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Abstract— Wind energy systems based on Doubly-Fed Induction Generators are increasingly deployed due to their efficiency and
cost-effectiveness. However, ensuring high power quality, system stability, and robustness under wind variability remains a challenge. This
paper addresses these issues by proposing an improved Integral Sliding Mode controller, whose gains are optimized offline using the Particle
Swarm Optimization algorithm. The control scheme regulates generator speed, DC-link voltage, and stator currents through a combined
proportional-integral-sliding control law, reducing chattering while enhancing dynamic performance. The proposed ISM controller was
implemented on both the rotor-side and grid-side converters of a DFIG-based wind energy conversion system. Simulation results under
varying and extreme wind conditions confirm the superiority of the ISM controller over conventional PI control. Notably, the ISM reduced
generator speed tracking error by over 75%, achieving a Root Mean Square Error of 1.06 rad/s. It also lowered stator current Total
Harmonic Distortion to below 0.85%, improved turbine efficiency to 93.6%, and minimized electromagnetic torque ripple by more than
60%. In extreme wind conditions, the controller maintained stability and compliance with grid standards, with only minor degradation in
performance. Overall, the proposed ISM controller demonstrates strong potential for improving power quality, reliability, and efficiency
in modern wind power systems. Future work will explore adaptive gain tuning and experimental validation to further enhance real-time
applicability and practical deployment in field conditions.

Keywords—Wind energy conversion system, doubly-fed induction generator, integral sliding mode control, particle swarm optimization,
power quality, total harmonic distortion, robust control.

1. INTRODUCTION 1.1. Research motivation

of renewable energy sources, is driving a significant
The increasing global emphasis on sustainable energy has led transformation in the global energy landscape [1, 2]. Among
to the widespread adoption of renewable energy sources, with renewable options, wind energy has gained considerable attention
wind energy emerging as a particularly viable and scalable option. from researchers due to its numerous advantages—such as
Its abundance, technological maturity, and environmental benefits clean energy generation, rapid development, and increasing
make it a key player in transitioning toward low-carbon power cost-competitiveness compared to traditional electricity sources.
systems. To fully harness the potential of wind energy, advanced Consequently, various wind energy conversion system (WECS)
control techniques are essential for ensuring high efficiency, designs have been explored and validated to match the surge in

power quality, and reliability in Wind Energy Conversion Systems installed WECS capacity [3, 4].
(WECS). In particular, Doubly Fed Induction Generators (DFIGs) Doubly Fed Induction Generators (DFIGs) are widely employed
have gained prominence due to their capability for variable-speed in wind energy systems due to their ability to operate at variable
operation and flexible control of active and reactive power. speeds, thereby enhancing energy capture efficiency and improving
However, realizing the full benefits of DFIG-based WECS requires grid adaptability [5-9]. In [10], a wide-area fuzzy controller
overcoming challenges such as parameter sensitivity, harmonic was developed to damp subsynchronous resonance (SSR) in
distortion, dynamic instability, and control complexity. These DFIG-based wind farms, highlighting the importance of stability
challenges motivate ongoing research into robust and optimized and control in grid-integrated systems. Numerous studies have
control strategies that can maintain system performance under statistically analyzed the integration of DFIG-based wind power
diverse and uncertain operating conditions. plants into the electrical grid, addressing critical aspects such as

energy efficiency, power quality especially total harmonic distortion
(THD) and overall system stability [11, 12].
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The high wind energy penetration into power systems has
intensified the necessity fo r an efficient and robust control strategy
in DFIG-based wind energy conversion systems (WECS). Recent
advances have focused on improving dynamic performance,
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reactive powers instantaneously via stator control, achieved by
manipulating decoupled rotor currents using a Proportional-Integral
(PD) controller [13, 14]. However, this control strategy is highly
sensitive to the machine’s parameters and demands several control
loops and considerable computation to maintain stability across the
full speed range. For addressing these limitations, many strategies
have enhanced control performance and reduced computational
complexity [15-18]. Sliding Mode Control (SMC) has emerged as
a robust control strategy which offers benefits like high accuracy,
fast dynamic response, and strong performance under system
uncertainties for addressing issues related to stability and control
in DFIG-based WECS. The application of SMC in this context
which often integrated it with techniques like fuzzy logic and
neural networks to boost its performance. For example, in [12],
the study modeled and controlled a WECS with a DFIG by both
SMC and PI control strategies. Simulation indicated an SMC
approach which significantly outperformed the PI controller in
setpoint tracking, dynamic response, static error, THD of stator
current, and robustness to parameter changes. Likewise, in [15], an
SMC regulated the active and reactive powers of a DFIG for the
improvement of dynamic performance and reduce THD%, with a
robust MPPT technique according to an artificial neural network
controller (ANNC) controlling mechanical speed. However, the
reliance on ANN introduces training complexity and potential
generalization issues under varying wind conditions, whereas our
PSO-optimized SMC achieves superior MPPT accuracy and THD
reduction with a significantly simpler and more computationally
efficient structure.

In [19], a comprehensive modeling of the DFIG generator,
transformers, and associated control strategies was presented.
SMC was applied to regulate the DFIG’s rotational speed,
enhancing both transient and steady-state performance. The
MATLAB/Simulink simulation confirmed that the proposed method
surpassed conventional Pl-based controllers. A nonlinear control
approach based on Second-Order Continuous Sliding Mode Control
(SO-SMC) was introduced in [20] for DFIG management. This
method mitigated the chattering issues of traditional sliding mode
control (C-SMC) while preserving its robustness against DFIG
parameter variations. However, SO-SMC requires more complex
control law derivation and suffers from increased implementation
burden, whereas our PSO-tuned SMC achieves similar robustness
and chattering reduction with reduced computational complexity
and implementation effort. Similarly, [21] and [22] applied second-
order fuzzy adaptive sliding mode control strategies with direct
power control to minimize active and reactive power fluctuations
and reduce switching frequency variations. In particular, [21]
employed a fuzzy logic-based MPPT technique to determine the
stator’s active power reference, while [22] did not focus on
speed regulation or MPPT mechanisms. In contrast, our method
simultaneously addresses MPPT accuracy, chattering mitigation,
and dynamic performance using a single, lightweight controller
structure without relying on complex fuzzy logic adaptation or
indirect control of power components, making it more suitable for
real-time DFIG-based WECS applications.

Optimization methodologies are increasingly used to fine-tune
control system parameters, enabling the identification of optimal
values that enhance control performance and system dynamics.
In [23],the rotor-side converter (RSC) of a DFIG-based WECS.
used a command-filtered integral backstepping control approach
optimizing the controller by the Comprehensive Learning Particle
Swarm Optimization (CLPSO) algorithm, improvement than
conventional backstepping and PI controllers by the elimination of
the differentiation errors and management of the fault scenarios
effectively. In [24], a direct torque control (DTC) strategy
improved by the Particle Swarm Optimization (PSO) algorithm.
This method overcame the limitations of traditional trial-and-error
design approaches. The PSO algorithm tuned the parameters of a
variable gain proportional-integral (VGPI) controller, to the MPPT
speed control and to refine torque and flux comparison thresholds.

A recent study [25] presented an improved long-horizon model
predictive control (MPC) strategy for DFIGs using a variable
sampling time scheme and a comparative incremental algorithm
to reduce the computational burden and switching frequency.
Although this method is effective in reducing the prediction
effort and improving the tracking performance, in contrast,
our PSO-optimized sliding mode control achieves comparable
improvements in MPPT accuracy, power quality, and control
robustness, but with a simpler structure and significantly reduced
computational requirements, making it more practical for real-
time implementation without extensive hardware dependencies.
Similarly, [26] proposed a Neuro-Adaptive Third-Order Sliding
Mode Control (NATOSMC) for PV systems, combining neural
networks, high-gain differentiators, and Grey Wolf Optimization to
improve tracking under environmental variations. While effective,
its complexity and focus on DC systems limit applicability to
DFIG-based wind systems, which our simpler PSO-tuned SMC
method directly addresses. In [27], PSO and GWO were used
to optimize SMC gains for DFIGs, with PSO outperforming in
convergence and tracking, though their work centers on gain
tuning; our method embeds PSO within a broader framework
targeting MPPT, THD reduction, and robustness. The SMC-PSO
strategy in [28] effectively handles nonlinearities through gain
optimization but lacks broader performance considerations, which
our approach addresses by incorporating chattering reduction
and energy efficiency improvements. In [29], a dual-optimization
scheme employs the pelican algorithm for the RSC and a
CTID-PID controller for the GSC, emphasizing converter-level
improvements, while our PSO-based SMC offers system-level
enhancements in MPPT, THD, and stability. The hybrid control
in [30], combining Super-Twisting SMC, type-2 fuzzy logic,
and ANN-based MPPT, achieves high robustness but involves
substantial design and computational complexity; our method
delivers comparable performance with a more practical and
lightweight structure. Similarly, [31] utilizes a Variable Gain Super
Twisting Algorithm to reduce chattering and improve response,
yet the complexity of gain tuning remains a drawback that our
PSO-based SMC circumvents with simpler implementation. Finally,
[32] addresses a hybrid solar-wind system using vector control
and PSO-optimized MPPT to improve grid integration, though its
multi-source setup adds complexity absent in our focused and
efficient control strategy for standalone DFIG systems.

In summary, while existing SMC-based and optimization-driven
methods have improved DFIG control in WECS, many still suffer
from high complexity, limited system-level focus, or suboptimal
MPPT and THD performance. Our PSO-optimized sliding mode
control offers a simpler, more robust solution that enhances MPPT
accuracy, reduces THD and chattering, and improves dynamic
response. However, like most heuristic-based optimizations, its
performance may vary with changing system conditions and
depends on proper parameter tuning, which can affect real-time
adaptability.

1.3. Gap challenge

Despite advancements in DFIG-based WECS control, key
challenges remain unresolved. PI controllers are widely used
but suffer from sensitivity to parameter variations and limited
adaptability across varying wind conditions. Their relatively high
computational burden further limits real-time performance. Sliding
Mode Controllers (SMC) offer robustness but introduce chattering
due to discontinuous control signals, which can degrade efficiency
and mechanical stability. Most existing works focus on isolated
objectives such as MPPT accuracy or THD reduction while
neglecting a unified approach that addresses speed regulation,
dynamic response, and overall system efficiency. Additionally,
turbine efficiency curves and precise speed control are often
underutilized, missing opportunities to enhance energy capture.

Thus, there remains a critical need for a comprehensive and
computationally efficient control strategy that improves power
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quality, enhances MPPT, regulates rotor speed, reduces chattering,
and adapts robustly to changing wind conditions.

1.4. Novelty and main contributions

This work introduces a novel Integral Sliding Mode
(ISM) control strategy, offline-optimized using Particle Swarm
Optimization (PSO), to enhance the performance and robustness of
wind energy systems based on Doubly-Fed Induction Generators
(DFIGs). Unlike traditional PI and classical sliding mode
controllers, the proposed ISM controller:

e Reduces generator speed tracking error by over 75%,
improving real-time dynamic response and stability;

e Enhances the entire system efficiency, including maximum
power point tracking (MPPT) and the wind turbine efficiency
curve, by precisely controlling the rotational speed;

e Lowers stator current THD to below 0.85%, ensuring
grid-compliant power quality;

e Minimizes torque ripple by more than 60%, reducing
mechanical stress and improving equipment lifespan;

e Improves overall energy conversion efficiency to 93.6% during
nominal operation;

e Maintains stable operation under extreme wind variations,
demonstrating robust performance without the need for online
retuning;

e Outperforms conventional controllers in computational
efficiency, with fast PSO convergence and low implementation
complexity.

By simultaneously managing the rotor-side and grid-side
converters, the proposed control strategy delivers comprehensive
regulation of speed, voltage, and current, making it a practical and
scalable solution for modern wind energy systems. The controller’s
strong performance across all critical metrics highlights its
potential for real-world deployment in grid-connected renewable
energy applications.

1.5. Paper organization

The rest of this paper is distributed as follows: In Section 2,
the mathematical model of the system is presented; in Section 3,
the concept of Vector control is defined; then in Sections 4 and
5 the design of the sliding mode controller for the wind system
is explained; in Section 6, the stability of the system is analyzed
and the block diagram of the improved control system using PSO
algorithm is explained. In Section 7, the simulation results are
reviewed and discussed, followed by the conclusion in Section 8.

2. SYSTEM MODELLING

The Doubly-Fed Induction Generator (DFIG)-based Wind
Energy Conversion System (WECS) is widely recognized for its
high efficiency, cost-effectiveness, and controllability, particularly
in variable-speed wind applications. This topology enables
independent control of both active and reactive power and operates
effectively across a wide range of wind speeds, making it a
preferred architecture in modern wind farms.

The overall configuration of the DFIG-based WECS used in this
study is shown schematically in Fig. 1, and includes the following
main components:

A) Wind turbine

The wind turbine captures kinetic energy from the wind and
converts it into mechanical rotational energy. Then the transmission
of mechanical torque is transmitted by a low- or medium-speed
shaft to the generator. The aerodynamics of the turbine has
the power coefficient Cp (A, ), a nonlinear function of the
tip speed ratio A and blade pitch angle 5. In this work, a
fixed-pitch, variable-speed turbine model is used maximization
energy extraction under fluctuation wind conditions.

B) Doubly-fed induction generator

The DFIG converts partial-scale power t h r o u g h direct stator
connection f o r the grid and rotor connection via back-to-back
voltage source converters (VSCs). This structure makes generator
operate efficiently at sub-synchronous and super-synchronous
speeds. The stator gives power to the grid at fixed voltage and
frequency and the rotor is interfaced by converters which allows
dynamic control.

C) Rotor-side converter

The RSC controls the rotor currents, regulates the
electromagnetic torque and reactive power injected by the
stator into the grid. This work uses the RSC to enhance Integral
Sliding Mode (ISM) controller whose gains are finely tuned
by Particle PSO for the enhancement of dynamic response and
minimization of torque ripple. This converter has a synchronous
rotation of reference frame (dq-axis) for decoupled control of flux
and torque components.

D) Grid-side converter

The GSC stables the DC-link voltage and supports grid voltage
regulation by t h e exchange of the reactive power ensuring the
power drawn which the rotor circuit supports and is correctly
balanced and transferred to the grid. It also works by an ISM
controller with PSO-tuned for the improvement robustness under
transient grid or wind fluctuations. This is critical during gusts or
sudden wind shear, as in Section 7.4.

E) DC-link capacitor

Positioned between the RSC and GSC, the DC-link is an energy
buffer for decoupling the two converters. Its voltage stability is
required for system operation completely controlled by the GSC’s
control strategy. So, the control system of the study attains minimal
voltage ripple even under extreme wind disturbances.

Electronic Converters

DC-Link

Wind Turbine

Capacitor Grid-Side
i i Converter
Grid-Side
Converter (GC) (GSC)

Fig. 1. Diagram of a wind system that relies on a DFIG.

2.1. Mathematical model of wind turbine

The WECS is the wind turbine uses the rotation of its blades
to transform wind energy from kinetic to mechanical form. A
gearbox, increases the rotational speed for meeting the linked
electric generator’s operating needs, receives this rotating motion
by a shaft. The generator then converts this mechanical energy into
electrical energy manipulated or integrated into the electrical grid.
The generator kind, ratio of gearbox, and turbine blade design
impact on the efficiency of this conversion [5-8]:

Puina = 0.5pmR*V? D
Pt = P'Luindcp (ﬁ: >\) (2)

Cp =
0.5(116(1/(X\ + 0.083) — 0.035/(8% + 1)) — 0.48 — 5) x
e 2 0~ 55 40,0068

3)
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Pyina is the kinetic energy available in the wind. p is the air
density. R is the length of the turbine blade. V' is the wind speed.
P, is the mechanical power. C, is the power coefficient. A is
defines the tip-speed ratio (TSR). § is Pitch angle of blades wy, is
the mechanical angular speed. T},ecn is the mechanical torque.
Fig. 2 shows the (), characteristics. It can be seen that the
power coefficient C), achieves its maximum of 0.4654 at A = 8.2.

L N ——B=0

0 2 4 6 8 10 12 14 16 18
Lamda

Fig. 2. Power coefficient characteristics for various values of SA.

2.2. Mathematical model of DFIG

DFIG can be represented in a system of orthogonal coordinate
axes d,q frame rotating at the speed of the magnetic field,
according to the following equations [33]:

Vsa = Rstsa + @ - wscbsq (6)
dt
dd,
‘/sq - Rsisq + 1 + qu)sd (7)
dt
, d®,
‘Zrd = er'rd + dtd - (ws - wr)(prq (8)
. d®,
qu - errq + dtq + (ws - wT‘)Q’Pd (9)

®sq = Lsisqa + Lmira,

®ug = Luisg + Limirg (10)
cbrd = Lmisd + Lrirdy (11)
<I)rq - Lmisq + Lrirq
The rotor speed and slip are defined as:
Wr = P, g Ws —Wr (12)
Ws

The active and reactive powers that can be obtained from the
generator stator are given by the following relationships:

Ps = 1.5 (Vsd isd + Vsq isq) (13)

Qs =15 (Usqisd + 'Usdisq) (14)

The mechanical motion equation is:

dwom,
J— = Tem - TnLec - m 15
o h— fw (15)
The electromechanical torque is:
Tem = 1.5p (isqPsa — Psqisa) (16)

2.3. Mathematical model of GSC

The electrical circuit of the converter connected to the grid on
the rotor side is given as shown in Fig. 3.

Ige idc-grid
C ¢, C
A% 4L % 4
u MY A
+ JVV Vo J
Vie —= u N A—(7,)
— &/
_ i .q MY A7)
C C C. ~
_"| ii (il L filter R filter

Fig. 3. The electrical circuit of the converter connected to the grid on the
rotor side.

The three-phase converter and the filter can be represented in

a two-axis coordinate system d,q by the following mathematical
relations [2, 34]:

Vi = Ralterta+

; ) 17
Lﬁlter% - wsLﬁlterlq + ug ( )
Vi = Rilgert
q dif;lte Zq+ . (18)
Lﬁlter? - wsLﬁlteer + Uq
DC-link voltage is governed by:
d‘/;lc _ 7:dc—grid - idc (19)

dt C

3. VECTOR CONTROL OF WECS

Vector control technique has become widely used in electrical
machine control systems due to its many advantages, as it allows
for simplifying the complex electrical machine and facilitating the
process of designing control systems.

3.1. Vector control of DFIG

Vector control of the induction generator provides the ability
to control both the actual and reactive power separately, as the
designer chooses to direct one of the electrical power beams in
the machine to serve this purpose. If the voltage vector Vs is
directed to coincide with the g-axis in a coordinate (d,q) , then
the components of the stator voltage Vector become as follows
[35, 36]:

Vea = 07 ‘/sq =Vs (20)
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bsa = bs 1)

Then the powers and torque become:

RG - 1-5Vsqisq7 Qs = 1-5Vsqisd7 Tem = 1-5p§03disq (22)

Rotor current components:

. Lo ; @
lsd = — 7% Upd + *S,
T T T (23)
lsg = —F™irq
Active and reactive power in terms of rotor currents:
Q= 13Vi (2 = 210 4)
Py = —1.5Vig 52 i,
Electromagnetic torque:
Tom = *%im (25)
L,
3.2. Vector control of GSC [2, 34]
Active and reactive powers at GSC:
P, =1.5Vyiq, Qr = —1.5V4iq (26)
Power balance through the DC-link:
P =15Vyia = Vicldey,iq (27)
) 1.5Vy . .
deysa = i = Cia (28)
DC-link voltage dynamics:
dVdC _ Cid - idc (29)

dt C

Fig. 4. The block diagram of the whole system.

4. SLIDING MODE CONTREOL OF DFIG

In applications such as wind energy systems, Sliding Mode
Control (SMC) is a reliable control method that is frequently
employed to regulate Doubly Fed Induction Generators (DFIG). In
applications using renewable energy, it provides benefits including
resilience to external disruptions and parameter changes. The
foundation of SMC is the definition of a sliding surface in the
system’s state space. To guarantee the intended dynamic behaviour,
the system states are first propelled to the sliding surface and then
restrained to travel along it.

4.1. Regulating the rotation speed [37]

The sliding surface function for speed regulation can be written
as:

Sw = wmref — Wm (30)

S, = —bisgn(s,) — b2se, — b3/swdt 31)

Control law for torque:

Temrcf = (32)
J(U.Jmfref + ilwm + bl Sgn(Sw) + b2 Sw + b3 f Sw dt)

4.2. Rotor current control (DFIG) [38]
For rq:

Si7'q - irq,ref - i?'q7 (33)

Sirq = —by Sgn(sirq) —bs Sirq

VUrq = O'Lr (’zrq,ref + airq + (Ws - wr)ird+ (34)
bs ‘/qu + ba Sgn(Si'rq) + b5 Sirq)
For 7,4:
Sird = Urd,ref — lrd, (35)

Sira = —beSgn(Sira) — b7 Sira

VUrd = 0L, ((Zrd,ref + atyq — (Ws - wr)irq*

R2Y20 b Sgn(Sira) + br Sira)

w

(36)

5. SMCFoRr GSC

This section presents the Sliding Mode Control (SMC) strategy
applied to the Grid-Side Converter (GSC) of the DFIG-based
WECS. The controller ensures DC-link voltage regulation and
precise current tracking, enhancing system robustness against
disturbances and parameter variations. The following subsections
define the control laws for voltage and current components [39].

5.1. DC-link voltage regulation

SVdc = ‘/(dc—ref) — Ve,

37
Svye) = —c1Sgn(Svac) — c2Svae — 3 [ (Svac)dt @7
& (38)

€ (Ve ref + ¢1580(Svac) + c2Svac + ¢ [ Svacdt)

5.2. i, current regulation
Siq = iq ref — ilh
. : 39
Siq = —%Sgn(Siq) — C7Siq ( )
Ugrer = Liittor (—ig,or — fﬁlter g + Wsig+

filter (40)

T — c5Sgn(Siq) — 7 Siq)

Leitter
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5.3. i4 current regulation

Sid = ld,ref — id,

Si = _C6Sgn(Sid) — 7554 @D

— ; Ritter ; ;
Ud,.; = Lalter (—ld,p — Lo id + Wsiqt
V,
d_ CGSgn(Si,j) — C7Sid)

Leitter

(42)

6. SYSTEM STABILITY AND LYAPUNOV

To ensure the global stability of the proposed sliding mode
control strategy, a Lyapunov-based analysis is conducted. By
selecting an appropriate Lyapunov candidate function and ensuring
its time derivative remains negative definite, the system’s asymptotic
stability is guaranteed. The following formulation demonstrates
this condition for the chosen sliding surface dynamics. For a given
Lyapunov function according to the relation [40]:

V =058%V=585<0 (43)

S— — azSgn(S)—
ay(s) —a- [ (s)dt

To satisfy the condition in Eq. (43) the constants (as,ay,a-)
must be positive value, and this ensures the stability of the system.

In this research, the PSO algorithm was used to choose the
optimal value of the control parameters to ensure the lowest value
of the speed tracking error and the lowest value of the THD
coefficient for the stator currents for the RSC controller, and to
achieve the lowest value of the dc-link voltage tracking error and
the lowest value of the THD coefficient for the filter currents
connected to the grid for GSC controller.

Fig. 4 shows the block diagram of the whole system, with the
mechanism for determining control parameters.

(44)

time (sec)

Fig. 5. The wind speed profile.

7. SIMULATION RESULTS

A comprehensive simulation of the proposed DFIG-based
wind energy conversion system (WECS) was conducted to
evaluate the performance of the improved Integral Sliding Mode
(ISM) controller tuned using Particle Swarm Optimization (PSO)
compared to the conventional PI controller. Functioned at sub-
synchronous and super-synchronous speeds. The study analyses the
dynamic behavior, signal quality, and power output. The control
strategy was used to RSC and GSC, leveraging PSO to optimally

tune the ISM for improving system stability, reducing chattering,
and ensuring real-time feasibility.

As shown in Fig. 5, the wind speed profile starts at 9 m/s and
increases linearly by 1 m/s every few seconds until it reaches the
nominal wind speed of 12 m/s. This variation helps evaluate the
robustness of the control system under changing wind conditions.

200
180
160
Ref speed
140 — Speed using Pl
Yoy — speed using SM
(3)
g 120
-
£ 100
ey 166
8 135
2 80
@ 130 165
8o 125
i 164
40 120
163
201 115
0 0.5 1 4 45 5 55
0
0 1 2 3 4 5 6 7 8
time (sec)

Fig. 6. The generator’s rotational speed regulation response.

The generator’s rotational speed regulation is depicted in Fig. 6.
The speed starts at 135 rad/s and increases proportionally with the
wind speed until it reaches the nominal value of 180 rad/s. The
proposed ISM controller exhibits superior performance with a Root
Mean Square Error (RMSE) of 1.06 rad/s in tracking the reference
speed, compared to 4.28 rad/s for the PI controller. Moreover,
the ISM controller demonstrates significantly lower overshoot and
faster settling time (0.4 s vs. 1.2 s), indicating better dynamic
response.

THDs using Pl
THDs using SM

speed (rad/sec)

time (sec)

Fig. 7. The THD of stator’s currents of DFIG.

To evaluate signal quality, Fig. 7 presents the Total Harmonic
Distortion (THD) of the stator currents. The proposed controller
maintains THD in the range of 0.3%-0.85%, significantly
outperforming the PI controller which records THD between
0.9%—-3%. This indicates a clear enhancement in signal purity and
compliance with grid standards.

Fig. 8 illustrates the turbine efficiency through the coefficient
of performance (Cp). Under the proposed controller, average
Cp remains above 0.42 during transients and stabilizes quickly,
while the PI controller suffers a transient dip down to 0.36.
This improvement highlights the ISM controller’s ability to
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Fig. 8. The turbine efficiency (Cp) curve.

maximize wind energy extraction, especially during fluctuating
wind conditions.
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Fig. 9. Active and reactive power curves provided by the DFIG stator to
the grid.

The active and reactive power delivered by the DFIG stator
to the grid is shown in Fig. 9. The ISM controller ensures
smoother power curves, especially during wind acceleration. The
RMSE of active power tracking under the ISM controller is 2.3
kW, compared to 7.6 kW for the PI controller. Reactive power
deviations remain under 1.2 kVAR for ISM, versus 4.5 kVAR for
PI. Additionally, the ISM controller sustains unity power factor
more effectively, contributing to voltage stability on the grid side.

Torque behavior, directly linked to generator stability, is shown
in Fig. 10. The PI controller introduces large electromagnetic
torque oscillations with peak-to-peak amplitude exceeding 30 Nm.
In contrast, the ISM controller maintains torque oscillations within
+6 Nm. The standard deviation of electromagnetic torque under
the ISM controller is 4.2 Nm, while the PI controller shows 12.4
Nm, indicating a 66% reduction in mechanical stress.

DC-link voltage regulation performance for the GSC is shown
in Fig. 11. Despite disturbances from wind speed changes, the
ISM controller achieves rapid voltage convergence to the reference
(1200 V), with minimal ripple. The RMSE for voltage tracking is
4.8 V for ISM vs. 152 V for PL. Overshoot is also reduced by
70%. This confirms the robust response of the ISM controller in
GSC operation.

Fig. 12 displays the active and reactive power exchange between
the generator rotor and the grid. The ISM controller reduces power
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time (sec)

Fig. 10. The electromagnetic torque response.
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Fig. 11. The response of the dc-link voltage regulation.
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Fig. 12. The active and reactive power curves exchanged between the
generator rotor and the grid.

fluctuations, maintains operation close to unity power factor, and
lowers power losses particularly at low wind speeds. At 9 m/s
wind, the reactive power consumed by the PI controller spikes to
5.4 kVAR, while the ISM controller keeps it under 2.1 kVAR.

Fig. 13 presents the THD of the current passing through the
coupling filter between the rotor and the grid. The ISM controller
limits THD to 3.5%—4.0%, compared to over 5% for the PI
controller. This not only improves power quality but also reduces
stress on the converter components.
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Fig. 13. The THD of coupling filter.
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Fig. 14. Wind speed profile under extreme variation.

7.1. PSO-based optimization and convergence analysis

The ISM controller gains were optimized using Particle Swarm
Optimization. The PSO was configured with a swarm size of 30,
inertia weight of 0.72, cognitive coefficient ¢; = 1.5, and social
coefficient co = 1.8. The algorithm converged to optimal values
in less than 32 iterations (avg. 1.2 s on a 2.4 GHz CPU) which
produces quick tuning and keeping stability. The optimized values
appear in Table 1 for reproducibility.

Table 1. Optimal controller parameters found via PSO.

Parameter Range Tested  Optimal Value Found
A (Sliding gain RSC) [5, 100] 432
A (Sliding gain GSC) [5, 100] 38.5
Integral gain (ki) [0.1, 10] 2.87
Switching gain (1) [1, 20] 5.9
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Fig. 15. Generator speed tracking response under gusts and turbulence.

To assess the computational efficiency of the PSO-based tuning,
a comparative benchmark was conducted against two widely used

heuristic algorithms: Genetic Algorithms (GAs) and Differential
Evolution (DE). All methods were configured to optimize the
same ISM controller parameters under identical objective functions
and system conditions. PSO required fewer than 32 iterations
on average to converge to optimal gains, whereas GAs and
DE required approximately 78 and 65 iterations respectively.
Additionally, PSO achieved convergence in an average runtime of
1.2 seconds (on a 2.4 GHz CPU), compared to 2.1 seconds for DE
and 2.5 seconds for GAs. These differences are attributed to PSO’s
simpler encoding (real-valued vectors vs. binary chromosomes)
and more direct exploration-exploitation balance. This confirms
that PSO not only yields high-quality solutions but also does
so with lower computational overhead, making it well-suited for
controller tuning in wind energy systems.

7.2. Discussion on practical implementation and efficiency

The PSO tuning was performed offline, and the tuned controller
was then applied in real-time simulations. This approach balances
practicality and optimization accuracy, making the system feasible
for hardware deployment without requiring online computation.

The improved signal quality and torque smoothness achieved
by the ISM controller translate to reduced mechanical wear and
improved system longevity. Although sliding mode control is
often associated with chattering, the use of integral sliding and
PSO-tuned switching gains significantly reduced this effect. No
additional chattering suppression methods were needed, but the
controller could be extended in future work using boundary layer
or saturation functions to eliminate residual switching activity.

To evaluate whether the proposed PSO-optimized control
strategy leads to increased switching losses, the switching
frequency was fixed at a constant value of 10 kHz across all
control schemes tested. This constraint ensured that any observed
improvements in output voltage quality (e.g., THD reduction)
were due solely to controller parameter optimization rather than
increased switching activity. The waveform analysis and controller
response confirm that the PSO-tuned controller achieves superior
harmonic suppression (as shown in Table 2) without increasing
the number of switching transitions per cycle. Since switching
losses are directly in proportion to switching frequency and
voltage/current shifts in transitions, and these parameters kept
consistent, the additional computational optimization introduce no
extra switching losses. As a result, the overall inverter efficiency
can be compared to conventional methods, better power quality.
This demonstrates that the proposed technique achieves THD
reduction without compromising switching efficiency

7.3. Summary of performance improvement

Table 2 Comprehensive performance comparison between the
conventional PI controller and the proposed Improved Sliding Mode
(ISM) controller with PSO-based tuning, evaluated under nominal,
stepped, and turbulent wind scenarios. Each metric reflects the
average or representative performance across five simulation runs
per scenario. The improvement column indicates the relative gain
achieved by the ISM controller. Performance metrics demonstrate
substantial enhancement in current quality, speed and voltage
regulation, torque smoothness, and power quality, with minimal
tuning overhead.

In conclusion, the proposed ISM controller with PSO tuning
offers substantial performance improvements across dynamic
response, signal quality, power regulation, and mechanical stability.
These improvements validate the controller’s suitability for
advanced WECS applications, addressing both grid compliance
and system durability.

7.4. Robustness under extreme wind variations

To evaluate the robustness of the proposed Integral Sliding
Mode (ISM) controller under harsher, more realistic operating
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Table 2. Comprehensive performance comparison between PI and improved ISM controller (PSO-tuned), evaluated under multiple wind scenarios (nominal,

stepped, and turbulent).

Metric PI controller ISM controller (PSO-tuned) Improvement (%) Test context
THD of stator current (%) 09 -3.0 0.3 -0.85 ~065% average reduction Nominal + extreme wind
THD of coupling filter current (%) 4.0-45 35-40 ~11% average reduction Nominal + extreme wind
Speed tracking RMSE (rad/s) 4.28 1.06 75.2% reduction Nominal wind
Speed tracking RMSE (rad/s, extreme) 4.28 1.41 67.0% reduction Extreme wind
DC-link voltage RMSE (V) 15.2 4.8 68.4% reduction Nominal wind
Electromagnetic torque ripple (STD, Nm) 124 42 66.1% reduction All wind profiles
Turbine efficiency (Cp) ~0.36 — 0.40 >0.42 ~10-15% improvement Nominal wind
Efficiency at 11 m/s (%) 87.1 93.6 7.5% increase Steady-state @ 11 m/s
Reactive power at 9 m/s (kVAR) 54 2.1 61.1% reduction Nominal wind
Reactive power at 9 m/s (extreme) 5.4 33 38.9% reduction Extreme wind
PSO convergence time (s) — 1.2 — Offline (30 particles)
Chattering impact Present Reduced via optimized switching gain Qualitative Nominal + extreme wind
Switching loss consideration Not addressed ~ Mitigated by smoother torque and lower THD Qualitative All wind profiles

Optimization method Manual tuning

PSO (offline, fast convergence in <32 iter.)

Tuning phase (not simulation)

Table 3. Summary of robustness evaluation.

ISM controller (extreme wind)  PI controller (nominal wind)

Metric ISM controller (nominal wind)
Speed tracking RMSE (rad/s) 1.06
Electromagnetic torque ripple (Nm) +6

DC-Link voltage deviation (V) +4.8

THD of stator current (%) 0.3-0.85

THD of coupling filter current (%) 3.5-4.0

Reactive power deviation at 9 m/s (kVAR) 2.1

1.41 4.28
+9 > £24
+9 +22
0.4-1.1 0.9-3.0
3.8-4.3 4.0-4.5
33 54

Table 4. Comparative performance metrics of the proposed ISM controller and conventional PI controller during LVRT scenario.

Metric ISM controller (proposed)

PI controller (conventional)

Improvement

Rotor current overshoot (p.u.) 1.7
DC-link voltage deviation (%) +7.4
Torque ripple during fault (Nm) +9.5
Speed deviation during fault (rad/s) +2.6
Peak reactive power output (kVAR) +4.1

2.6 34.6% reduction
+14.8 50.0% reduction
+18.0 47.2% reduction
+5.2 50.0% reduction
+2.7 51.8% increase (better support)

conditions, a new simulation scenario was introduced where the
wind profile includes sharp gusts and turbulence. This test goes
beyond the nominal range (9—12 m/s) and incorporates extreme
fluctuations from 6 m/s to 14 m/s. These variations simulate
real-world transient phenomena such as sudden wind shear, gusts,
and dropouts, allowing us to assess the adaptability and resilience
of the control strategy.

A) Wind profile description

Fig. 14 illustrates the modified wind speed profile used in this
robustness test. The profile features:

e Sudden wind drop from 12 m/s to 6 m/s (at t = 3.5 s)

e Rapid gust up to 14 m/s (at t = 6.8 s)

e Return to nominal condition (12 m/s at t = 9 s)

These changes occur within milliseconds to seconds, imitating
turbulent wind conditions as found in high-altitude or coastal
regions.

B) Generator speed response

The generator’s response to this challenging wind profile is
shown in Fig. 15. The ISM controller maintains tracking accuracy
across all wind levels with minimal overshoot or undershoot.
During the abrupt wind drop (t = 3.5 s), the ISM controller quickly
decreases generator speed, avoiding instability. When the wind
surges at t = 6.8 s, the controller responds within 0.3 seconds,
preventing over-acceleration and maintaining smooth convergence
to the new reference.

Quantitatively, the Root Mean Square Error (RMSE) of speed
tracking in the presence of these disturbances increased only
slightly from 1.06 rad/s to 1.41 rad/s, still well below the 4.28
rad/s measured for the PI controller under standard wind changes.

C) Torque, voltage, and power stability (descriptive summary)

Although not shown in figures, the following observations were
made from simulation logs:

e Electromagnetic torque remained bounded within 9 Nm
during wind peaks, up from 6 Nm in nominal cases, yet still
60% more stable than the PI controller (which exhibited > 424
Nm).

e DC-link voltage saw a maximum deviation of only £9 V,
compared to +4.8 V in stable wind and £22 V under PI control,
confirming robustness of the GSC regulation.

e Active power delivery adjusted rapidly with the wind changes,
and reactive power remained within grid-compliant limits without
exceeding +4.1 kVAR.

e Total harmonic distortion (THD) of stator and coupling filter
currents increased by less than 0.3%, remaining within IEEE 519
standards.

These results suggest that although dynamic performance
degrades slightly under extreme wind, the proposed ISM controller
retains effective regulation without instability, oscillation, or power
quality violations.

D) Discussion

This robustness evaluation demonstrates that the ISM controller,
tuned via PSO, maintains satisfactory performance even under
severe wind disturbances. The integral sliding surface is used and
PSO-tuned gains balance speed tracking and signal smoothness.
The offline tuning approach has no limit online performance in
volatile conditions which indicates feasibility for field placement
in harsh wind . Despite the minor degradation relative to
nominal wind scenarios, the controller remains grid standards,
defends mechanical integrity, and continues power delivery. Future
enhancement is an adaptive gain scheduling or fuzzy-modulated
switching for further enhancement of performance in extreme wind
episodes.

Although minor degradation is observed compared to nominal
wind scenarios, the controller sustains grid standards, protects
mechanical integrity, and ensures continuity of power delivery.
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Future improvements could include adaptive gain scheduling or
fuzzy-modulated switching to further enhance performance during
extreme wind episodes.

7.5. Grid fault ride-through capability

For the evaluation of the dependence of the ISM controller
under grid disturbances, for simulation, we used a Low Voltage
Ride-Through (LVRT) scenario. This test studies the controller’s
ability for maintaining operational stability and complying with
grid code requirements in a symmetrical voltage sag.

A) Fault scenario description

We used a symmetrical three-phase voltage dip down to 30% of
nominal grid voltage at the stator terminals, lasting from t = 2.5 s
to t = 3.2 s (700 ms duration). This is a typical grid fault needing
fault ride-through capability. The wind speed stables at at 11 m/s
for the isolation of the impact of the grid disturbance aligned with
grid code specifications outlined in [1], in which wind turbines
stay connected and support grid voltage recovery in short-term
voltage dips.

B) Controller response and analysis

Rotor current limitation:

The ISM controller restricts rotor current overshoot to 1.7 p.u.,
remaining within the safe operational range of the power converter.
In comparison, the PI controller results in 2.6 p.u., increasing the
risk of overcurrent protection trips.

DC-link voltage stability:

The ISM controller keeps the maximum DC-link voltage
deviation within £7.4% of the nominal 1200 V level, returning
to steady-state within 0.4 s after fault clearance. In contrast, the
PI controller exhibits a larger deviation of +£14.8%, with longer
recovery time (~1.0 s).

Electromagnetic torque oscillations:

Under ISM control, torque deviations remain bounded within
+9.5 Nm during the voltage sag. The PI controller experiences
wider oscillations, reaching up to +18 Nm, which could cause
additional mechanical wear.

Speed regulation:

The generator speed deviation during the fault is limited to £2.6
rad/s under ISM, whereas the PI controller exhibits deviations of
+5.2 rad/s, indicating less effective damping.

Reactive power support:

In line with grid code requirements, the ISM controller rapidly
increases reactive power output to support voltage recovery,
reaching +4.1 kVAR during the fault. The PI controller lags in
response, peaking at +2.7 kVAR.

C) Summary of LVRT performance

These results confirm that the proposed ISM controller offers
superior performance during grid faults by maintaining current,
voltage, and torque within acceptable limits and providing fast,
adequate reactive power support. The improved dynamic response
and ride-through capability make the controller suitable for
deployment in grid-connected wind energy systems subject to
modern LVRT requirements. Similar LVRT control strategies for
DFIGs have been validated in literature, such as in [41], where
fault ride-through performance is emphasized as critical for grid
compliance.

8. CONCLUSION

This study improves Integral Sliding Mode (ISM) controller,
optimized by the PSO algorithm, developed and tested for
a DFIGbased wind energy conversion system. The controller
enhanced system performance, reduced chattering, and improved
power quality under variable and challenging wind conditions.
Simulation results proved the ISM controller and outperformed the
traditional PI controller in many aspects. Generator speed tracking
accuracy enhanced so much, with a reduction in root mean square
error by over 75%. Power quality also saw substantial enhancement,
with total harmonic distortion (THD) of the stator current decreased

to less than 0.85%. The controller effectively minimized torque
ripple, lowered reactive power consumption at low wind speeds,
and increased overall system efficiency to 93.6% at nominal wind
conditions. Also, the controller maintained robust performance
under extreme wind disturbances, showing strong adaptability and
system resilience with no compromising grid standards validating
the ISM controller, tuned via PSO, as a practical, efficient,
and highperformance solution for modern wind energy systems
whch supports their reliable integration into renewable energy
networks. Future work may involve implementing adaptive or
online tuning methods to further improve responsiveness under
real-time wind variability. Additionally, experimental validation
through hardwarein-the-loop (HIL) testing or field deployment can
help assess practical feasibility and long term reliability in actual
wind farm environments.
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