for STSMC, and surpasses
conventional controllers, which exhibit a minimum recorded THD of
approximately 0.46%. The mitigation of transient phenomena also
contributes to reduced switching losses and ohmic heating, thereby
enhancing the generator’s thermal stability and overall reliability.
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1. INTRODUCTION

Renewable energy sources have become central to the global energy transition, with wind energy
standing out due to its rapid development and increasing share in the energy mix [1]. Among various wind-
based generation systems, the doubly-fed induction generator (DFIG) has emerged as one of the most widely
adopted technologies in wind energy conversion systems (WECS), primarily due to its reduced cost, high
efficiency, and controllability under varying wind conditions [2].

However, despite these advantages, DFIG-based systems are challenged by elevated levels of total
harmonic distortion (THD) in the stator currents, which significantly degrade the quality of power, increase
energy losses, and lower overall system efficiency [3]. To overcome these issues, several control strategies
have been explored, such as direct power control (DPC) [4], direct field oriented control (DFOC) [5], and
indirect field oriented control (IFOC) [6]. Among them, DFOC has demonstrated promising results, offering
a good balance between dynamic performance and implementation simplicity.
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To enhance the robustness and dynamic response of the system, sliding mode control (SMC)
techniques have been introduced [7]. In particular, the super-twisting sliding mode control (STSMC)
approach provides improved fault tolerance and disturbance rejection [8], yet it is not free from drawbacks
such as increased ripple and persistent THD levels [9]. To address these limitations, this study proposes a
more advanced nonlinear control approach: third-order sliding mode control (TOSMC) [10], which is a
higher-order extension of conventional SMC.

TOSMC is known for its ability to reduce the chattering effect, a key factor contributing to THD and
control instability in power systems [11]. By incorporating higher-order derivatives, the TOSMC method
significantly smooths control signals, resulting in reduced power fluctuations and energy losses.

This paper presents the integration of TOSMC within the DFOC framework, introducing a novel
hybrid control strategy named DFOC-TOSMC. The key contributions of this work are as follows:

— Development of a DFOC-TOSMC controller to reduce THD and enhance transient performance;

— Comparative analysis with existing DFOC-STSMC strategies to highlight performance improvement;

— Simulation-based validation using MATLAB/Simulink to evaluate the effectiveness under varying
operating conditions.

The rest of this manuscript is organized as follows: section 2 presents the modelling of the wind
turbine and the DFIG. Section 3 describes the control strategy based on (STSMC), along with the proposed
strategy using (TOSMC). Section 4 discusses the simulation results and analyzes the performance of the
proposed approach. Finally, section 5 concludes the paper and suggests directions for future research.

2. MATHEMATICAL MODEL OF WIND ENERGY CONVERSION SYSTEM
2.1. Mathematical model of wind turbine
In (1) represents the aerodynamic power produced by the wind [12]:

pe = > pmRV3C, (A, B) (1)

Where the air density is denoted by p=1,225 kg/ms3, the blade radius is represented by R, in
meters, and the wind speed is represented by Vin (m/s). The performance coefficient, C,, depends
on the tip-speed ratio (1) and the pitch angle (3).

The tip-speed ratio (1) represents the ratio between the linear velocity of the blades (Q;) and the
wind speed (V):

= QeRe
2= @)

2.2. Mathematical model of doubly-fed induction generator
To present the mathematical model of the DFIG, the Park transformation is typically used in the
d — q reference frame [13], where the stator and rotor voltages are given by (3):

_ : A@ds
Vds - Rslds + dt — WsPqs

3)
. de (
Vdr = erdr + d;ir - wrqur

. dogr
V;lr = erqr + dg + WrPar

The flux of the stator and rotor of the DFIG is represented by (4):

@as = lsigs + Migy
@qs = lsigs + My ig,
@ar = lrlar + Migg
Pqr = Lyigr + Migs

(4)

The stator and rotor voltages are represented, respectively, by the values of Vg, Vg5, Vgr, and Vg, on
the d — g axis. The stator and rotor currents are represented by the currents i4s, igs, igr, and i, while the
stator and rotor flux components are represented by @qs, @gs, @ar, aNd @qr. R, and R stand for the
resistances of the rotor and stator windings on the d — q axis. The self-inductance of the rotor, the
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self-inductance of the stator, and the mutual inductance between two coils are indicated by the values L, L,
and M respectively, utilising w, = ws — p. &, . In (5) represents the active and reactive powers of the stator:

3 . .
Ps = E (Vdslds + Vqslqs)

. , (®)
Qs = S(Vqslds - Vdslqs)

by using the stator flux orientation technique and selecting a Park reference frame linked to the stator flux,
while neglecting the stator resistance Rg.

P=Pas=Ps and q)qs:O (6)

We obtain the stator voltages and currents, respectively, as (7) and (8) [14]:

{ vgs = 0 )
Vgs = Vs = WsPs
. [ M .
tas =7 = 3 tar
M, 8
lgs = _Zlqr

Furthermore, the equations for active and reactive power can be expressed in terms of the rotor
current components lg- and lgy, as (9):

3 M .
P = Z (_Vs Z lqr)

3 M, Vg2 ©)
Qs = E(_Vszldr + lsws)

The rotor voltage equations can be simplified as (10) [15]:

Vi = Ryigy + 01, 29 — gl w, i,
dt q (10)
) dlgr , M
Vgr = Rpigr + ol prai ol,w,ig + Wr - Ps
where:
MZ
c=1- L (11)

3. COMMAND TECHNIQUES OF THE DOUBLY-FED INDUCTION GENERATOR

In this section, we compare two controllers, the STSMC and the TOSMC, to improve energy
efficiency and reduce electrical losses in the wind generation system based on the DFIG. Both methods rely
on reduce the chattering phenomenon to enhance the characteristics of direct field-oriented control (DFOC).

3.1. Direct field orientation control

The DFOC technique is a control method that simplifies the system by neglecting the coupling
terms between the stator and rotor fluxes. This makes it easy to implement and based on a simplified
algorithm. In this control strategy, two independent regulators are installed—one for each axis—to separately
control active and reactive power, as described in [6]. Figure 1 illustrates the block diagram of the DFOC
method, which utilizes two Pl-type controllers [5].

3.2. Super-twisting sliding mode control-direct field orientation

Despite the simplicity of the DFOC technique, it has several limitations that hinder its effectiveness,
especially when compared to the indirect field-oriented control (IFOC) method [5]. These drawbacks include
significant power ripple and high THD, which result in increased electrical losses. To address these
challenges, the STSMC technique replaces the traditional PI regulator block. The design of this approach is
shown in Figure 2.
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Figure 2. The STSMC technique

The control law U(t) for a dynamic system is defined as a combination of two components: the
primary control u1(t) and the corrective control u2(t), as (12) [16], [17]:

u=ul+u2 (12)

In the context of the super-twisting sliding mode controller (STSMC), the two control components
are defined as follows:

1

ul = —klfsign(s)dt , u2(t) = —k2. ISIESign(s)

where K1 and K2 are positive constants.
In (13) represents the super-twisting (ST) control law, which is integrated into the direct field-
oriented control (DFOC) scheme [18]:

u(t) = —kL.151"*sign(s) — k2 sign(s)dt (13)

3.3. Third-order sliding mode control-direct field-oriented control

A new method is introduced to reduce chattering phenomena, building on the STSMC algorithm
[19]. This approach, known as TOSMC, is a nonlinear method that offers simplicity and ease of
implementation, key advantages over traditional SMC methods. TOSMC effectively mitigates the drawbacks
of chattering and enhances energy production in wind systems [10]. The implementation of the TOSMC
controller marks a significant advancement in this field. To enhance the performance of the DFOC strategy,
the TOSMC technique replaces the STSMC control, leading to improved dynamic response. This integration
reduces THD and electrical losses, making it a valuable contribution to the efficiency of wind power
generation. In (14) represents the TOSMC technique used:

u(t) = kl.sign(s) + k2 [ sign(s)dt + k3\/m.sign(s) (14)

with k1 and K2 and K3 being positive constants.
Figure 3 presents the structure of the proposed TOSMC regulator. The TOSMC method is detailed in [20].
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Figure 3. The TOSMC technique

4. RESULTS AND DISCUSSION

To examine and validate the effectiveness of the two high-order sliding mode control (HOSMC)
techniques (STSMC and TOSMC), numerical simulations were conducted in MATLAB. The system
parameters are detailed in Table 1. Figure 4 illustrates the proposed approach for power control, which
integrates DFOC and space vector modulation (SVM) in a WECS based on a DFIG.

Table 1. parameters of WT-DFIG

Parameters Value
Nominal power 10 kw
Blade radius (R,) 3m
Gearbox gain (G) 5.4
Moment of inertia (Jt) 0.042 Kg.m?
Friction coefficient (ft) 0.017 N.m/s
Air density (p) 1.225 Kg/m®
Tip speed ratio () 2.8
Stator frequency (f) 50 Hz
Resistance of stator (R,) 1518Q
Resistance of rotor (R,.) 1.247 Q
Inductance of stator (L) 0.0921 H
Mutual inductance (M) 0.0696 H
Inductance of rotor (1,.) 0.0640 H

Centre de contréle

Transformer

Ps  |IDFOC-TOSMC|" ™ SVM

abc
Qsre f % Vdr ref

Figure 4. DFOC strategy with TOSMC controller

The two controllers applied to DFOC are clearly compared through the results shown in Figures 5-8.
Figure 5 shows the step-shaped wind profile used as input. Under this wind profile, the active and reactive
power responses are presented in Figure 6.
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Figure 6(a) presents the active power. The best performance is achieved with the TOSMC
controller, which exhibits less fluctuation compared to the reference, resulting in a stable and accurate
response. In contrast, before stabilizing the power, the STSMC shows notable initial oscillations with a
longer adjustment period.

Regarding reactive power (Figure 6(b)), the reference values are closely followed by the TOSMC
control with minimal deviation and indicating precise regulation. However, the STSMC displays larger
variations initially, with a period of instability before gradually aligning with the reference. Therefore, to
maintain energy quality under fluctuating conditions, the TOSMC can be considered superior.

1l
-3500 —ToSMC

—T0SMC |

N
S
S

—STsmc —STSMC
-5600 ¢ Ref 40 Ref

-5700

-5800 AAL‘.A.A.A.A.A.

-4000

w
S
S

no

>

EN
I
S
S

-5900
6000 -

/ 0.02 0.04 0.06 0.08 0.1 0.12
I‘\——_—_

1
6000k '

&
S
S
S

Active Power Ps(W)
& : i
=y
S
S

Reactive Power Qs(VAR)
o
S
S

2
o_ 3
:
‘\Q
=3
s
S
=3
s
g
=3
s
g
=3
s
g
‘

Time(s)

(@) (b)

Figure 6. Power response: (a) active power (Ps) and (b) reactive power (Qs)

The stator current curves (Isa) shown in Figure 7 indicate that both control strategies—TOSMC and
STSMC—exhibit nearly identical performance, with an almost perfect overlap observed in Figure 7(a). This
suggests equivalent effectiveness in regulating the stator current. However, a closer inspection in the zoomed
view (Figure 7(b)) reveals a slight advantage in favor of the TOSMC approach. Consequently, both methods
prove effective in maintaining low electrical losses, which is a critical factor in enhancing the efficiency of
energy generation systems.

Finally, Figure 8 compares the THD for both control methods. The STSMC method (Figure 8(a))
yields a THD of 0.33%, while the TOSMC method (Figure 8(b)) presents a lower THD of 0.21%. The
observed reduction in THD using TOSMC is attributed to its higher-order structure, which enhances the
smoothness of the control signal and significantly reduces chattering. Unlike traditional STSMC, the
third-order sliding mode introduces additional filtering dynamics that effectively suppress high-frequency
switching components, thereby minimizing harmonic injection into the system. As a result, the TOSMC
controller proves more efficient in reducing THD and, by extension, in lowering electrical losses in
DFIG-based WECS.
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Figure 8. THD analysis of the stator current: (a) THD values for STSMC and (b) THD values for TOSMC

Table 2 presents a comparative evaluation of the TOSMC and STSMC control strategies. The
TOSMC approach demonstrates superior performance over the STSMC in regulating DFIG dynamics.
TOSMC provides faster stabilisation, drastically reduces overshoots in both active and reactive power, and
minimizes reactive energy consumption, all while maintaining comparable total energy production. These
improvements confirm TOSMC's robustness and energy efficiency, positioning it as a promising control
strategy for high-performance power systems.

Table 2. A comparative analysis of the stabilisation time, overshoot, and total energy of STSMC and

TOSMC
Method Signal Stabilisation time  Overshoot  Energy produced
STSMC  Ps (W) 23 5,824 37,200
Qs (VAR) 18 19.58 125
TOSMC  Ps (W) 17 720 37,300
Qs (VAR) 10 5 11

The comparison of THD values presented in Table 3 indicates that the DFOC-TOSMC and
DFOC-STSMC strategies outperform the other methods, achieving THD values of 0.21%
(STSMC-Figure 8(a)) and 0.33% (TOSMC-Figure 8(b)), respectively, thereby demonstrating excellent
electrical signal quality, particularly with the proposed DFOC-TOSMC method. Meanwhile, other
approaches such as DPC-ANFIS-STSMC also yield good results, maintaining THD values below 0.5%. In
contrast, the ISMC controller exhibits the highest THD at 1.33%, reflecting greater electrical losses and
reduced signal quality.
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Table 3. Comparative table of the proposed control method and other control techniques

Strategies THD (%) References

DPC with STSMC 0.85 [21]

DPC ANFIS-STSMC 0.46 [22]

ISMC 1.33 [23]
TOSMC technique 0.83 [10]
DRAPC method 1.08 [24]
DPC-NSTSMC-SVM 0.99 [25]
DFOC-STSMC 0.33 Designed strategies
DFOC-TOSMC 0.21

5. CONCLUSION

This study aimed to evaluate and compare the performance of advanced higher-order sliding mode
controllers—namely, STSMC and TOSMC—within a DFIG-based WECS. The results confirmed that both
controllers significantly improve power quality and system efficiency by reducing THD with TOSMC
demonstrating superior dynamic response and robustness under varying wind conditions.

These outcomes fulfill the research objective of enhancing electrical performance in variable-speed
wind systems through advanced nonlinear control strategies. The findings suggest that applying TOSMC
within DFOC architectures can reduce electrical losses, improve grid compliance, and potentially lower
maintenance costs—offering tangible benefits for industrial-scale wind power applications.

However, the study is limited to simulation-based validation under standard test conditions. Future
work should focus on experimental validation in real-time environments and explore the integration of
TOSMC in hybrid renewable systems, particularly wind—solar configurations, to expand its applicability in
diverse operating contexts.
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