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Abstract

The present article investigates innovative control technique for wind energy conversion systems using
doubly fed induction generators, accentuating the limitations of conventional proportional-integral controllers
under steady-state and variable wind conditions. It examines the integration of nonlinear fuzzy logic controllers to
improve robustness, stability, and power quality. Furthermore, a fuzzy grey wolf optimizer algorithm is employed
to optimally tune controller gains, optimizing both active and reactive power regulation. The research models the
wind turbine, generator, machine and grid-side converters, with MATLAB/Simulink program validating the
efficiency of the proposed technique. Results demonstrate that the integrated fuzzy-GWO controller significantly
outperforms conventional methods. Specifically, for active power control, it reduces the Integral Time Absolute
Error (ITAE) by 98.9% compared to the PI controller and by 95.8% compared to the Fuzzy PD controller. This
translates to a faster response with negligible overshoot and superior tracking accuracy under both steady state and
variable wind conditions, thereby improving the efficiency and reliability of wind energy systems.
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1. INTRODUCTION

Wind energy is a renewable, clean, and
sustainable resource that has historically been used
for milling grain, irrigating agricultural fields, and
propelling boats. This energy source can
significantly contribute to global energy production
by reducing fossil fuel consumption, meeting energy
demands, and fostering an environmentally friendly
society [1][2]. Developed nations are investing in
wind energy technologies due to rising fuel prices,
consumer demand for electricity, and environmental
concerns. Wind power is presently the fastest-
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expanding source of electrical energy across the globe.
[3]-

The doubly fed induction generator (DFIG) is an
asynchronous electrical machine with a wound rotor
design that enables variable-speed operation and
efficient energy conversion. For these reasons, DFIGs
are widely used in wind farms, providing robust
performance, controllable power, reduced noise, and
minimal mechanical stress [4][5].

In a DFIG, the stator winding is grid-connected,
while the rotor winding is coupled via bidirectional
pulse-width modulation converters.

Field oriented control (FOC) is a vector-control
technique that controls AC machines by decoupling
torque and flux, enabling them to behave similarly to
separately excited DC motors [2][3].

The conventional PI controller, widely used in
industrial induction-machine applications, benefits from
its structure and implementation ease [6]. In practice,
gain adjustment is often carried out manually or through
trial-and-error procedures, which become labor-
intensive and challenging, especially in systems
characterized by parameter uncertainties or dynamic
operating conditions [7][8][9].

Linear techniques control is often insufficient for
achieving desired stability and performance, particularly

© 2026 by the Authors. Licensee Polish Society of Technical Diagnostics (Warsaw. Poland). This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC BY) license (http:/creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.29354/diag/216415
mailto:1%20mohammed.ouinten@univ-msila.dz
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0009-0003-3043-1645
http://orcid.org/0009-0008-6726-4605
http://orcid.org/0009-0001-4569-1664

2 DIAGNOSTYKA, Vol. 27, No. 1 (2026)
Ouinten M, Rouabhi R, Herezi A.: Power enhancement using grey wolf optimizer algorithm for doubly fed ...

due to the inherent non-linearity of the DFIG.
Recently, numerous advanced control methods have
been suggested to address these challenges [10].
Among these, we have chosen the nonlinear fuzzy
logic approach, as it effectively handles uncertainties
and significantly improves robustness.

Fuzzy logic controllers (FLCs) are often
successfully employed in many complex or non-
linear process systems, in certain situations, can
achieve better performance than PID controllers
[11]. The authors in [12] and [13], utilize FLCs to
regulate the machine and grid-side converters in
DFIG-based systems, delivering precise
performance and stability even during instable wind
conditions. This approach facilitates enhanced
management of power.

Compared to conventional PI controllers, FLCs
exhibit superior robustness, stability, and accuracy in
the presence of fluctuating wind speeds [14] [15].
According to studies, FLCs are a favorable choice
for maximizing energy conversion in wind systems,
as they demonstrate improved stability, reduced
overshoot, and compliance with grid code
requirements [13] [16] [17].

Although Meta-heuristic algorithms like particle
swarm optimization (PSO) [18], genetic algorithms
(GA) [19], and ant lion optimizer (ALO) [20] have
been successfully applied to DFIG control, the grey
wolf optimizer (GWO) offers distinct advantages for
this application. As demonstrated in [21], The social
hierarchy and hunting strategy of GWO enable a
more efficient balance between exploration and
exploitation, often leading to faster convergence and
a lower probability of settling into local optima
compared to PSO and GA. This is critical for tuning
the non-linear gains of a fuzzy controller in a high-
dimensional search space.

The main contribution of this work resides in the
novel synthesis of a Fuzzy PD+I controller structure
whose gains are optimally tuned offline using the
GWO for decoupled active and reactive power
control in a DFIG. While fuzzy logic and
metaheuristics have been used separately, the
specific application of GWO to this particular hybrid
controller is new. The evidence for its
innovativeness is demonstrated through its superior
performance: it achieves a faster, more accurate, and
more robust response compared to the baseline
controllers, as quantitatively proven by the
significant reduction in performance indices (ITAE,
ITSE) and its excellent tracking under a variable
wind profile.

This study is presented in this way: section 2
addresses the modeling and control of wind energy
system, which incorporates wind turbines, DFIG,
machines and grid-side converters. section 3
explains different types of controllers, including
fuzzy logic control. In section 4, an overview of the
GWO algorithm and the fuzzy-GWO control design
is presented. Section 5 exposes results obtained

using MATLAB/Simulink, where the controller gains
are adjusted by employing the GWO algorithm. These
results are analyzed and presented to demonstrate their
effectiveness and robustness in regulating both active
and reactive power. Finally, the article’s conclusion is
provided in Section 6.

2. WIND ENERGY SYSTEM MODEL AND
CONTROL

WECS is a system that captures a portion of the
kinetic energy of the wind and converts it into
mechanical energy through a gearbox and then into
electrical energy via a generator [22]. Variable-speed
turbines are increasingly preferred and are now more
common than fixed-speed technologies and provide a
significant advantage as they enhance the wind turbine's
power output by allowing dynamic rotor speed
adjustments. This flexibility results in greater efficiency
and energy capture, especially in windy conditions [4].
The model of WECS is illustrated in Fig. 1.
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Fig. 1. WECS block diagram

2.1. Wind Turbine Mathematical Model and Control
Wind power is expressed by the Eq. (1):
Py = pAVy (1)
With
A = mR? 2)
The aerodynamic power produced by the turbine is
stated by Eq. (3):
Pacr = CoOL B)Py = = Co(L B)PAVE  (3)
The power coefficient Cp is a nonlinear function that
characterizes the aerodynamic efficiency of the turbine.
Its strong dependence on the tip speed ratio A and the
pitch angle 3 makes the operating point highly sensitive
to wind variations, thereby necessitating maximum
power point tracking (MPPT) to ensure optimal
extraction of power under changing wind conditions.
By definition the tip speed ratio A is the quotient of
the linear speed of the turbine blade tips and the speed
of the incoming wind (Eq. 4):

_ R
A= )

Based on the turbine’s aerodynamic model, its
behavior exhibits strong nonlinearity and is highly
sensitive to wind speed. Fig. 2 illustrates the power—
wind speed curve and the corresponding operating
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regions of a variable-speed wind turbine,
conventionally divided into four zones.

In Zone 1, the turbine is below the cut-in wind
speed Vg, and produces no electrical power, as the
rotor cannot overcome inherent aerodynamic and
mechanical losses.

In Zone 2 corresponds to the variable-speed
region, where the extracted power depends directly
on the available wind energy. In this zone, the
control system adjusts the rotor speed to track the
maximum power point.

In Zone 3, once the wind speed reaches the rated
value V,,, the turbine operates at a fixed rotational
speed to maintain a constant rated power output.

In Zone 4, for wind speeds exceeding the cut-out
value V,, the turbine is disconnected through
protective mechanisms to avoid structural overload
and ensure the operational safety of the wind energy
conversion system (WECS) [23].

A

Power [W]

Zone 1 Zone 2 Zone 3 Zone 4

]
3

Ve Vin Vm Wind speed
[m/s]

Fig. 2. Characteristics curve

2.1.1. Gearbox Model

The gearbox couples the turbine to the generator,
stepping up the low rotational speed of the turbine to
the higher speed needed for efficient generator
operation (Eq. 5), while concurrently reducing the
high shaft torque of the turbine to the lower torque
compatible with mechanical limits of the generator

(Eq. 6) [24].

Qmec :TG. Q¢ Q)
Tg = Et (6)

2.1.2. Mechanical Model
The mechanical torque Ty, acting on the
generator rotor is the summation of the axial torque
Ty, the electromagnetic torque T, and the viscous
friction torque T¢ (Eq. 7).
do
Thec =]%=Tg_Tem_Tf (7
With:
T = fQmec (®)
Based on the equations presented above, the
turbine model is represented in Fig. 3.

2.1.3. MPPT Control

Due to the inherently fluctuating and limited
nature of wind power, maximum power point
tracking algorithms are essential to maintain optimal
operating conditions and maximize energy

conversion [24]. In Zone 2 of Fig. 2, the MPPT controller
dynamically adjusts the electromagnetic torque to extract
maximum power under varying wind speeds, while the
blade pitch angle remains fixed. The purpose is to
optimize energy capture by synchronizing the turbine’s
mechanical speed with the instantaneous wind velocity.
Real-time estimation of wind speed enables this
adjustment, allowing the DFIG to operate at its optimal
point and ensuring maximum energy efficiency.
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Fig. 3. Wind turbine model
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,

The estimated wind speed's value is provided by

Eq.(9):
v = R
est — A

9
opt
Substituting Eq. (9) into Eq. (3) yields the expression
of the reference electromagnetic torque given in Eq. (10):

N 1
Tem = Tgm CPmaxpT[RSQE (10)

The wind turbine model with the MPPT control
strategy is depicted in Fig.4.
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Fig. 4. Wind turbine and MPPT model

2.1.4. Pitch Control

High winds can harm wind turbine mechanics and
disrupt electrical system. Pitch control is therefore
crucial for optimizing energy extraction and reducing
excessive power during gusts, with blades pitched
simultaneously or independently for greater system
flexibility. Zone 3 in Fig. 2 relates to this control.

2.2. DFIG Mathematical Model and Control
Electrical equations of DFIG is expressed in (Eq.11):

— desq
Vsd = Islsd + dt (*)s(psq

s dgsq
Vsq = Tslsg + at + WsPsq
— ; deorg (1 1)
Vrd = Trieg + dat WrPrq
. d‘Prq
Vrq = Trlpq + at + WrPrg

With:
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Psq = Lsisqg + Imirg
Psq = lsisq + lmisq
Prqg = lrird + lmisd (12)
Prq = lrirq + lmisq

Eq. (11), represents the dynamic d-q model of the
DFIG in a synchronously rotating reference frame.

The electromagnetic torque is defined by:

Thec = %pll_l: (‘Psqird - (Psdirq) (13)

The active and reactive powers of the stator are
given by:

{Ps i Vsdi.sd + Vsqi-sq (14)
Qs = Vsqlsd = Vsdlsq
¢Psq = @s and Psq =0 (15)

The transformation, Eq. (15), is fundamental to
the Field-Oriented Control strategy, as it allows for
the decoupling of active and reactive power control,
analogous to the independent control of torque and
flux in a DC motor.

Additionally, for high-power wind energy
conversion machines, the stator resistance rg is
negligible and the DFIG model will be simplified
after developing the previous equations, we obtain:

= The torque exerted on the shaft of the generator

3 ImVs.
Thec = _Ep lsos Irq (16)

= The rotor voltages needed to control the generator

o dipgq .
Vrd = Irirg + 0l == — gws0lrirg

R 1 dirq Im Li
Vrq = I'rlrq + ol; dt + gE + gws0lrirg
17)
12
c=1--1 (18)

Islr
= And the active and reactive stator powers injected
to the power network:

Im
Py = —vq Equ
19
Q _ vZ Vslmi ( )
s lsos 15 rd

Rr+s. sigma Lr

g ws sigma Lr

Tem

Vrd

Fig. 5. DFIG model

2.3. Machine-Side Converter Mathematical
Model
The DFIG rotor is driven by a two-level inverter
that adjusts the bus voltage in order to provide power

to the rotor winding and efficiently control state
variables. An inverter is a static converter that converts
direct current into alternating current. This inverter
utilizes semiconductor components like MOSFETs or
IGBTs arranged with anti-parallel diodes, incorporating
six bi-directional switches (Fig. 6). These switches
operate complementarily to maintain phase currents
while preventing short-circuiting of the source. In control
mode, the inverter functions as a two-position switch,
creating two distinct output voltage levels and generating
alternating voltage by switching between rectangular
pulse outputs. Through regulating rotor speed and
reactive power support, the machine-side control
maximizes power and delivers an effective steady-state
and transient response [25] [26].

The mathematical model of the machine-side
converter is given by Eq. (20):

\A G2 -1 -1 Sq
<Vb):g<—1 -2 —1)(&) (20)
Ve -1 -1 -2/\S;

m T2 T3 L T2 T3

2 ﬁm\m \m

a
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Fig. 6. Machine-side converter

2.4. Grid-Side Converter Mathematical Model and
Control
The GSC enables bi-directional power flow from the
machine-side converter, keeping the dc-bus voltage
stability and ensuring a unity power factor. [25] [26]
[27]. It consists of load, converter, and source
components. (Fig. 7).

Is 11 T2 ™
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” R
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Fig. 7. Grid-side converter

The output voltage is defined by:

Uc = Rypadlioad
dUc _ I¢

1 21
% = o= s = ligaa) @

The GSC’s mathematical model is outlined in

Eq.(22):
Va\ ,/2-1-1\/5
Vy =f(—1 2—1) Sa (22)
V. -1-1 2/\s;
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Additionally, the rectified current is stated as
follows:

Iy
I =(5;5;S3) <12> (23)
I3
The state space formulation Eq. (24), represents
the AC source model and the rectifier model:

-R
A VA
)| o2 o ()il
3 0 0 _TR 3 3 [«

The GSC can be controlled via a sequential
management strategy that includes two internal
loops for regulating phase current and one external
loop for controlling output voltage. According to the

subsequent equations, the appropriate voltages and
powers in the reference of park transformation are

specified:
Vpdy _ (Vd —-R  Lw) (ld
(qu) - (Vq) + (—L(,l) —R) (1q) +
—L 0\d(ia
( 0 _L)ﬁ(ic) (25)
In below are the expressions for reactive and
active power:

P\ 3Va Vq\(ia
(o) =30 <)) 26)
3. WIND ENERGY SYSTEM CONCEPTION
AND DESIGN

3.1. An Overview of Controllers in WECS
Various kinds of controllers are applied in
control systems.
1- Proportional-integral controllers are broadly
utilized in regulation of industrial processes due to
their simple construction and stable performance
across various operating conditions. However, their
linear nature makes them less appropriate for mainly
nonlinear systems. Fig. 8 illustrates a conventional
PI controller, whose transfer function is given by:

u(t) = Kpe(®) +K; fooo e(1T) dt 27

Setpoint Output

—

Fig. 8. PI controller

Where u(t)), K, and K; represent the control
input, the proportional gain and the integral gain,
respectively, and e(t) designates the difference
between the set point and the output of the plant.

Two PI controllers are implemented to adjust the
power of the wind system, the first one for active
power and the second for reactive power, as shown in
Fig. 9.

vrg.ref

Vrd_ref

Pi controller

Fig. 9. PI control

2- Fuzzy controller: The fuzzy set theory emerged sixty
years ago, and it was first proposed by mathematician
Lotfi Zadeh. This theory is a set of rules addressing
ambiguous and imprecise knowledge across various
systems. Mamdani was the first to implement fuzzy logic
in control systems, leading to the widespread application
of fuzzy controllers for non-linear and uncertain systems
[28].

In the literature, research on fuzzy controllers mainly
focuses on two-input systems [29]. Ying uses the error
and the rate of error signals as input variables to the fuzzy
controller. Fuzzy control is considered as a replacement
to PID control. The main types of two-input fuzzy
controllers are PD and PI structures:

A Fuzzy-PD controller provides fast dynamic
response and good tracking performance, making it
suitable for systems requiring rapid changes, though it
may suffer from steady-state error and sensitivity to noise
due to the derivative term.

Fuzzy-PI controller improves steady-state accuracy
and offers smoother control, especially in noisy
environments, but typically responds more slowly and
may introduce overshoot because of the integral action.

The Fuzzy-PID controller combines the advantages
of both, delivering fast response with reduced steady-
state error and good robustness, but at the cost of higher
complexity in rule design and increased risk of
oscillations if not properly tuned [30].

Two fuzzy PD controllers are integrated into the
control system, as implemented in Fig. 10, to enhance the
tracking of the active and reactive power references.

Vrg.ref

Fuzzy PD
controller

vrd_ref

Fig. 10. Fuzzy PD control

3- Fuzzy PD+I controller: The issues mentioned earlier
can be resolved by using the fuzzy PD+I controller,
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which consists of a fuzzy PD and a linear I controller,
as illustrated in Fig. 11.

q@qm

>

Fig. 11. Fuzzy PD+I controller

FLC

In the fuzzy PD+I controller, the fuzzy inference
mechanism operates in parallel with the integral
action, where the control signal u(t) is obtained by
adding the integral term to the output of the fuzzy
system. When two fuzzy PD+I controllers are
integrated into the wind energy conversion system,
the tracking of active and reactive power references
is significantly improved, as illustrated in Fig.12.

Fuzzy PD+I

Vrq.ref
controller

Fuzzy PD+1
controller

Vrd_ref

Fig. 12. Fuzzy PD+I control

3.2. Fuzzy Logic Control

Fuzzy logic control relies on a rule-based
structure comprising fuzzification, inference, and
defuzzification. Membership functions map the input
and output variables to linguistic terms, defined using
system knowledge, process interpretation, and expert
understanding of the system’s dynamic behavior.
Figs. 13 and 14 illustrate the membership functions
of these variables. The error signal uses one
triangular and two trapezoidal membership functions,
while the rate of error is described by two trapezoidal
functions.

NE z Po NE PO
1 1

H
So0a
H
Bo2
0

05 1 Bl .

Degree of membership
p

Bl 05 05 1

o 5 13
ERROR CHANGE OF ERROR

Fig. 13. Membership function for input variables

The number of membership functions for the
inputs are intentionally kept minimal to achieve a
simple and effective controller, resulting in a
compact rule base of only six rules (Table 1). This
design reduces computational complexity for

potential real-time implementation while still capturing
the key nonlinear control actions required for reliable
power regulation.

e N Ns s P PB

Degree of membership

%

|
02 04 06 08 1

28 06 204 02 0
ouTPUT

Fig. 14. Membership function for output variable

A Mamdani-type “if-then” inference structure,
based on system knowledge and expert experience, is
employed. The fuzzy inference uses a simplified
product-sum—centroid (gravity) method to further
reduce computation and nonlinear effects [31]. Fig.15
illustrates the output surface of the fuzzy PD controller.

Table 1. Fuzzy control rules

de\e NE ZE PO
NE NB NM PS
PO NS PM PB

Fig. 15. Structure of FPD+I controller membership function
4. OPTIMIZATION PROCESS

4.1. GWO Concept

In 2014, Mirjalili et al. introduced a meta-heuristic
algorithm inspired by grey wolves' social and hunting
behaviors. Wolves are categorized into four groups:
omega (o), delta (3), beta (B), and alpha (o), with the
strongest (a, B, 8) guiding (@) wolves to optimal search
areas. [21].

In the social organization, the process considers the
best solution as (o), succeeded by (B) and (3); the
remaining are (o). In the encircling phase, wolves
surround prey, mathematically represented through

equations that define the distance (ﬁ and prey position

(y) based on coefficient vectors (b) and (k) as in Eqgs.
(28, 29) which are derived from random values
(r1) and (7;) respectively in the interval [0 +1],
influencing the movements of the wolves.

I=[b.ye ) - 50| (28)

¥Gi+1) = [y, — k.| (29)

Equations (30, 31) define how the vectors (—bj and
(7) are calculated:
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k=23ar —2a (30)

b=271, (31)

The coefficient (Ej decreases linearly from 2 to 0
over the course of the iterations.

The positions of the (a), (B), and (3) wolves are
updated according to Egs. (35) (36) (37), using the

random vectors (k—l), @), @) and the current
iteration.

I = b1 .5 ~ 7] (32)
lp = [b2 -5~ (33)
15 = |bs .@—j| (34)
Vi =Ya —ki.lg (35)
V2=Yp — ke lg. (36)
Y3 =Ys —ks.ls (37)
?(i + 1) — y1t+y2+ys3 (38)

3

During the divergence phase, assigning (k) a
value greater than +1 or less than —1 increase
exploration, enabling a broader global search and
preventing stagnation in local optima. In the
exploitation phase, the wolves focus on the prey by
progressively reducing (aj, which limits the possible
range of (k) to[-2a +2a]. When (k) lies within [—1
+1], the agents shift to a pursuit mode. The overall

process is outlined in the flowchart in Fig.16 [21].
; Begin \:‘\

¥

Input number of population and number of iteration

Initialize parameters: a, b, k
)
Initialize Grey Wolf population

¥

Calculate the fitness of each Grey wolf and save the best
three wolves: Alpha, Beta, Delta with the top ftness

¥
> Update the Grey wolves positions
¥

Update parameters: a, b, k

¥

Calculate the fithess of all Grey Wolves

¥

No Update the fitness and the positions of Alpha, Beta and
' Delta grey wolves

¢

Is
maximum iteration
reached?

|
Yes

+
Display the optimal results

¥

End

Fig. 16. GWO algorithm flowchart

Several metaheuristic algorithms are applied to
optimize controller gains in WECS. In this study, the

GWO is adopted due to its reported advantages in the
literature. As noted in [21], GWO often exhibits a more
efficient balance between exploration and exploitation,
achieving faster convergence and reducing the risk of
becoming trapped in local minima compared to PSO
[18] and GA [19]. This behavior is especially valuable
for the high-dimensional, nonlinear optimization
involved in tuning the Fuzzy PD+I controller, ensuring
robust gains and superior performance, as reflected in
the minimal ITAE and ITSE values obtained in our
results.

4.2. Optimal Fuzzy Control Using GWO

Notably, the GWO algorithm is executed offline
during the design and tuning stage. The purpose is to
determine a single optimal set of gains for the fuzzy
controllers. Once these gains are obtained, the real-time
control loop relies solely on the Fuzzy PD+I controller,
whose computational weight is comparable to—and
often lower than—that of advanced model-based
controllers such as backstepping. This two-stage
process (offline optimization followed by online
execution) ensures that the proposed approach is well-
suited for practical real-time implementation on
standard digital signal processors.

Control performance in the DFIG model is
determined by the quadrature and direct rotor current
components (irq and i.q4), which correspond to active
and reactive power. The GWO is employed to minimize
the fitness function, improving response time, reducing
overshoot, and lowering steady-state errors, with the
integral time absolute error (ITAE) serving as the
evaluation metric. Fig. 17 illustrates the application of
GWO in tuning the proposed fuzzy PD+I controller.

GO Agenthe
Gel Giel GulGee! %

control system

based on FPD+ -

controller

porkiv [T | —
transformatrien | T | —

‘)

Fig. 17. Fuzzy PD+I-GWO control
5. RESULTS ANALYSIS

5.1. Simulation

In the environment of MATLAB/Simulink, the
dynamic behavior of a DFIG linked to the power network
and operating at a fixed speed of 1440 revolution per
minutes is simulated over a 2-second interval with step
changes in power references (a —3000 W step for active
power and a +1000 Var step for reactive power). This
scenario is designed to thoroughly evaluate the
controllers’ dynamic response and transient stability.
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Furthermore, a second 60-second simulation,
carried out under a variable wind profile, lets us to
evaluate the performance of the regulators over a
longer operational period and representative of real
operating conditions. This analysis highlights the
ability of controllers to optimize energy capture and
maintain satisfactory power quality despite wind
fluctuations.

The improved stability and reference tracking
directly contribute to enhanced power quality by
minimizing fluctuations in active and reactive
power, which is crucial for grid stability. While a
Total Harmonic Distortion (THD) analysis of the
stator current would provide further valuable insight,
it falls outside the scope of this particular study
which focuses on power-level control. Three types of
control are assessed: PI, Fuzzy PD, and Fuzzy PD+I.
The characteristics of components of DFIG are
presented in Table 2.

Table 2. DFIG Characteristics

Designation Symbol Value Unit
rated power Pn 5.5 kw
number of pairs of poles  p 2 -
stator rated frequency f 50 Hz
stator rated voltage Vs 220/380 V
stator inductance Is 0.1554 H
rotor inductance Ir 0.1568 H
mutual inductance Im 0.1500 H
stator resistance I's 1.2 Q
rotor resistance Ir 1.8 Q

5.2. Evaluation of Power Tracking

The comparative analysis evaluates the power
tracking of the three controllers—PI, Fuzzy PD, and
Fuzzy PD-+I— using the simulation results illustrated
in Figs. 18, 21, and 24. These figures show the
reference and actual power trajectories corresponding
to each control strategy.

Fig. 18 illustrates the behavior of the PI-GWO
controller. Following the step change at t=0.5 s, the
response exhibits a noticeable overshoot and a
settling time of about 0.15 s. Although the steady
state error remains small, the transient response is
slower compared to the fuzzy-based approaches.

Fig. 24 shows the behavior of the suggested
Fuzzy PD+I-GWO controller. Unlike the responses
observed in Figs. 18 and 21, this controller achieves
a near-critically damped behavior, tracking the
reference with almost no overshoot and a settling
time below 0.05 s. This confirms its superior dynamic
performance and greater robustness for sudden
changes in energy.

5.3. Performance Index Analysis

The evaluation of the fitness function during the
offline GWO optimization for the PI, Fuzzy PD, and
Fuzzy PD+I controllers is shown in Figs. 19, 22, and
25. All simulations were performed over a 2-second
interval under the specified power conditions. Table3
provides a quantitative comparison. The results

confirm that the Fuzzy PD+I-GWO controller achieves
the lowest error metrics among all tested strategies.
Although direct comparisons with metaheuristics from
other studies are limited by differing system
configurations, the obtained ITAE value of 0.00179 for
active power regulation is highly competitive. In
particular, it represents a marked improvement over
typical PSO-tuned PI controllers reported for similar
DFIG systems [18], highlighting the suitability of GWO
for this optimization task.

Table 3. Performance index of active and reactive power

Index PI- FPD- FPD+I-
criteria GWO GWO GWO
ise 2098  0.13620 0.00674
iae 1.459  0.18300 0.00274
Active itse 0.996  0.01523 0.00654
itae 0.162  0.04281 0.00179
ise 21.52 1.17700 0.00999
iae 1.424  0.36470 0.00361
Reactive itse 0.659  0.03163 0.00102
itae 0.113  0.03910 0.00093

Power

Table 4. Optimal gains of controllers

Power Gain PI- FPD- FPD+1-
GWO GWO GWO

Gel 3.855 9.00E-05 3.83E-07
Giel 4788 - 7.26E+1

Active Geel - 4.04E-06 5.47E-08
Gul = - 29977814 1.14E+05
Ge2 3.903 1.00E-4 7.52E-07
Gie2 364.1 ---- 7.75E+01

Reactive  Gcee2 ———- 5.35E-06 5.92E-08
Gu2 -— 29933834.6 1.14E+05

5.4. Gains Optimization Results

The GWO algorithm is applied offline to optimize the
gains of each controller type individually. It is configured
with a population of 10 grey wolves and a maximum of
100 iterations; however, the gain trajectories converge
rapidly, typically in less than 100 iterations. Figs. 20, 23,
and 26 illustrate the gain evolution for the PI, fuzzy PD,
and fuzzy PD+I controllers, respectively. Table 4 reports
the resulting optimal gains, which provide improved
dynamic performance and ensure stable system
operation.
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Fig. 18. PI-GWO control of stator power at steady
wind speed
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5.5. Dynamic Control of Power at Variable

Wind Speeds

To validate the controller's performance under a
main challenge in wind energy systems—highly
variable wind speeds—a 60-second simulation was
conducted using a variable wind profile. Fig. 27
presents the expected and measured values of the
stator power. The results demonstrate that the

proposed Fuzzy PD+I-GWO controller maintains
superior tracking accuracy and stability even under these
realistic and fluctuating conditions, effectively
maximizing energy extraction in the second operational
zone (Fig. 2) and ensuring stable power delivery.
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5.6. Comparative Discussion and Broader

Applicability

The proposed Fuzzy—-GWO control strategy
offers a practical and efficient alternative to other
advanced controllers. Unlike adaptive fuzzy, neural
adaptive, or MPC-based methods [32] [33], which
require continuous online optimization and thus
incur computational cost and potential stability
concerns, our approach performs all optimization
offline. This results in a fixed-gain fuzzy controller
that is simple to deploy in real time while retaining
strong robustness to nonlinearities, parameter
variations, and variable wind conditions (Fig. 27).

Compared with techniques such as Sliding Mode
Control—known for chattering issues—or Adaptive
Backstepping and other model-dependent strategies
[10] [20], which rely on accurate system modeling
and often lead to complex laws, the Fuzzy—GWO
framework remains model-free, smooth, and easy to
implement. Its dynamic performance, including sub-
0.05 s settling time and negligible overshoot (Fig.
24), is competitive with PSO-based optimization
approaches [18] while avoiding the need for online
computation.

Beyond wind energy, the same hybrid control—
optimization concept is well suited to other nonlinear
and uncertain systems. Examples include high-
precision trajectory tracking in robotic manipulators
[34], advanced motor—compressor drives [35], and
power-quality =~ management in  microgrids,
highlighting its potential for broader technological
impact.

5.7. Discussion on Robustness and Sensitivity
The higher performance of the Fuzzy PD+I-
GWO controller, as quantified by the lowest ITAE
and ITSE values in Table 3, demonstrates not only
precision but also inherent robustness. The low
steady-state error and minimal overshoot indicate
that the GWO-optimized gains provide a stable and
resilient control law that is less sensitive to the
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system's non-linearities and the step changes in power
reference. Furthermore, the controller's ability to
maintain excellent tracking performance under variable
wind speed conditions, as shown in Fig. 27, reflects the
controller’s robustness in the presence of operational
disturbances and parameter changes, a challenge that
often affects linear PI controllers.

6. CONCLUSIONS

This study successfully developed and validated a
hybrid fuzzy PD+I controller with gains optimally tuned
using the GWO for a DFIG-based wind energy system.
The suggested strategy significantly improves power
tracking performance compared to conventional and
simpler fuzzy controllers. Its practical impact lies in the
potential to enhance energy yield and grid stability in
wind farms through more responsive and stable control.

Simulation results demonstrate the superiority of the
fuzzy PD+I-GWO controller in a high-fidelity software
environment, including robustness to reference changes
and wind speed variations.

The research leads to several key findings:

GWO is highly effective for offline tuning of fuzzy
controller gains in complex, nonlinear systems like the
DFIG.

The fuzzy PD+I controller optimized with GWO
achieves faster response (settling time < 0.05 s), lower
steady-state error, and negligible overshoot compared to
GWO-tuned PI and fuzzy PD controllers.

Quantitative improvements are evidenced by a
dramatic reduction in performance indices, with ITAE
reduced by over 98% relative to PI control.

The controller maintains superior performance and
stability under variable wind speed profiles,
demonstrating its applied feasibility and robustness.

Future work will concentrate on real-time
implementation using digital controllers, validation via
hardware-in-the-loop (HIL) test benches or physical
prototypes, and evaluation under practical challenges
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such as grid voltage sags, measurement noise, and
parameter variations (e.g., stator/rotor resistance and
inductance) to fully quantify robustness.
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