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https://doi.org/10.18280/jesa.570121 ABSTRACT

This paper introduces an innovative control strategy for wind turbine systems (WTS) based
on doubly fed induction generators (DFIGs). The strategy employs a fractional-order fuzzy
PD+1 (FO Fuzzy PD+I) regulator, which is optimized using the social spider optimizer
(SSO) algorithm. This approach marks a significant advancement in DFIG control
compared to existing methods that rely on traditional PI regulators. The proposed FO
Fuzzy PD+I regulator leverages the combined strengths of fuzzy logic and fractional-order
control, resulting in superior performance and robustness in DFIG current control. It
effectively addresses uncertainties in DFIG parameters and wind speed variations, while
enabling independent active and reactive power regulation for enhanced grid integration
and power quality management. The efficacy of the proposed approach is validated
through simulations across diverse operational scenarios, encompassing step changes in
active power reference and rapid fluctuations in wind speed. The optimized FO Fuzzy
PD+I regulator consistently outperforms the traditional PI regulator in terms of integral
time absolute error (ITAE), peak overshoot, maximum undershoot, settling time, and total
harmonic distortion (THD) of DFIG current. This research represents a significant
contribution to the field of DFIG control, offering a more effective and robust solution for
wind turbine operation, ultimately leading to improved power quality and grid integration
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capabilities.

1. INTRODUCTION

Growing concerns about climate change have fueled the rise
of renewable energy, with wind power emerging as a key
player. Due to its effectiveness in battling global warming,
wind energy is becoming a critical alternative to fossil fuels
[1]. The DFIG is a widely used electrical machine in wind
WTS due to its versatility in regulating both active and
reactive power. It comprises a stator and a rotor, with the stator
directly connected to the grid and the rotor connected via
converters known as the rotor side converter (RSC) and the
grid side converter (GSC) [2, 3]. The RSC controls active and
reactive power injected into the grid, while the GSC regulates
the DC link voltage and ensures unity power factor operation
[4]. By utilizing optimal tip speed ratio (OPTSR) to design the
maximum power point tracking (MPPT) controller, maximum
power extraction from wind energy is achieved [5-7]. Various
control strategies, including direct vector control (DVC), are
employed to enhance energy quality and minimize current and
power ripples. However, the implementation of DVC using
proportional-integral (PI) regulators faces challenges such as
active power ripples and slow dynamic response [8]. Adjusting
PI regulator parameters becomes crucial for different
operating points and wind speeds, as fixed parameters may
affect efficiency and power decoupling [9]. Alternative
regulators like hysteresis, sliding mode, predictive, and
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synergetic regulators have been proposed to overcome these
challenges, albeit requiring skilled parameter tuning and time
for adjustment [10-13]. Notably, previous research
predominantly focuses on DFIG systems with low power
outputs, ranging from 1 KW to 50 KW.

Fractional-order (FO) calculus uses real number order of
derivation and integration instead of the integer number, which
enables it to accurately define the system's dynamics [14-16].
Over the last 10 years, the fractional-order PID (FO-PID)
regulator has become increasingly popular for a wide range of
industrial control problems due to its simplicity and increased
level of freedom. The FO-PID regulator provides better
closed-loop performance and greater robustness than the PID
regulator. Although, FO-PID regulators extend the capabilities
of traditional PID controllers, they are predominantly
employed in the form of PFD¥ wherein A signifies the
fractional order of the integral component and p denotes the
fractional order of the derivative component. This
configuration offers additional degrees of freedom, thereby
enhancing the flexibility to fine-tune the dynamic
characteristics of a system [17-19].

The application of FO-PID regulator within different RESs
is presented in [20-23]. Nevertheless, notwithstanding the
promising outcomes achieved by FO-PID regulators in the
studies mentioned earlier, the implementation of the FO-PID
regulator on DFIG is not effective enough due to its complex
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nonlinear structures and fine-tuning of the FO-PID gains [24].
Recent studies have shown that combining a Fuzzy logic
regulator with a FO-PID regulator can lead to a more flexible
control architecture [25-27]. Therefore, combining Fuzzy and
FO-PID regulators is recommended to boost the efficiency of
DFIG. The combination of these two regulators is known as
the Fractional-order Fuzzy PID (FO Fuzzy PID) regulator. The
FO Fuzzy PID regulator stands out as a compelling technique
recommended for addressing the complexities of delayed
nonlinear processes and open-loop unstable processes with
time delays [28]. This combination has yielded several
advantages, including the capacity to adjust regulator
parameters without knowing the system's precise model, fast
response with increased regulator robustness, and managing
severe perturbations such as parameter changes and RES
fluctuations [29].

Moreover, the FO Fuzzy PID has been designed with
diverse configurations in the literature. Further, a parallel
combination of fuzzy FO-PI and fuzzy FO-PD regulators were
given in paper [30] utilizing the FO fuzzy PI+PD regulator, in
paper [31] utilizing FO fuzzy P+ID regulator, and in paper [32]
utilizing the FO fuzzy PI+D regulator. The study conducted in
reference [33] delves into the examination of the FO fuzzy PD
regulator, focusing on its digital implementation nuances and
robustness characteristics. Likewise, an improved FO Fuzzy
PID regulator with the help of antlion optimizer (ALO) was
proposed in paper [34] for Buck converter. Moreover,
numerous combination and cascade structures have also been
reported in the literature for using the FO Fuzzy PID regulator
[35].

However, accurate tuning methodology is necessary for
several parameters, particularly for FO Fuzzy PID regulators.
As a result, the choice of an optimization technique raises
many challenges. Various optimization methods like Genetic
Algorithms (GA), Harmony Search (HS), Particle Swarm
Optimization (PSO), Ant Colony Optimizer (ACO), and
Gravitational Search Algorithm (GSA)have been successfully
used to drive the most suitable gains for FO Fuzzy PID
regulator and yield effective dynamic performance
improvement in the system [36-40]. Similarly, the Differential
Evolution Optimizer (DEO) was used to optimize the FO
Fuzzy PID gains in [41].

Meanwhile, the optimizers above have some drawbacks,
such as long computational time, slow convergence, low
precision, saturation, complex parameter setting and lack of
robustness. Nevertheless, these features have encouraged the
use of the Social Spider optimizer (SSO) to tackle a diverse
array of engineering applications across different fields, such
as the design of FO Fuzzy regulator [42], computer vision [43],
micro-grid control [44], congestion control [45], and anti-
islanding protection [46].

Hence, for our evolutionary optimization technique, we
utilize the SSO algorithm proposed by Erik Cuevas to address
the shortcomings of the previous optimizers. SSO is a newly
suggested population-based metahuristic algorithm inspired
by behavior of social spiders, which collaborate to build webs
and share information about the position. The SSO works by
having a population of spiders that search for the best solution
to a particular problem. It has been shown in the study [42]
that SSO is significantly superior to existing optimization
techniques.

The objective of this study is to develop, analyze, and assess
the efficacy of a FO Fuzzy PD+I regulator via a recent
optimizer using the SSO algorithm to directly and
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independently regulate the DFIG's active and reactive power.
So, the SSO is responsible for determining the unknown
parameters of the designed FO Fuzzy PD+I regulator so that
the integral time absolute error of the DFIG current is
minimized. To our knowledge, FO Fuzzy PD+I regulator
based on a SSO algorithm has not already been utilized to
control DFIG-based WTS. Hence, to verify the attainability of
the proposed performance, our focus in this study is directed
towards the internal current control loop. The detailed
explanation of the designed DVC strategy will be provided in
the subsequent sections of the paper. As mentioned earlier, the
contributions of this research can be succinctly outlined as
follows:

e A new SSO algorithm-based methodology is
suggested to extract the best control gains for FO
Fuzzy PD+I regulator implemented with DFIG
connected to wind turbine system.

e Different scenarios were examined using two
optimized regulators, PID and FO and Fuzzy PD+I.

e An extensive comparison of PID, and FO Fuzzy
PD+I regulator was conducted.

e The competence and reliability of the proposed
optimized FO Fuzzy PD+I regulator are confirmed
via the simulation results.

e A SSO-tuned FO Fuzzy PD+I regulator can
effectively reduce the active power the active power
oscillations and create enough robustness for DFIG-
based WTSs.

e The optimized FO Fuzzy PD+I regulator can be used
with other wind generation systems after considering
each type's structure and operation theory.

The remainder of this article is organized into six sections.
Section 2 provides an introduction to DFIG-Based WTS.
Section 3 outlines the proposed FO Fuzzy PD+I regulator.
Section 4 delves into the SSO algorithm. The simulations tests
and results are presented in detail in Section 5 including
comparison with a PI regulator and a parameter variation test.
Finally, some conclusions and remarks about the dynamic
performance of the optimized FO Fuzzy PD+I regulator are
made in Section 6.

2. DESCRIPTION OF DFIG-BASED WTS

The intricate setup employed in this article is shown in
Figure 1. Here, the stator windings are directly interconnected
with the three-phase power grid, while the rotor windings are
linked to the prime mover via the AC-DC-AC converter [5].
This converter furnishes three-phase rotor excitation power,
offering adjustability in phase, frequency, and amplitude, and
ensures bidirectional flow of slip power.
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Figure 1. Configuration of DFIG-based WTS



2.1 DFIG model and control theory

The comprehensive mathematical representation of the
DFIG within the rotating coordinate system of Park (d-q)
encompasses four state equations. These equations
encapsulate the mechanical dynamics, rotor and stator
voltages, rotor and stator flux, as well as rotor and stator
powers, denoted by Eqs. (1) to (4) respectively [47]:

d
]E'Qr + 0 =T — T,

3. M ©)
Te = Epz(lpqsldr - 1pds[qr)

d

Var = Rplgr + Elpdr - (wobs - a)m)labqr
d

Vqr = RrIq‘r + qur + (wobs - a)m)lpbdr
d

Vds = Rslds + Elpds - wobslpqs

d
V;zs = Rslqs + qus + wopsPas

)

(wdr = Lplgr + Mg
{ Ygr = Lylgr + Mlgs
wds = LsIds + Mldr
Yys = Lslgs + Mg,

3)

3
{Ps = E(Vdslds + Vqslqs) @)

Qr = %(Vqslds - Vdslqs)

Table 1. The symbols in the DFIG mathematical model

Vis, Vs (d-q) component of stator voltage
Las, Igs (d-q) component of stator current
Vir, Var (d-q) component of rotor voltage
Lar, Igr (d-q) component of rotor current
Was, Yas (d-q) component of stator flux
Yar , Yor (d-q) component of rotor flux
Ls Ly The stator and the rotor winding inductors
Rs, Ry The stator and the rotor winding resistors
M Mutual inductance
ws, Or The stator and the rotor angular velocity
Ps, Py The active power of the rotor and stator
Os, Or The reactive power of the stator and rotor
P Number of pole pairs

J Total inertia

f Total external damping
Tem Generator torque
T Aerodynamic torque

Table 1 provides a comprehensive list of symbols used in
the mathematical model of DFIG, along with their
corresponding descriptions.

This section elucidates how the previously derived
equations can be effectively applied to autonomously regulate
the reactive and active powers of the DFIG, without impacting
the control of the RSC current. Two prominent vector control
techniques employed for the RSC, as discussed in the literature
[5, 47] are the Stator Flux Oriented (SFO) and Stator Voltage
Oriented (SVO) methods. In the SFO approach, control
actions occur within a rotating reference frame dq, with the d-
axis aligned with the stator flux. Conversely, in SVO, the d-
axis aligns with the stator voltage. This study primarily
concentrates on SFO, owing to its widespread adoption in
DFIG control strategies. It involves the conversion of three-
phase voltages, currents, and fluxes into a rotating reference
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frame, followed by the implementation of cascaded control
techniques to track stator active and reactive power. This
alignment decision results in the direct rotor current being
proportionate to the stator reactive power, while the quadrature
rotor current is proportional to the active stator power, as
elucidated in subsequent discussions. In the SFO reference
frame theory, the stator flux ¥ is associated with the d-axis of
the synchronous frame, which gives us the advantage that:

Yas = Ps
lpqs

)

=0 (6)

Assuming that the stator flux stays constant because of the
AC voltage from the grid provides a constant voltage to the
stator [5], and by neglecting the stator resistance drop. We can
simplify the stator voltage amplitude as:

Vas =0 (7

Vs = Vs = w1 = constant ®)
dlps| _

prate 9

The following equations are obtained when applied to Eqs.

(D-09):

dlgr
dat

Var = Rylgy + 0L, gwsoLylg,

di MV, (10)
Vor = Rylgy + 0L, d‘zr —ogwsly + gL—:
where:
o=1— M _ Ws—Wr
LyLs’ ws
The stator power equations may be defined as:
3 MV,
k= _EPL_SS qr = Kplqr
_§V_52_§%] =K (] — VS) (b
Qs = 2wsls 2 Lg 4r — he\ldr 1

where, g indicates the generator slip.
The following equation illustrates the correlation between
the rotor current and generator torque.
MV
WsLs Iqr

(12)

According to Eq. (11), the stator reactive and active powers
can be regulated separately by controlling the quadrature and
the direct rotor currents /- and /., respectively. A PI regulator
can be used to control the rotor current for each rotor current
component (d-g). The reference values of the direct and
quadrature rotor currents I;'and I," can be determined
through the outer loops. Additionally, cross terms of (10) can
be added to the output of each current regulator as an aid.

Within this configuration, as illustrated in Figure 2, it results
in a cascade structure of two equivalent closed-loop systems.
The inner loop controls the rotor currents, while the outer loop
exclusively manages the stator's active and reactive power.

The PI regulators are employed to control the rotor currents
(Igr-14y), as demonstrated in (13):



{Vq? = kp_Idr- (I;r - Idr) + ki_Idr' f(lz;r - Idr)dt (13)

V;r = kp_Iq-,- (I;r - Iqr) + ki_Iq-r' f(ll;r - Iqr)dt
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Figure 2. Direct vector control of the DFIG-based WTS

Figure 3 depicts the convergence of both axes towards
identical characteristics, with their plant being simplified to a
first-order transfer function. Additionally, the equivalent
closed-loop systems of both current loops are portrayed as
second-order systems with two poles and a zero, which can be
manipulated using classical control theory by selecting
suitable gains for the PI regulators. Various techniques for
tuning PI controllers are extensively documented in the
literature, such as the Ziegler-Nichols method, the pole
placement method, and the Bode plot method [5].
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Figure 3. The equivalent closed-loop systems of current
loops

Again, a simple PI regulator can control the stator active and
reactive power as described by (14):

= kp_Ps- (A" —PR) + ki_Ps' I(Ps* — P)dt

Iy
(14)

{Igr = kp_QS- (Q; - Qs) + ki_Ps' f(Q; - Qs)dt

As it is presented in (14), the d-axis rotor current reference
L4" is obtained by the output of the stator active power
regulator, and the g-axis rotor current reference I.," is
generated by the output of stator reactive power regulator.

There are two additional estimators with a similar structure
in the proposed DVC method. The first is used to predict Ps
value, while the second predicts the Q. The following are the
predicted stator powers:

M

3
B = YT - (Wra¥%)
rhs (15)
3( Vs VeM
Qs = _E(U_Ls-lprﬁ - aLrLs'l’bra)

Concisely, Figure 4 depicts the overall control architecture
of a DFIG-based WTS. The composite control system consists
of the stator power regulators, the direct and quadrature rotor
current regulators, and the MPPT controller.
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Figure 4. Description of the DFIG control system

3. PROPOSED FRACTIONAL-ORDER FUZZY PID
REGULATOR (FO FUZZY PD+I)

In this part, we introduce the utilization of a Fractional
Order Fuzzy Proportional-Derivative-Integral regulator for the
efficient and robust control of a DFIG, deviating from the
traditional use of a PI regulator typically employed for the
internal current loop.

3.1 Fractional order calculus

Fractional calculus stands as a comprehensive extension of
conventional differentiation and integration methodologies,
introducing the concept of non-integer orders for the primary
operator .Dy*. Here, a and b delineate the upper and lower
limits of the operator, while a represents the order of
integration or differentiation (a€R) [17, 18]. The notation D
encapsulates both the fractional integral and the fractional
derivative simultaneously, presenting a unified framework for
addressing complex mathematical operations. It is defined as
follows:

da

e R(a) >0
1 R(a)=0
[2dt)"* R(a) < 0

aDy

(16)

Riemann Liouville's (RL) differ-integral is utilized in this
paper to implement the proposed control method as defined in
the following equation for a function f{¢):

1 d™ b f@

r(m-a)dt™-“a (t-t)at+ti-m

where, m is the integer part of a, f(¢) is the applied function,
and /" is Euler's gamma function of x.

r)=[f"e*t*'dt (18)
3.2 Fractional order-based PID regulator
The fractional-order PID regulator (FO-PID) is a

generalized form of the integer-order PID regulator. This
means that it appears as the PID regulator when plotted from
point to plane. However, it can provide an extra degree of
freedom through its integral and derivative orders and
regulator gains [37]. The transfer function for this type of
regulator can be expressed in mathematical form as follows:

ue)

K.
G.(s) = oM K, + S—; + K s* (19)



where, u is the fractional component of derivative parts, and 4
is the fractional component of integral parts, and G.(s) is the
transfer function of the FO-PID regulator, K,, K; and K are
respectively corresponding derivative, proportional, and
integral gains of the FO-PID regulator. As shown in Figure 5,
the PID and FO-PID regulator's orders are displayed on a
schematic diagram, with the differentiator's order (u)
described along the vertical axis. The integrator's order (4)
may change along the horizontal axis.

H A

PD
Feit PID

A=1 A
Figure 5. Representation of FO Fuzzy PD+I regulator

3.3 Structure of the FO Fuzzy PD+I regulator

Fuzzy logic control (FLC) employs non-linear empirical
rules to mimic human-like decision-making, bypassing the
need for complex mathematical designs. Recent research has
shown that integrating FLC with fractional-order operators for
integration and differentiation can increase the system's
degrees of freedom and provide additional flexibility in
designing classical FLC-based PID regulators [28]. The
synergy between FLC and fractional-order operators
capitalizes on their respective strengths. FLC offers a robust
approach for managing nonlinearities and uncertainties at a
conceptual level, while fractional-order operators offer precise
control over system dynamics, facilitating more accurate
modeling and control. By combining FLC with fractional-
order operators, the control system gains enhanced
adaptability and robustness in uncertain environments. Fuzzy
logic excels at handling large uncertainties or vague
information, while fractional-order control adeptly captures
subtle dynamics and optimizes control actions to achieve
desired performance levels [28]. In recent years, numerous
structures of the FO Fuzzy PD+I regulator have undergone
extensive development [48]. In the proposed framework, the
conventional derivative order rate of the error input to the
Fuzzy Logic Controller is substituted with its fractional order
equivalent (D%). This substitution incorporates an integrator
and a summation unit at the output of the FLC to yield the total
regulator output, as depicted in Figure 6. This particular
regulator structure has been considered as the most successful
solution among FO-Fuzzy structures in previous applications
[28].

Fuzzy Controller

Figure 6. The configuration of FO Fuzzy PD+I regulator

The transfer function of the DFIG is given by:

G(s) = (20)

oL,.s + R,

The control law of the suggested FO Fuzzy PD+I regulator
in time domain is given by:

UFOFuzzyPD +I (t)
= UFOFuzzyPD (t) Ku + UFOI (t) Ku (21)
= Ky.[f (Kpe, K,D%€) + K;le]

In this new kind of FO Fuzzy PD+I regulator the values of
the order () along with scaling coefficients (Kj, K,, K4, K) are
the optimization variables that need to be calibrated by using
the SSO algorithm. The proposed FO Fuzzy PD+I regulator
employs a sophisticated two-dimensional linear rule base (as
outlined in Table 2) that encompasses error, fractional rate of
error, and Fuzzy output. This rule base is meticulously
designed to leverage regular triangular membership functions
(illustrated in Figure 7) and employs Mamdani type
inferencing, reflecting a nuanced approach to system control
and regulation.

Table 2. The fuzzy rule base

EDE NL NM NS ZR PS PM PL
NL NL NL NL NL NM NS ZR
NM NL NL NL NM NS ZR PS
NS NL NL NM NS ZR PS PM
ZR NL NM NS ZR PS PM PL
PS NM NS ZR PS PM PL PL
PM NS ZR PS PM PL PL PL
PL ZR PS PM PL PL PL PL

NL NM NS zR PS PM AL

Figure 7. Membership functions for inputs and output

The fuzzy IF-THEN rules of FO Fuzzy PD+I regulator are
written as follows:

R®:IF eis A and é is A5THEN y is B!

where, A}, (i = 1,2) and B! indicate the linguistic variables
of the inputs and output of the FLC. The variable | =
1,2,.., msignifies the count of fuzzy IF-THEN rules. Seven
triangular membership functions are applied to each input and
output variable, resulting in a total of (7x7) rules listed in
Table 1. The Linguistic variables are defined by following
letters P, N M, S, ZR, S, M and L symbolize Positive, Negative,
Zero, Small, Medium and Large respectively. As a result, the
main rule using Table 1 might be as follows:

IF DE is equal to PS and E is equal to ZR, THEN v must be
PS.

Based on this rule, the control strategy is inferred to respond
when the error derivative is " Positive Small " and the error is
classified as "Zero," leading to an output characterized as "
Positive Small " as well. The crisp value derived from the
Fuzzy output is determined using the center of gravity (CoQG)
method during defuzzification. In an endeavor to enhance the
overall closed-loop performance of a DFIG-based wind
turbine system, the present study emphasizes the adjustment
of the fractional rate of error (a), while preserving the integrity



of the rule base and the structure of membership functions
unchanged. This targeted adjustment aims to fine-tune the
system's response dynamics, thereby optimizing its
operational efficiency and stability.

4. SOCIAL SPIDER OPTIMIZER (SSO) FOR FO
FUZZY PD+I REGULATOR

The SSO is a completely new swarm optimization method
introduced by Cuevas et al. [42]. He studied the nature of
social-spider colonies and their cooperative behavior when
developing this intelligent algorithm. Furthermore, the SSO
scheme underwent experimental evaluation across three
distinct classes of systems: higher-order plants, non-minimum
systems, and dynamic fractional systems. It was juxtaposed
against other akin evolutionary approaches including GA, HS,
PSO and GSA) These experiments conclusively showcased
that The proposed SSO method demonstrates superior
performance in terms of both solution accuracy and
convergence compared to other techniques. Nowadays, there
are many publications dedicated to exploring modifications,
improvements, or applications of SSO for solving various
intricate optimization problems. [42-46]. At the heart of the
SSO algorithm lies a sophisticated framework comprising two
fundamental search agents: the social spiders and the
communal web. These spiders are intricately subdivided into
distinct genders, delineating a structured hierarchy within the
algorithm. Within the SSO methodology, the placement of
each solution within the vast search space mirrors the spatial
arrangement of spiders within the communal web.
Furthermore, each spider is imbued with a weighted
significance, meticulously determined by the fitness value of
the corresponding solution, as meticulously evaluated by the
discerning social spider. The initialization phase of the SSO
algorithm commences with the establishment of a population,
denoted as S, comprising an ensemble of N spider locations
representing diverse solutions. This diverse assembly
encompasses both female (fi) and male (mi) spiders, thereby
encapsulating the comprehensive breadth of the search space.

Given that female spiders typically constitute a larger
proportion than males in authentic spider societies
(approximately 70-90%), we opted to randomly designate the
number of female spiders, denoted as Nj; to comprise
approximately 85% of the total population, N [42]. As such,
Eqgs. (22) and (23) are used to determine Nyand N,:

N; = floor|[N.(0.9 — 0.25.rand(0.1))] (22)

Np, =N — Ny (23)

In this context, "rand" denotes a randomly generated value
ranging from 0 to 1, while "floor(.)" function converts a real
number to the nearest integer value Consequently, N elements
compose the entire population S = {s1,s2...,sN}, which is
then divided into the sub-groups male spiders M =
{m1,mz2,...,mNm} and female spider F =
{f1,f2,...,fNf} , such that: S= {s1= f1,52 =
f2,....,sNf = fNf,sNf +1 =ml,sNf +2 =
m2,sNf +2= m2,....,sN = mNm}.

The female spider location fi is randomly initialized
between the lower initial value p/** and the upper initial value
p/¢" by using the following expression:
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high

£ =p™ + (p/*" = pf™).rand(0.1) (24)

While the male spider location mi is randomly initialized as
follows:

my ; = pi® + rand(0.1). (p;ligh - plov)
=12,..,n,i=12..,Nk
=12, ..,N,

(25)

where, "0" signifies the initial population, while ";", "i", and
"k" denote individual indexes. The function rand (0, 1)
generates a random value within the range of 0 to 1. " fi, jis "
represents the j* variable of the it" female spider location. In
the proposed SSO method, the weight of each spider (w;)
reflects the quality of the corresponding solution within the
population (S). w; is determined by the following equation:

B J(s;) — worstg 26)

" best, — worst,
In this context, " J(s;) " represents the objective function or
fitness value obtained by evaluating the spider location " s; ".
Eq. (27) is used to get the worst and best values (worsts and
bests) by considering the following constrained optimization
problem into account:

27

..........

Colony members interact through the communal web,
exchanging information via small vibrations essential for
organizing all spiders collectively within the population.
These vibrations' transmission is influenced by both the weight
and distance of the spider.

produced them. The vibrations perceived by the individual
member i from member j are given by Eq. (28):

Vibl‘,]’ = (I.)]'.e_diz'j (28)
where, the d;;is the Euclidean distance between the member i
and j, such that d; ; = ||sl- — sj“.

There are three types of vibrations in the SSO approach:
Vibrations Vibc;. It is possible to describe the information
(vibration) exchanged between individual i(s;) and member
c(sc), which is the nearest member to individual i and having
greatest weight, as follows:

Vibc; = w,. e %e (29)

Vibrations V;bb;. The information exchanged between the
individual i(s;) and the best member b(s;) of the total
population S may be described as:

Vibbi = wb.e_dizvb (30)

Vibrations Vibf,. The transmitted exchanged between the

individual i(s;) and the nearest female individual f{s) may be
described as:

Vibf, = wy.e”%r (31)

At each iteration k, the female members update their
position as follows:



k+1

i =
¥+ p.Vibe,. (sc = ) + ©.Vibby. (s, — £¥)
+4. (rand — 0.5)withprobabilityPF

f¥ = p.Vibe,. (sc = f¥) — ©.Vibby. (s, — £¥)
+6. (rand — 0.5)withprobabilityl — PF

(32)

where, p, T and J are random numbers in [0, 1], whereas PF
represents the probability threshold. Within the colony, male
spiders are categorized into dominant (D) or nondominant
(ND) members, and they are organized in descending order
based on their weight values. The male member whose weight
wapem falls in the middle is identified as the median male
member. At each iteration £, the male members undergo
positional adjustments according to the following protocol:

m¥ + p.Vibf. (s; — mf) + 6. (rand — 0.5);
iwaf+i > ONfym
+1

N k
ml k Zh;nlmh'wa+h k .
mf + p. e M
h=1®Nfip

(33)

iwaf+i = WNpym

where, the members symbolizes the nearest female member to
the male member i.

Once all female and male members are update, the last
operator represents the mating process where only dominant
male members will collaborate with female members who are
within a particular radius named mating radius computed by:

?:1(13-high _ leow)

2.n

(34

where 7 is the dimension of the problem, P/¢" and P/*" are the
upper and lower limits for a given dimension, respectively. It
is obvious that the spider with the higher weight has the most
influence on the new product. The SSO method determines the
influence probability P; of each member as the follows:

w;

Ps;==——
ZjETk CU]

(35)

where, T* stands for the group of individuals participating in
the mating process and j € T%. To summarize the previous
equations of the SSO approach, The flowchart illustrated in
Figure 8 outlines the computational steps required to execute
the SSO algorithm.

The five parameters of the FO Fuzzy PD+I regulator in the
DFIG-based WTS are considered as the SSO population. The
goal is to minimize the current deviations (414, 41,) as well
as reduce the power fluctuation (4Ps, 4Q0s) upon system
uncertainties. This can be achieved by optimizing the
parameters of the FO Fuzzy PD+I current regulator. The ITAE
is considered in this study as the fitness function that is utilized
to evaluate the performance of the FO Fuzzy PD+I current
regulator, and can be expressed according to:

ITEA = f
0

where: e(t) = I" — Loq;
In Eq. (36), e(?) represents a close loop error, or a difference
between the desired rotor current and real rotor current. Ty

Tsim

tle(t)|de (36)
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symbolizes the simulation time. Hence, the formulation of the
problem is as follows:

J(a, Ky, Kq, K, K)) = ITEA (37)

Subject to the following constraints:

{ Umin < & < Umgy
Kpmin < Kp < Kpmax
Kdmin =< Kd =< Kdmax
Kimin = Ki = Kimax
Kumin = Ku = Kumax

where, max and min are the limit values of each parameter.
In the considered design method, Kpmin = Kamin = Kimin =
Kymin = 0 and Kpmax = Kamax = Kimax = Kumax = 20 .
The values of a,,;, = 0 and a0 = 1 . The selection of
these limits was informed by previous insights and familiarity
with the model, driven by two primary considerations. Firstly,
these limits ensure that the optimized parameters fall within
practical and feasible ranges, avoiding solutions that are
unrealistic or impractical. Secondly, they serve to narrow
down the search space for optimization algorithms for
facilitating quicker convergence and enhancing computational
efficiency [24, 25].

5. SIMULATION TESTS AND RESULTS

The efficacy and robustness of the proposed FO Fuzzy
PD+I regulator were scrutinized through a series of simulation
tests. This evaluation involved detailed comparisons between
the suggested FO Fuzzy PD+I regulator and a conventional PI
regulator, conducted wusing numerical simulations in
Matlab/SimulinkTM programming software. The simulations
were conducted on a grid-connected DFIG wind turbine
system. The performance evaluation was structured into three
distinct scenarios. The first scenario assessed the regulator's
performance under active power variation mode, while the
second scenario focused on testing its response to wind
velocity fluctuations. Lastly, the third scenario examined the
robustness of the suggested regulator against parameter
uncertainties within the DFIG, employing sensitivity analyses.
It's worth noting that the DFIG utilized in this study had a
capacity of 2 MW. The parameters of the DFIG employed in
the simulation platform are delineated in Table 3.

Table 3. Parameters of 2 MW DFIG

Parameters Value
Stator frequency (Hz) 50
Nominal stator power (MW) 2
Nominal stator voltage (V) 690
Nominal stator current (A) 1760
Nominal torque (N.m) 12732
Nominal rotor voltage (V) 2070
Stator resistance (mQ) 2.60
Rotor resistance (mQ) 2.90
Magnetizing inductance (mH)  2.50
Stator inductance (mH) 2.587
Rotor inductance (mH) 2.587

In the simulation, the SSO algorithm is employed with a
population size of 100 individuals. Table 4 presents the
calibrated parameters of the suggested FO Fuzzy PD+I



controller acquired via the SSO algorithm (Figure 8). These
parameters represent the optimal controller settings based on
the ITAE values generated after 250 iterations. Additionally,
parameters of the PI control are listed in the same table for
comparison and analysis.

Table 4. Optimum regulator parameters using SSO algorithm

Regulator
Coefficients P Ka Ki Ky ¢
Pl 0.57 0 4.59 - -
FO Fuzzy PD+I 0.55 0.20 10.65 10.68 0.25
Start Process e | Start Iteration Loop i
Initialize Parameters Evaluate Solutions ¢ [Execute Mating Operation
(N, PE. i) (Equation 26) (Equation 34)

»  Record the best solution

l ¢ ¢ Increment the iteration count

Determine Xf and Nm
(Equations 22 and 23)

¢ |

Initialize Population
Calculgte Mating Radius [~

Move Female Spiders
(Equation 32)

Move Male Spiders
(Equation 33)

End Process

Figure 8. Flowchart of the considered SSO algorithm
5.1 Scenario 1: Effect of stator active power variation

The first scenario performed to compare the two optimized
regulators is reference tracking by applying stator active
power step to the DFIG, while the stator reactive power is kept
at zero value to guarantee a unity power factor (PF) at the grid
side. The control system is implemented using the same
optimum gains as those found in the preceding section without
the MPPT controller and the WTS, while the DFIG parameters
are set to their rated value. For this scenario, the values for
stator active power variations included in the DFIG are as
follows: -1 MW at time instant t < 2s and -1.32 MW at time
instant t > 2s. Figure 9 represents the results obtained from this
scenario. Through this figure, the active power of the stator is
more stable with the optimized FO FUZZY PD+I regulator as
compared with the optimized PI regulator, when the DFIG is
subjected to a stator active power variation. Additionally, it is
noted that the DFIG active power perfectly tracks its reference
and settles much faster with FO Fuzzy PD+I than the PI
regulator.

On the other hand, Table 5 summarizes the DFIG dynamic
results for stator active power variation, which are defined by
the rise time (R7), maximum overshoot (MO), steady-state
error (SSE), settling time (ST) and ITAE, respectively. It is
evident that the FO Fuzzy PD+I regulator exhibits the lowest
values for RT, MO, SSE, ST, and ITAE, followed closely by
PI regulator. Generally, the stator active power responses
show significant improvement when utilizing the Fuzzy FOPI-
TID regulator compared to the PI regulator. In addition, Figure
10 illustrates the best /TAE objective function for 250
iterations using two optimized regulators. It can be observed
that the optimized FO FUZZY

PD+I regulator provides the lowest fitness function value of
0.00011. These results clearly show that the optimized FO
Fuzzy PD+I regulator provides great performance in both
steady state and dynamic modes.

x10°

e FOFPID

Referance

Power (w)
a
N

1 15 2 25 3 3.5 a a5

Times (s)
Figure 9. DFIG stator active power

Table 5. Performance of optimized PI and FO Fuzzy PD+I

regulators
Regulator RT MO SSE ST
Type © %) k) A"
PI 1.1 2.5 1.2 23 6767
FO Fuzzy
PDAI 0.9 1 0 1.22 0.00011
p «10° .
=—=35S0-based FO Fuzzy PD+|
=——5850-based FO-PD
5 i
4
w
E
2
] |
0 \ .
0 50 100 150 200 250

Iteration

Figure 10. SSO optimized objective function value for 250
no. of iterations

Here's a breakdown of potential implications of the previous
result in real-world applications:

e Improved stability: The finding that the active
power remains more stable with the FO Fuzzy PD+I
controller implies better power quality and grid
integration. This can translate to reduced stress on the
turbine components, potentially leading to increased
lifespan and reduced maintenance costs.

o Faster tracking and settling time: The faster
tracking and settling of the DFIG active power with
FO Fuzzy PD+I indicates improved responsiveness
to changes in wind conditions or grid demands. This
allows for more efficient power extraction and better
overall system performance.

o Potential cost savings: By reducing stress on
components and enabling faster response, FO Fuzzy
PD+I could lead to lower maintenance costs and
potentially higher energy capture, ultimately
improving the economic viability of wind turbine
operation.

5.2 Scenario 2: Effect of wind velocity fluctuation

In this scenario, the DFIG parameters are assumed nominal
values without external perturbation or parameter variations.



The DFIG active power reference value is derived through the
utilization of the MPPT technique within the WTS. The
primary objective of MPPT is to effectively trace the
maximum power curve spanning from the initial wind speed
(8 m/s) to the rated wind speed (10 m/s). To achieve optimal
power generation, the turbine's rotational speed corresponds to
the optimal speed ratio (4,,;) at which the power coefficient
(Cp—max) Teaches its maximum value. This optimal value of It
is determined by tracing the curve of maximum power, as
illustrated in Figure 11. Thus, to maximize the power extracted
from the wind, it is imperative to maintain the tip speed ratio
around its optimal value, It (A5p; = 8.1, Cp_mmax = 0415,
The pitch angle § = 0 (deg)).

Optimal

45 jJuanyjaod Jamod

Speed Ratio

Figure 11. The curves of C, (4, B) for several values of the
pitch angle

Figure 12 displays a rapid increase in wind velocity from 8
m/s to 10 m/s, highlighting two distinct modes of operation
(sub-synchronous and upper-synchronous). Figure 13 and 14
demonstrates the responses of rotor speed (rad/s), stator active
power (W), rotor currents (A), and stator currents (A) using
the optimized FO Fuzzy PD+I regulator and optimized PI
regulator, respectively. According to Figures 13 and 14, the
optimal values for DFIG active power are obtained at the
following rotor speeds; 131 rad/s and 180 rad/s, respectively.
The obtained results for the DFIG active power reveal that the
actual values of the stator active power follow their references
with high accuracy using the optimized FO Fuzzy PD+I
regulator. In addition, the ripples’ content is successfully
suppressed compared to the results obtained with the
optimized PI regulator. Similarly, Figure 15 provides the THD
analyses of stator current for the two control cases, the
suggested control (Figure 15a), and conventional PI control
(Figure 15b), respectively. From these results, we can observe
that THD analyses of stator current for the optimized FO
Fuzzy PD+I regulator is 0.77%, which is lower than 1.82% of
the optimized PI regulator. So, the suggested FO Fuzzy PD+I
regulator can offers a better current quality than traditional PI
method. The THD of stator current was decreased with an
amelioration ratio of about 42.30% by the optimized FO Fuzzy
PD+I regulator. Let's delve into the meaning and implications
in Lower THD in wind turbine applications:

e Cleaner waveforms: The stator current with FO
Fuzzy PD+I has fewer unwanted harmonic
components, resulting in a smoother and more
sinusoidal waveform.

Wind speed (rad/s)

e Reduced electrical losses: Less harmonic distortion

translates to lower energy losses within the system
due to heat generation from those harmonics.
e Improved component lifespan: Reduced stress on
electrical components due to cleaner currents can
potentially extend their lifespan and decrease
maintenance costs.
e Better grid compliance: Many grid codes have
limits on THD to ensure power quality and stability.
Lower THD with FO Fuzzy PD+I helps the turbine
comply with these regulation
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5.3 Scenario 3: Effect of parameter perturbation

In scenario 3, we vary the parameters of the DFIG system
to show the robustness of the optimized FO Fuzzy PD+I
regulator and to compare its behavior with the optimized PI
regulator. During the time period between3 to 4 seconds, the
stator resistance of the DFIG has been increased by 150% of
its nominal value, while the DFIG system operates at a
constant wind velocity of 8 m/s.
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Figure 14. Simulation results: the optimized PI regulator
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Figure 15. THD analyses: (a) the suggested regulator, (b) the
optimized PI regulator

In Figures 16 and 17, we can observe that the proposed
regulator has greater robustness than the optimized PI
regulator as the stator power ripples have been significantly
reduced with the optimized FO Fuzzy PD+I regulator. The
optimized FO Fuzzy PD+I regulator effectively reduces the
active power ripples by good ratios compared to the optimized
PI regulator, with ratios of 99.80% and 92.15% for each
regulator, respectively. Figure 18 presents the current THD
using both optimized FO Fuzzy PD+I and optimized PI
regulator when the DFIG parameters are changed. Based on
these results, a THD of 1.13% was obtained using the
optimized FO Fuzzy PD+I regulator, whereas the optimized PI
regulator provided a THD of 3.99%. It is evident that the
optimized FO Fuzzy PD+I regulator ensures the current THD
amelioration, with an improvement percentage of 28.32 %.

The result we provided suggests that an FO Fuzzy PD+I
regulator offers increased robustness compared to a traditional
PI regulator in wind turbine system, under disturbances. Here's
a breakdown of its potential implications in real-world wind
turbine applications:

e Better ability to handle unexpected changes: The
controller can effectively adapt and maintain stable
operation even under variations in operating
conditions.

e Reduced risk of malfunctions: Improved
robustness minimizes the chance of control system
failures due to disturbances, enhancing overall
system reliability, translates to reducing downtime
and maintenance costs.

e Wider operating range: The controller can
potentially function effectively across diverse wind
farm locations with varying wind speeds and grid
conditions, that is increasing system flexibility.
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6. CONCLUSIONS

To enhance the dynamic response characteristics of
interconnected doubly-fed induction generators (DFIGs)
embedded within wind turbine systems (WTSs), this
investigation introduces an innovative methodology for the
design and fine-tuning of a fuzzy Proportional-Derivative with
Integral (PD+I) controller. Leveraging the Social Spider
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Optimization (SSO) algorithm, a state-of-the-art metaheuristic
optimization framework, optimal controller parameters for the
proposed Fractional Order (FO) Fuzzy PD+I regulator are
computed. Additionally, the robustness of the optimized FO
Fuzzy PD+I controller is scrutinized under diverse sources of
uncertainty, encompassing substantial variations in stator
resistance, perturbations in stator active power, and
fluctuations in wind velocity. Across a spectrum of examined
scenarios, computational simulations consistently underscore
the superiority of the optimized FO Fuzzy PD+I controller
over its Proportional-Integral (PI) counterpart. Specifically, it
manifests superior stator current response characteristics and
adeptly attenuates power fluctuations. Moreover, the
application of the optimized FO Fuzzy PD+I controller
engenders a reduction in the total harmonic distortion (THD)
within the stator current, thereby augmenting the overarching
grid power quality. Importantly, the proposed FO Fuzzy PD+I1
controller evinces promise for deployment in nonlinear system
settings, thus signifying a noteworthy avenue for further
scholarly inquiry. Transitioning from theoretical modeling to
practical implementation entails the conduct of experimental
trials either in laboratory settings or upon a scaled-down
DFIG-based wind turbine system. Such endeavors are
indispensable for validating the practical efficacy and
performance attributes of the FO Fuzzy PD+I controller. Field
deployment and subsequent testing facilitate a comprehensive
evaluation of the controller's performance under diverse
operational conditions, thereby affording insight into any
operational nuances unique to real-world deployment
environments. Moreover, exploration of advanced
optimization methodologies, inclusive of reinforcement
learning frameworks, evolutionary algorithms, or hybrid
optimization paradigms, aimed at dynamically tuning the
controller's parameters in response to evolving operational
exigencies, merits scholarly attention. Furthermore,
leveraging the FO Fuzzy PD+I controller to undertake an
exhaustive investigation into the environmental ramifications
of DFIG-based wind turbine systems, encompassing
comprehensive life cycle assessments, carbon footprint
analyses, and endeavors geared towards fostering sustainable
wind farm development, represents a laudable scholarly
pursuit with potentially significant ramifications for the fiel.
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