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Abstract. With the objective of improving dynamic
response and enhancing power extraction, this work
proposes a metaheuristic-based design of a Fractional-
Order Proportional-Integral (FOPI) regulator for a
Doubly-Fed Induction Generator (DFIG). A two-stage
offline tuning strategy based on four metaheuristic
algorithms, namely Grey Wolf Optimization (GWO),
Equilibrium  Optimizer (EO), Particle = Swarm
Optimization (PSO), and Harris Hawk Optimization
(HHO), was employed to optimize the FOPI parameters.
The algorithms were comparatively evaluated, and GWO
emerged as the best-performing optimization technique.
Subsequently, a comparative analysis between the
conventional PI and the optimized FOPI controllers were
conducted, focusing on dynamic response. The results
demonstrated the superior performance of the FOPI
controller across multiple performance indicators, with
improvements ranging from 2% to 40% in overshoot,
settling time, and steady-state error. These enhancements
were further supported by the Integral Absolute Error
(IAE) metric, where the FOPI controller yields lower
errors for 1, (2.9978 versus 3.0237), I, (1.5456 versus
2.6367), and ¥V, (4.0076 versus 6.7130). In addition, the
optimized FOPI controller improved the reactive power
behaviour by reducing rotor-side oscillations and
achieved a 17% reduction in stator-side reactive power.
These findings validate the effectiveness of the proposed
two-stage optimized FOPI control strategy in improving
dynamic response, reducing control errors, and
enhancing the overall stability and performance of
DFIG-based wind energy conversion systems
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1. Introduction

The global transition toward green and sustainable energy
has accelerated significantly in recent years due to
growing concerns about climate change and the increasing
demand for clean electricity. Consequently, renewable
energy systems, particularly Photovoltaic (PV) and Wind
Energy Conversion Systems (WECSs), have attracted
considerable attention from both academia and industry
[1]. Alongside this transition, there is a continuous need to
improve system efficiency while reducing operational and
implementation costs. Although substantial technological
advancements have been achieved, modern energy
systems have become increasingly complex, creating a
challenging trade-off between simplicity and performance.

The core complexity of these systems is the control
strategy adopted. Among the available control strategies,
the Fractional-Order Proportional-Integral-Derivative
(FOPID) controller has emerged as an attractive solution
owing to its simple structure and enhanced flexibility
compared with PID controller. However, determining the
optimal FOPID parameters remains a challenging task
because of the additional fractional orders and the
nonlinear characteristics of many practical systems [2]. To
address this issue, numerous metaheuristic optimization
algorithms have been proposed and successfully applied to
controller tuning problems across various engineering
domains. These optimization-based tuning approaches
have gained particular importance in WECS applications
in recent years [3].

Since modern wind power systems commonly employ
induction machines, the Doubly Fed Induction Generator
(DFIG) has become one of the most widely investigated



technologies in wind energy conversion systems. Unlike
fixed-speed induction generators, such as the Squirrel
Cage Induction Generator (SCIG), the DFIG offers
variable-speed operation, enabling more efficient wind
energy extraction and improved system performance [4,5].

The DFIG architecture employs a pair of converters, the
Grid-Side Converter (GSC) and the Rotor-Side Converter
(RSC), which work in tandem to generate electricity
efficiently. The GSC ensures a consistent DC-link voltage
that serves as the RSC’s voltage source, and the RSC
controls the active and reactive power output by
modulating the magnetization currents in the rotor
windings, enabling precise regulation of the stator’s power
delivery [5,6]. Furthermore, the GSC is versatile in that it
can compensate for reactive power and manage unstable
conditions, such as the removal of reactive power pulses.
The complex cooperation of these converters, each with
unique features, underscores the importance of carefully
selecting control parameters for optimizing the
performance [5].

In the last few decades, a variety of control techniques,
including both conventional and stochastic models, have
made significant advancements in contemporary industry.
The most popular of these is the Proportional Integral-
Derivative (PID) regulator, which is recognised as a
reliable, simple-structured controller capable of adapting
to various operating circumstances [7]. Because PID
controllers are easy to install, they are widely used;
however, their limitations sometimes pose difficulties
when dealing with complex dynamics in industry [8].
Thus, researchers have been developing alternatives to
address these limitations.

In consideration of WECS, [9] tackled the issue of Sub-
Synchronous Interactions (SSI) in grid-connected DFIG
wind turbines. Leveraging an optimization model driven
by non-dominated sorting genetic algorithms and t-
distributed stochastic neighbour embedding, this study
explored optimal PI parameter ranges for oscillation
restraint and damping augmentation. Simulation and
practical experimentation underscored the efficacy of this
approach in quelling SSI, offering promise for power
system stability while integrating wind power. Expanding
on these advancements, [10] Prakash et al. employed
Bacterial Foraging Optimization (BFO) and Particle
Swarm Optimization (PSO) algorithms to optimize the
DFIG control system, furnishing invaluable insights and a
simulation-based performance analysis as a basis for
future advancements. With the same algorithms used in
the previous work, Bakir et al. [5] provided simulation
results and validated them with experiments. Similarly, a
metaheuristics-based design leveraging the Thermal
Exchange Optimization (TEO) algorithm for tuning PI
controllers in direct power control schemes, backed by
statistical ~ analyses  showcasing its  competitive
performance in tackling global optimization problems,
was presented in [6].

In parallel with optimization-based tuning techniques,
intelligent control strategies have attracted considerable
attention for improving the performance of systems under

varying operating conditions. In this context, fuzzy logic
has been widely integrated with conventional controllers
to enhance adaptability and robustness. A fuzzy logic self-
adaptive PI controller was proposed in [11], where
comparative analyses with conventional PI and fuzzy logic
controllers demonstrated improved reduction of steady-
state errors, current fluctuations, and total harmonic
distortion, while maintaining satisfactory dynamic
performance under parameter uncertainties and random
wind variations. Similarly, a hybrid PID-Fuzzy Logic
controller was investigated for grid-connected DFIG
systems in [12], exhibiting superior tracking accuracy,
stability, and robustness compared with conventional PI-
based control structures. Moreover, advanced control
techniques such as Finite-Control-Set Model Predictive
Control (FCS-MPC) were explored. In [13], a comparative
study between FCS-MPC and a fuzzy self-adaptive PI
controller revealed that predictive control provided
enhanced accuracy, robustness, and reduced power
fluctuations over a wide range of operating conditions.
These developments highlight the ongoing efforts to
improve the dynamic performance and robustness of
DFIG control systems through the integration of
intelligent and advanced control methodologies.

Despite the widespread use and reliability of PID
controllers, their effectiveness can be limited when dealing
with complex dynamics [8]. In such scenarios, researchers
have sought to augment control methodologies to
overcome these limitations and achieve superior
performance. One notable advancement in this regard,
presented by Podlubny, is the FOPID controller [14]. By
integrating principles of fractional calculus into the
traditional PID framework, FOPID controllers offer
enhanced adaptability and precision, making them a well
suited alternative for modern industrial processes. This
innovation led to active exploration of FOPID control
strategies across various systems.

Within this framework, Asgharnia et al. [15] introduced
optimal fuzzy PID and fractional-order fuzzy PID
controllers for controlling wind turbine pitch angles above
rated wind speed, employing PSO and Differential
Evolution (DE) to achieve optimal parameterization. The
fractional-order fuzzy PID controller particularly showed
strong performance in minimizing error and control effort
while addressing inherent uncertainties in wind turbine
dynamics. Additionally, Li et al. [16] proposed a
fractional-order sliding mode control strategy to mitigate
sub-synchronous control interaction in wind farms, using
feedback linearization and genetic algorithm-based
parameter tuning to ensure robust stabilization under
disturbances and parameter variations. Furthermore, Yang
et al. [17] developed an adaptive FOPID control scheme
based on linear observers for perturbation estimation,
combined with adaptive mechanisms to enhance
robustness and power extraction efficiency in wind
turbines. In [18], an FOPI controller integrated with a
neuro-fuzzy PWM technique was applied to multi-rotor
wind turbine systems. Other studies reported theoretical
work and improved system performance in various
applications  [19-22], including different WECS
configurations [23-25].



Other work has further investigated metaheuristic and
intelligent optimization techniques for fractional-order
controller design. In particular, optimization-based
methods such as Ebola optimization search combined with
spiking neural networks (EOSA-SNN) [26], Grey Wolf
Optimization (GWO) [27], and Remora Optimization
Algorithm (ROA) [28] were applied to FOPID/FOPI
structures, demonstrating improved active and reactive
power regulation, reduced total harmonic distortion, and
enhanced dynamic response under variable wind
conditions. In addition, Particle Swarm Optimization
(PSO)-based fractional-order PI/FOPI controllers were
successfully implemented in grid-connected renewable
energy systems, achieving improved robustness, stability,
and power quality compared to conventional PI controllers
[29]. Moreover, modified control strategies such as
fractional-order-based direct power control applied to
multi-rotor wind turbine systems [30] have reported
significant reductions in power ripple, steady-state error,
and current harmonics. Finally, the comparative study by
Bingul and Karahan [31] evaluated PID and FOPID
controllers optimized using PSO and Artificial Bee
Colony (ABC) algorithms, providing useful insights into
dynamic response and robustness under disturbances in
wind turbine control systems.

Despite the progress made in the development of control
techniques for WECS, further research is essential to
establish a simple yet performant controller. The FOPI
controller introduces additional degrees of freedom,
offering improved flexibility and the potential to optimize
system dynamics. However, tuning such controllers is
challenging due to the high-dimensional and complex
nature of the system, where achieving stability,
maximizing power extraction, and maintaining simplicity
and efficiency are the objectives.

Motivated by these considerations, the main objective of
this work is to design and optimize a FOPI controller for a
DFIG-based wind energy conversion system and to
evaluate its performance. The principal contributions of
this study are summarized as follows:

e  Development of a two-stage optimization strategy for
tuning both the proportional-integral gains and the
fractional-order parameters of the FOPI controller.

e  Comparative evaluation of four metaheuristic
optimization algorithms: Grey Wolf Optimization (GWO),
Particle Swarm Optimization (PSO), Equilibrium
Optimizer (EO), and Harris Hawk Optimization (HHO),
for controller parameter tuning.

e  Comprehensive  performance  assessment  of
optimized PI and FOPI controllers based on dynamic
response.

e  Demonstration that the optimized FOPI controller
improves reactive power regulation by reducing
oscillations and enhancing stabilization in both the stator
and rotor sides, thereby contributing to improved overall
system stability.

In this work, a modeling of the DFIG system adopting the
Direct-Quadrature (d-q) rotating reference frame is first

presented, providing a foundational understanding of the
system’s dynamic behaviour. Following this, the theory of
FOPID controllers is explored, and the relevant literature
is reviewed. Building upon that foundation, a feedback
control system for the DFIG is designed, and the
minimization problem is formulated to be addressed using
advanced metaheuristic algorithms. Finally, the results are
analysed and discussed, with an evaluation of the
performance improvements offered by the proposed
control strategy.

2. DFIG Modelling

The DFIG is appropriate for a wide range of applications
because of its exceptional dependability and endurance.
However, its complex equation system for analysis and
control is challenging. We address this complexity by
using the Park transformation and simplifying
assumptions to derive a more straightforward model. The
generator voltage equations, assuming that the d-q-axis
spins at the synchronous speed [32,33]:
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The stator and rotor magnetic flux equations are given by:
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Where the stator and rotor voltages and currents (in dq-
axis) are represented by

Vgs> Vds» iqss ids’ Var> Vdr» iqra and idr .

o, is the synchronous reference frame's rotational speed;
s is the slip; sw,=(w,~®,) is the slip frequency, and w, is
the generator electrical speed. L,, is the mutual

inductance, R, R, and L, L, are the stator and rotor
resistances and inductances.

The active and reactive stator and rotor powers are given
by:
3.0, .
Pszz (Vqslqs+vdslds)
3
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Where the power losses due to the rotor and stator
resistances are disregarded.



3. Fractional Order Calculus & FOPID

In mathematics, Fractional Order Calculus (FOC) is an
area that deals with differentiation and integration with a
real integer. The differintegral operator, abbreviated
. D! is a fractional calculus operator is defined as
follows:

& .
w if y>0

D=1 ify=0 @)
(d?  ify<0

a

Where y is a real number representing the fractional
order, and a and ¢ are the limits.

One widely recognized form is the Riemann-Liouville
model:

afy 1 & S
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where 7 is the lowest integer greater than or equal to y
with I'() is the gamma function and n >y>n —1 .

Using these principles, these mathematical tools have
been effectively applied in control theory, most notably
in the development of the FOPID controller.

The FOPID is a versatile controller used for control
purposes [14]. It is characterized by five parameters: the
proportional gain (K,), the integrating gain (X)), the
derivative gain (K;), the integrating order (1) and the
derivative order (u). The block diagram for a PI'D*
controller is shown in Figure 1 its transfer function is
presented as:

K.
H(s)=K,+— +K 5" (6)
7

Approximation and numerical methods have been
extensively used because most fractional-order
differential equations do not have exact analytic
solutions. Therefore, numerical approaches have been
developed to solve them.

The approximation for 0 <y <1, where y represents the
fractional order parameter, is given as:

YK s+h, .
- @
=N
where:
FN(1)
h —f( h) 2N+1 (7 1)
'zl f] .
1+N‘*—;(]+y)
i\ 2N
() 2
L, v (7.2)
K=f, (7.3)

The approximation is applicable within the specified
frequency range f=[f,.fn], where £, is the specified high-
frequency limit, f; is the low-frequency limit and N is the
number of poles and zeros. The constant K denotes the
gain, and / is an index variable. For fractional order
where o1 , we have:

s*=s"s" (7.4)
where n=a —7y denotes the integer part of a and s’ is
obtained by equation 7.

The number of poles and zeros is predetermined; lower
values of N yield simpler approximations, however, this
comes at the cost of introducing ripples in both the gain
and phase responses.

To employ the fractional-order controller, the MATLAB-
based FOMCON (Fractional-Order Modelling and
Control) v1.50.4 toolbox is used. FOMCON is a
comprehensive software package designed for the
modelling, analysis, identification, and control of
fractional-order dynamical systems. The toolbox
provides dedicated modules for fractional-order system
analysis, controller design, and system identification
thereby facilitating the development and evaluation of
fractional-order control strategies [34,35]. In this work,
we used “Fractional PID Controller” Simulink block
only.

‘;?—) i
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FOPID Controller

Figure 1. FOPID controller block diagram.



4. Feedback Control System

The DFIG wind energy system integrates various
components, prominently featuring the RSC and GSC
controllers. The RSC efficiently controls both active and
reactive power, while the GSC monitors and maintains
the DC-link voltage and produces independent reactive
power that is fed into the grid. Assuming the electrical
network is stable, the stator flux remains unchanged. In
medium to high-power DFIGs, the stator resistance is so
small that it can be neglected, simplifying the equations
that regulate stator voltages and fluxes as:

Vds=0 8
{VqS:Vs:wslPds ( )
{ Tdsszidr+Lsids 9
Wy =Ligr Ly =0 ©)

The active and reactive stator powers and rotor voltages
are provided, respectively, as:

3L, .
S:_EL_S Vsqu
Qsz_ —- mVslrd
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where 6=L,~L, /L, and o ,=o,~0, such that o, is the
angular rotor speed.

As observed from Equation 11, the control at the RSC
involves adjusting the rotor currents, which allows for
the regulation of the active and reactive power of the
DFIG stator.

The compensation term and the PI controller are
integrated into the control law as follows:

v:r: pled+Ki1J‘eddf_(o_a)sh’pl‘riqr)
. oL, (12)
Var :KpZ eq+K[2J-eda+ (o_wslierler'_ L_ wsll’p\ljds)
s

where e, =iy, = gy
the d—q rotor currents, K, and K; are the proportional and

integral gains.

and e;=iy..r— iq, are the errors for

The dc-link, between the two converters, is regulated by
the dynamics represented by [36]:

—=airgh (13)

where V. is the dc-link voltage, v, is the d-component of
the grid converter voltage, /. is the current from RSC and
C is the capacitance of the dc-link capacitor. Thus, the
control law is:

igre=K 30, Kisle,dr (14)
where e, = Vyeor — Vg is the voltage tracking error.

Figure 2 displays the block diagram of the offline
optimization and control strategy.

For simplicity, the formulation given in equation 4 is
adopted. Accordingly, equations 12 and 14 can be
expressed in a generalized form representing the FOPI
controller as follows:

* A .
Var =Kp1 ed+Ki1Dt ! (ed)_(o-wslipl’rlqr)

L (15)
* v .
vqr :KpZeq+Ki2Dt2 (eq)+ (O-wslt'erldr+ L_m wsltpTds)
s
idre_fzKpfa €V+K,-3D?3 (ev) (1 6)

Where A; presents the fractional order.
5. Statement of the Minimization Problem

The purpose of the optimization is to decrease the error
of the dc-link voltage V., the rotor current on the d-axis
irq, and the rotor current on the g-axis i,,, by optimizing
the PI control parameters K1, K;1, K2, Kip, K3, Ki3 and
secondly, optimizing the fractional coefficient A, A,, A3

with four different algorithms:

Particle Swarm Optimization (PSO), Grey Wolf
Optimization (GWO), Equilibrium Optimizer (EO), and
Harris Hawk Optimization (HHO).

5.1 Particle Swarm Optimization

PSO is a stochastic optimization technique developed by
Dr. Eberhart and Dr. Kennedy [37], and it is one the
most widely used algorithms in many optimization
engineering problems. It is inspired by the social
behaviour and swarm intelligence of animals in nature,
namely bird flocking and fish schooling. The algorithm
is based on the natural process of group communication
to share individual knowledge when a group of birds or
insects search food or migrate and so forth in a searching
space, although all birds or insects do not know where
the best position is. But from the nature of social
behaviour, if any member can find a desirable path to go,
the rest of the members will follow quickly
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Figure 2. RSC and GSC control systems for the DFIG system.
5.2 Harris Hawks Optimization

HHO is a well-known swarm-based optimization
algorithm that has numerous active and time-varying
exploration and exploitation phases. This method was
first published in 2019 [38], and it has attracted
increasing attention among researchers since then due to
its flexible structure, excellent performance, and high-
quality outcomes. The HHO method’s basic reasoning is
based on the natural cooperative behaviour and chasing
tactics of Harris’ hawks known as “surprise pounce”.

5.3 Equilibrium Optimizer

The EO is a recent population-based metaheuristic
optimization algorithm proposed by Faramarzi et al. [39],
inspired by the dynamic mass balance equation used to
describe concentration changes in control volume
systems. EO models the optimization process based on
the concept of achieving an equilibrium state, where
particles gradually move toward optimal solutions while
maintaining a balance between exploration and
exploitation capabilities.

5.4 Proposed Algorithm: Grey Wolf Optimization

This algorithm is inspired by the social dynamics
exhibited by the grey wolf, which engages in the pursuit
of significant prey collectively and depends on the
collaborative efforts of its pack members [40]. There are
two interesting features to this behaviour: hunting
strategy and social structure. With a complex social
structure, the grey wolf is a significantly sociable species.
“Dominance hierarchies” denotes a structured ranking
system in which wolves are ordered as alphas, betas,
deltas, and omegas according to their strength and
authority. In addition to their social hierarchy, grey

wolves exercise a distinct and strategic hunting approach
in the following order:

1. Chasing the prey.
2. Following the prey until it halts its movement.
3. Attack the prey when it is exhausted.

Applying the previously described strategies, each
hunting step will be modelled with a mathematical
equation.

5.4.1 Exploration And Exploitation

The two main parameters that control the ratio between
exploration and exploitation phases are the parameters R
and o . With a Dbeing decreased throughout the
optimization process (since [ is linearly reduced over
[0,2]), fifty percent of the iterations are for exploration
while the remaining for exploitation (Ja|<1).

5.4.2 Encircling the Prey

The encircling strategy is expressed with following
equations:

5=||R" Ppey )-PO|| (17)
P(t+1)=Pprey (D—a- 0 (18)

Where: P,

individual position vector, o and R are coefficient vectors,

is the vector's position of the prey, P is the

and ¢ indicates the current iteration. The vectors o and R
are calculated as follows:

a2 x—f (19)



R=2- x, (20)

Where x; and x, are random vectors in the interval [0,1].
Whereas £ is a linearly decreased parameter from 2 to 0.

5.4.3 Hunting
During the hunting phase, the GWO assumes alpha and
beta agents have stronger insight regarding probable prey

locations. These agents then use the following equations
to govern the search process:

5alpha=”Rl ' Palpha _P” 2D
Sbeta =||R2" Poew—P||  (22)
5delta = ||R3 ' Pdelta _P” (23)

Where R;, R,, R; are randomly generated vectors, and P
represents the position vector. Pyjpha > Ppeta and Py are
the position vector of alpha, beta, and delta respectively.

Equations 21, 22, and 23 determine the length of actual
individual and the individual alpha, beta, and delta.

Therefore, the final location of the present person is
determined by:

P1=Pyipna —01 - (5alpha ) (29

Py=Pye, —0n (5beta ) (25)

Py=Pyeia =05 (gara ) (26)

P+P,+P
P(t+1)=%

27
Where a;, 0,, and 05 are randomly generated vectors.
5.5 Mathematical Formulation of the Optimization
The variables which were altered repeatedly throughout
the optimization process to generate optimal responses
for the active/reactive power and DC-link loops are
specified as the proportional, integral, and lambda gains:

Y= [Kpl 9Ki1 3/11 9Kp2 9Ki2 9/12 3Kp3 3Ki3 9/13]

These gains are restricted in a specific bounded space
such as:

Y<Y<Yi€(1,2,3)

where Y, Y
respectively.

are the lower and the upper bound,

In this work, an Integral Absolute Error (IAE) was used
as a performance index for the objective function, the
cost function was expressed as:

T

T T
Jur(M=cq  lea(YD)ldtrey  |eg(YDldrre, e, (YDldr (28)
0 0 0

Where ¢, ¢, and c, are the weighting factors.



The tuning procedure of the FOPI controller is summarized in Algorithm 1.

Algorithm 1: Two-Stage Metaheuristic Tuning of the FOPI Controller

- Initialize model and set parameters: DFIG parameters (Table 4), fl =
[Kp1, Kits A1, Koy Kiz, A2, K3, Ki, 23]
K,, K; and [0.5,1.5] for 4 ;
for (each algorithm: GWO, PSO, EO, HHO) do

- Define the parameter vector Y =
- Set boundaries [0,20] for

Stage 1: Optimize PI

Initialize population: { Z(l)} (1)

t<0
while (t < N; ) do
for k = 1to N, do

Launch sim()
Evaluate ;45 (Z (1))

Update Z, SR A

| Incrementt :t <t + 1

Return the best PI gains
Stage 2: Optimize the fractional order

Initialize population {Z (2 )}
k=

t<0
while (t < N; ) do
for k = 1to N, do
Update agent Z ,EZ)
Launch sim()
Evaluate J;45(Z ,EZ))

Update Z, (2)

_Increment t:t—t+1

Return the best fractional order values 17, 15

*
Save best agent YAlgorithm

* * * 1
pllKll'KPZ'KLZ'Kp3' Ki3 < Z( )

* A* Z(Z)
[ pl Kl*l' /1; p2' KL*Z’ /1;'

107%, fh = 104, N = 4

Set N, = 20, N; = 50

( pHKn: pZJKiZJ p3’ )

Launch sim() and evaluate [, 45 (Z % ) for each agent (Eq(28))

Update agent Z, 1 according to the algorithm's equations

best best (t + 1) = arg min{]IAE (Zlgss)t (t))']IAE (Z](cl) (t + 1))Vk}

best

Fix Kp123 = Kp1 23 and Kjy 5 3 = Kj7 5 3 from Stage 1
Z(Z) - (All AZJ /‘13)1(
Launch sim() and evaluate ] 14E (Z N ) for each agent (Eq(28))

according to the algorithm's equations

2 28 e+ 1) = argmin{1a (22 (), J1as (257 (¢ + 1) vk}

best

* *
p3' KL3’ /13]

- Evaluate and save the dynamic response of the best FOPI controller found by each algorithm.

6. Results and Simulation

The primary objective of this study is to tune high-
performance PI and FOPI controllers for a DFIG wind
turbine system. The design problem is framed as a

control optimization challenge. In the proposed approach,

optimization algorithms were employed to determine the
optimal controller parameters. All optimization processes
were executed offline in the MATLAB/Simulink R2024a

environment on a computer equipped with an Intel i7-
1165G7 processor (2.80 GHz) and 16 GB of RAM.

The integral of the designed FOPI controller was
approximated using a fourth-order transfer function (N =
4), and the frequency limits were set at ;=10"* and
/i, = 10%, where y is equivalent to A.



The optimization process used 20 agents (NV,=20) and 50
iterations (V;=50). The gains of the PI controller varied
within the range of 0 to 20, while for the FOPI controller,
the gains ranged from 0.5 to 1.5. The number of agents
and the upper and lower bounds remained consistent
across all optimization algorithms. The weighting factors
in equation (28) are all set to one

cs=c~c,~1.

The parameters of each algorithm are detailed in Table 1,

while the design specifications are summarized in Table
2:

Table 1. Algorithms parameters.

Table 2. Design specifications.

K, K, P
N, 50 50 50
N, 20 20 20

Range [0, 20] [0, 20] [0.5, 1.5]

The corresponding DIFG specifications are provided in
Table 4.

6.1 Algorithms Comparison

In this part, the performance of the metaheuristic
algorithms is analysed and compared to determine the
most effective optimization method. The algorithm
achieving the best results is subsequently candidate to

Algorithms Parameters carry out a comparative assessment between the
GWO [40] b E[2,0] conventional PI controller and the optimized FOPI
PSO[37] |wE[2,0] cl=2 c2=1.5 controller. The following graphs represent the step
HHO [38] None response of the DC-link voltage and the d-q rotor current
EO[39] |al=2 a2=1 V=1 GP=0.5 controllers with different algorithms.
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Figure 3. Rotor  step response with different algorithms.
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Figure 5. DC-Link step response with different algorithms.

Based on the comparative performance analysis and
performance of various algorithms, the results for the
terminal closed loop step response in Figure 3, Figure 4,
Figure 5 were almost nearly comparable. However, the
conventional PI response differs from the others. Table 3
represents the gain values and fitness function for each
algorithm for both PI and FOPI. Clearly, for the rotor d-
component, the PSO emerged as the top-performing
algorithm, while the rotor g-component and DC link
voltage, the GWO emerged as the most successful

Table 3. Optimization results.

algorithm. These findings provide a concise overview of
the comparative performance.

6.2 Controllers Comparison

The data presented in Table 3 indicates that the GWO
consistently and effectively performs well. Based on
these results, the GWO was selected for conducting the
comparative analysis between the conventional PI and
FOPI.

EO HHO GWO PSO Conventional [32]

K, 16.3879 11.1343 18.9924 17.7945 4.5000

K; 7.7681 4.2093 18.1964 7.5230 7.5000

Iep JuE 2.9971 3.0170 3.0062 2.9962 3.0237
A 1.4840 0.7623 1.5000 1.2917
JuE 2.9894 2.9932 2.9978 2.9836

K, 6.0133 3.7061 7.2918 6.9800 4.5000

K; 19.9620 20.0000 20.0000 18.1736 7.5000

Iro JuE 1.6391 1.6876 1.6177 1.6381 2.6367
A 0.5000 0.5000 0.5000 0.5000
JuE 1.5512 1.6104 1.5456 1.5519

K, 19.9506 19.2944 20.0000 17.4070 0.5000

K; 0.5000 0.5000 0.5000 0.5000 7.0000

Vpe JuE 4.1030 4.0971 4.0930 4.1288 6.7130
A 0.5010 0.5000 0.5000 0.5164
JuE 4.0090 4.0231 4.0076 4.0358
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Table 4. DFIG parameters.

Figure 6, Figure 7, Figure 8 represent the step response
of the d-q rotor current and the DC link voltage

DFIG Parameters Value controllers for the conventional PI and FOPI:
Power ZKW As demonstrated in Figure 7, the Ir-d performance of the
Rated Frequency 60Hz FOPI is highligl.lted,.revealing its superior performance
in terms of settling time and overshoot compared to the
Pole pairs 2 PI controllers. The FOPI controller demonstrated a faster
Mutual i 45E-02 H convergence to the reference’vglue, as presented in Table
utual inductance 945E-0 5. The FOPI controller exhibited a lower overshoot of
Rotor Resistance 0.68 Q (0.93 %), outperforming both the GWO PI (2.57 %) and
. the conventional PI (4.43 %). In addition, the settling
Rotor inductance 6.62E-02 H time for FOPI was notably shorter at (0.33 s), compared
Stator resistance 0.68 Q to GWO PI (0.37 s) and conventional PI (1.2 s). The
peak values further underscored the efficacy of the FOPI
Stator Inductance 6.62E-02 H controller, with values of (1.11), as opposed to (1.17) for
GWO PI and (1.25) for conventional PI.
380 - ' ' ' ——— GWO P
Reference
360 - = GWO FOPI
= Conventional Pl
© 340
L —
5320+ —
3 335
0 300 - 330 |
l 325
0!
A0} 0.02 0.04 0.06
0 0.2 0.4 0.6 1 3
Time(s)

> | s GWO P
= Reference
= = GWO FOPI
".g Of Conventional PI
2
5 -1 1
(&)
S -2 1
o
o
o -3 8
0.2 0.4 0.6 0.8
-4 1 1 1 1 i
0 0.5 1 1.5 2 2.5 3
Time(s)

Figure 7. Rotor  PI and FOPI step response.

In Figure 8, a distinct contrast is evident between the
responses of the controllers, particularly highlighting the
superior performance of the FOPI controller compared to
the ordinary PI controllers. In particular, the FOPI
controller exhibited a considerably lower peak value,
settling time, and overshoot. Specifically, the overshoot
for FOPI was measured at (21.34 %), significantly
outperforming GWO PI (37.88 %) and conventional PI
(59.87 %). In addition, the settling time for FOPI was

11

significantly shorter at (0.57 s), in contrast to (1.02 s) and
(1.9 s). The peak values further underscored the efficacy
of the FOPI controller, with values of (1.48), compared
to (1.86) for the GWO PI and (2.44) for the conventional
PI.

The response of the DC-Link control, as depicted in
Figure 6, highlights the distinct characteristics of the



FOPID controller. Notably, the FOPID controller
exhibited a higher overshoot compared to the integer-
order controller, indicating a more pronounced deviation
from the desired setpoint. However, it should be noted
that the FOPID controller demonstrated a shorter settling
time (table 5) and lower steady-state error as estimated
by the fitness function values in Table 3.

From the Figure 9, Figure 10, Figure 11 the FOPI
controller consistently outperformed the conventional PI

controller in both transient and steady-state responses for
variable step input. The former controller demonstrated
faster response times, reduced overshoot, and minimal
oscillations, ensuring more accurate and stable tracking
of the reference signal. The improved performance was
particularly evident in its ability to swiftly and smoothly
respond to variable step inputs. This superior handling of
dynamic changes indicates that the FOPI controller is
more effective.

q- Rotor Current (A)

= GWO PI

— Reference
m— GWO FOPI
= Conventional PI

Figure 8. Rotor  PI and FOPI step response.
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Figure 9. Rotor  current response with variable step input.
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Figure 10. Rotor current response with variable step input.
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Figure 11. DC-Link response with variable step input.

Although certain controllers showed better dynamic
performance (Table 3), this does not always result in a
lower cost function due to steady-state error
accumulation (Table 5). Therefore, the controller
selection should balance transient response and long-
term performance.

The two Figure 12 and Figure 13 indicate that the active
power response remains nearly identical for both the
FOPI and PI controllers. This behaviour is expected,
given that Id current in figure 7 shows minimal
difference between the two control strategies. The
similarity in active power regulation was observed in

Table 5. Controllers dynamic response.

— Conventional PI
== Reference
= GWO FOPI

T T

15 20 25 30

Time (s)

both the stator and rotor power graphs. However, a
significant difference was noted in the reactive power
response. The FOPI controller consistently outperformed
the conventional PI controller by maintaining a more
stable reactive power with lower oscillations and reduced
values. In figure 12b, a difference of approximately
20VAR was observed, which was attributed to the
distinct behaviour of the Iq current (figure 8) and the
instability of rotor reactive power in figure 13b. The
advantage of FOPI was even more obvious in the rotor
power response, where the PI controller showed
excessive oscillations and high variations, while FOPI
ensured smoother and more stable reactive power control.

EO HHO GWO PSO Conventional
PI FOPI PI FOPI PI FOPI PI FOPI PI

Overshoot (%) 1.31 0.36 1.34 0.40 2.57 0.93 1.05 0.98 4.43

Izp | Settling Time (s) [ 1.07 0.47 0.53 0.47 0.37 0.33 0.4 0.364 1.2

Peak values 1.11 1.04 1.18 1.11 1.17 1.11 1.21 1.06 1.25
Overshoot (%) | 40.08 2437 5234  27.06 37.88 21.34 | 38.19 2437 59.87

Iro | Settling Time (s)| 0.67 0.72 1.04 0.97 1.02 0.57 .13 0.772 1.9

Peak values 1.93 1.54 1.86 1.48 1.86 1.48 1.87 1.54 2.44
Overshoot (%) 1.73 1.46 1.66 2.03 1.68 2.03 1.08 1.53 11.79

Vpc | Settling Time (s) | 0.0415 0.0389 | 0.0412  0.0405 | 0.0422  0.0404 | 0.0406 0.0379 0.31
Peak values 335.74 334.84 | 33549 336.71 | 335.57 336.74 | 335.42 333.59 369.48
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Figure 13. Active and reactive power of the rotor: (a) active power; (b) reactive power.

In summary, across various dynamic responses, the FOPI contributing to smoother system operation and enhanced

consistently outperformed PI controllers by achieving stability.

lower overshoot, faster settling times, reduced steady-

state errors, and enhanced reactive power. These The obtained results demonstrate the potential of

improvements enhanced overall system stability and fractional-order control as a viable alternative to

enable more efficient power extraction. conventional control strategies for DFIG-based wind
turbines. More broadly, they highlight the relevance of

7. Conclusion metaheuristic optimization methods in addressing
complex controller tuning problems, where achieving an

This work explored the use of metaheuristic optimization appropriate  balance  between performance and

techniques for the design of a FOPI controller applied to implementation simplicity remains a key challenge.

a DFIG-based wind energy conversion system. By

combining a two-stage tuning procedure with advanced Future work will focus on extending the proposed

optimization algorithms, an effective controller approach toward fault-tolerant control schemes and

configuration was obtained, capable of enhancing the investigating its effectiveness under fault conditions and

dynamic performance of the system while preserving a parameter uncertainties

relatively simple control structure.
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