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ABSTRACT

This study presents an intelligent maximum power point tracking (MPPT) control strategy for variable-speed wind
turbine generators, based on the crow search algorithm (CSA) to maximize power generation under wind fluctua-
tions. The proposed CSA-based MPPT method is designed to improve the dynamic response and efficiency of
wind energy conversion systems by effectively tracking the optimal operating point. The performance of the CSA-
based approach is compared with a conventional torque regulation method, evaluating key metrics such as conver-
gence speed and robustness under turbulent wind conditions. Simulation results demonstrate that the CSA-based
MPPT controller outperforms the conventional method, achieving faster convergence to the maximum power
point, reduced power oscillations, and improved energy capture efficiency. The results highlight the potential of
bio-inspired algorithms like CSA in advancing MPPT control for renewable energy systems, offering a promising

alternative to traditional methods for enhancing the performance and reliability of wind turbine generators.

Keywords: wind turbine; maximum power point tracking; crow search algorithm; torque regulation; grid.

INTRODUCTION

A global shift to renewable energy becomes
critical to ensure the energy security and address
the increasing challenges of climate change and
environmental degradation. Among renewable
energy technologies, wind energy has emerged as
one of the most promising and rapidly growing
sectors, contributing significantly to the global
energy mix. the global wind energy council states
that the total installed capacity of wind power ca-
pacity reached 743 GW by the end of 2022, repre-
senting an annual growth rate of 12.4% [1].

Wind turbines play a crucial role in harness-
ing this abundant and clean energy source [2].
However, the efficiency of wind energy conver-
sion systems (WECS) heavily depends on the
ability to extract maximum power from the tur-
bine under varying wind conditions. In this con-
text, maximum power point tracking (MPPT)
algorithms are an appropriate problem-solving

method for complicated issues in the area of re-
newable energy systems.

Many attempts have been made in recent years
to optimize WECS production and the optimiza-
tion of MPPT in wind turbines has been exten-
sively studied, with various techniques developed
to address the challenges posed by dynamic wind
conditions [2]. In this context, several research-
ers in [3,4] investigated traditional methods,
i.e., incremental conductance (INC) and perturb
and observe (P&QO). While these techniques are
generally adopted for their simplicity, they suf-
fer from instabilities around the maximum power
point and exhibit slow convergence, particularly
under highly variable wind conditions. Hannachi
et al. in [5], have developed a comparative study
of four conventional MPPT techniques and dem-
onstrated the efficiency and the superiority of
the Optimal Torque (OT) technique compared to
the other MPPTs studied. Advanced techniques
through recent works [6, 7] including fuzzy logic
control (FLC) and artificial network (ANN)-based
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MPPT, offer improved robustness and adapt-
ability. FLC utilizes linguistic rules to dynami-
cally adjust the operating point, while NN-based
methods leverage machine learning to model the
nonlinear relationship between wind speed, rotor
speed, and power output [8,9]. However, these
methods typically demand an extensive training
data and a high computational resource.

In this framework metaheuristic algorithms,
including genetic algorithm (GA), particle swarm
optimization (PSO) and crow search algorithm
(CSA), have emerged as promising alternatives
due to their ability to handle complex, multimod-
al optimization problems [10].

PSO, inspired by the social behavior of birds,
excels in global search capabilities as studied by
Bouchakour et al. [11], while GA mimics natural
selection to evolve optimal solutions over genera-
tions [12]. Ben Smida et al. [13] exploited CSA
technique in MPPT studies. This method is based
on a novel algorithm inspired by crow foraging
behavior. It has demonstrated fast convergence
and effective balancing of exploration and exploi-
tation, making it particularly suitable for MPPT
in renewable systems. Several studies have sug-
gested improvements in these smart techniques
and investigated hybrid approaches, such as hy-
brid firefly PSO and GA-ANN [14-16]. These
techniques combine the strengths of multiple
algorithms to enhance performance, particularly
under partial shading in photovoltaic systems and
turbulent wind conditions in wind turbines — the
latter being the focus of the present study.

Despite these advancements, challenges re-
main in achieving real-time implementation and
reducing computational complexity, highlight-
ing the requirement for further research in this
area [17]. Compared to other bio-inspired MPPT
techniques such as PSO, ant colony optimization
(ACO), and GA, the CSA offers a unique balance
between exploration and exploitation, combined
with a simple implementation structure. This
study builds upon these advantages by tailor-
ing CSA specifically for dynamic wind energy
environments.

This paper proposes the use of CSA, a novel
metaheuristic optimization technique inspired
by the intelligent foraging behavior of crows, to
enhance MPPT control in wind turbines. CSA is
characterized by its simplicity, fast convergence,
and adaptive search capabilities, making it partic-
ularly suitable for dynamic optimization problems
like MPPT. By integrating CSA into the MPPT
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control strategy, this study aims to improve the

efficiency, accuracy, and reliability of power ex-

traction from wind turbines under variable wind
conditions. Compared to the conventional torque
control technique, the proposed method seeks to
provide improved power smoothing and to mini-
mize output power fluctuations.

The primary objectives of this research are:

e to develop a CSA-based MPPT control strat-
egy for wind turbines,

e to evaluate the performance of the pro-
posed method compared to traditional MPPT
techniques,

e to validate the performance of the technique
in handling dynamic and unpredictable wind
conditions.

The remainder of the presented work is orga-
nized as outlined below: A detailed representation
of the WECS operating in grid-connected mode is
developed in Section 2. The machine-side control
architecture is explored in Section 3, while Sec-
tion 4 examines the grid-side control. Section 5
details the development of the proposed MPPT
control techniques, and Section 6 discusses the
simulation results and performance analysis. Fi-
nally, a summary of the main conclusions and po-
tential directions for future research are presented
in Section 7, which concludes the paper.

The originality of this work lies in the inte-
gration of the CSA with adaptive torque regula-
tion for MPPT under varying wind conditions.
Unlike classical methods relying on PI regulators
or fuzzy logic controllers, the proposed approach
combines global search capabilities with real-
time responsiveness, providing improved track-
ing accuracy and power stability.

MODELING OF THE GRID CONNECTED
WIND TURBINE SYSTEM

The studied WECS includes a direct-drive
permanent magnet synchronous generator
(PMSG) as shown in Figure 1. It is interfaced
with the electrical grid via a back-to-back power
conversion stage. This interface consists of two
converters operating in coordination to manage
the energy flow and system dynamics: a machine
side converter (MSC) that is designed to achieve
MPPT, and a grid side converter (GSC) designed
to stabilize the DC link voltage at the rated value
and to control the reactive power.
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Figure 1. Configuration of the grid connected WECS

Modeling of wind turbine system

The output power of the wind turbine is intro-
duced by [18]:

P, = %pHRZVM?Cp(/Lﬂ) (1)
The power coefficient Cp depends on the tip
speed ratio (TSR) /4 and the blade pitch angle f.

According to Smida and Sakly [19], it can be for-
mulated as follows:

C(ALB) =

=0.53 [22 - 058 5 — 0.002 5214 — 13.2] exp (S50)(2)
where:
1
A=
R 3)
A is expressed in equation (4):
Rw
A=y (4)

The relationship between Cp and A is depict-
ed in Figure 2. Based on Equation 5, the turbine
torque is expressed as:
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Figure 2. Power coefficient curve for different pitch
angle values

The expression for the turbine’s mechanical
speed is derived from the fundamental dynamic
relation as follows:

]dﬂ Tm_Tem_fw (6)

dat
The operation and control strategies of a
WECS as wind speed increases are typically
categorized into four distinct regions as given in
Figure 3. Region [ is characterized as a spin-up
phase during which energy conversion does not
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Figure 3. Basic operating characteristic of a wind turbine
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occur due to insufficient wind speed. Once the
wind speed ¥ surpasses the cut-in speed (V)
typically ranging from 4 to 3 m/s for small wind
turbines (WTs), energy conversion begins. Dur-
ing this phase, the generator torque is used to
control the WT speed, ensuring maximum power
extraction at each wind speed based on the tur-
bine’s characteristics. Region II, the partial-load
region, extends up to the wind speed at which the
generator reaches its nominal angular speed (wg”).
Typically, this wind speed is lower than the WT’s
nominal wind speed (V).

In Region III, the full-load region, during
high-wind operation, the WT is controlled to limit
the power output to P at a maximum allowable
angular speed. This is achieved either by increas-
ing the pitch angle in variable-pitch WTs. If the
wind speed exceeds a specified cut-out speed (V.
) the WECS is shut down to prevent structural
damage [20]. This study primarily concentrates
on the development of the MPPT control in the

second region.

Generator side modeling

The synchronous generator operates with a
shaft speed that is synchronized with the rotating
magnetic field. The PMSG is modeled using the
Park reference frame where:

dé
& @r (7)

The equations developing the (d, ¢) generator

model expressed are as follows [21]:

. de
(Usd = Rslsd + d;d — WrPsq
. do,
J VUsq = Rslsq + d;q + Wy Psq )

3 .
Tem = 3 PPlsq

Psqa = Lsisqg + ¢
{q’sq = Lsisq ©)

Using the established equations, the system
representation is expressed by:

R
In matrix form, the model is:
W= [4.x+[BlU (11)
With:
[X] = [isq isq] (12)
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T
[U] = [vsd Usq (P] (13)
dig | | &,
dt LS ! Lsd
= +
di, R ||
_a)r — lSq
d L
% 0 0 vvd
+ 1 o | Vi (14)
0 _ r
L L L7

Modeling of the power converters

Two cascaded voltage converters connected
via a DC bus ensure power conversion. The de-
tailed model of this electronic interface has been
the subject of several studies. The same model-
ling approach for the three-phase converter ap-
plies to both the rectifier and the inverter. This
converter is represented in Figure 4. It consists of
three IGBT arms, each comprising two switching
cells connected in series, operating alternately. In
an ideal case, each cell can be approximated as
either an open or closed switch. The complemen-
tary control signals for the switches are defined
by the PWM technique used. Each switch is as-
sociated with a switching function equal to 1 in
the closed state and 0 in the open state.

The two switching variable conditions for
each arm are given by:

_ {1, (Slk =1 and52k = 0)
Ve =10, (S5 = 0 and S, = 1)

The modulated line-to-line voltages are de-
rived from the DC bus voltage and the switching
functions according to:

Um13 = (S11 — S13)- Ve 16
U = (512 - S23)-Vdc (16)

mi3
The modulated phase voltages are given by
the following expressions:

ke{l,..6}(15)

2 1
Vina = 3 Uniz — 3 Umas

2 1 17)
Vinp = 3 Unaz — 3 Unis

By combining the equations, we obtain the
following matrix form:

Vi v 2 -1 —17/511
V; -1 -1 2 S13
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Figure 4. Equivalent diagram of the power converter

Gride side modeling

The dynamic model of the grid, incorporating
an inductance filter L to mitigate harmonics, can
be expressed as follows:

dig .
!{ng =Viy + Ly — 2 + wylsig,
dig .
Vgg =Vig + Ly — 1 — wylyig, (19)
dUgc 3 .
Uge - €= = IcUac +3 Vg lg,

MACHINE SIDE CONTROL

Pitch angle control

A discrete conventional proportional-integral
(PD) controller [22], depicted in Figure 5, is de-
signed to limit the output power and the relative
turbine speed for high wind speed. It adjusts the
pitch angle in response to variations in power out-
put according to the following equation.

AB
Bref = pr (Pg - Pg,rated) + Bo

where: f is the initial pitch angle.

(20)

A first-order transfer function is used within
the blade orientation system to ensure the blade
position follows the reference signal.

B=— 1)

- 1+7Tps
The implemented control strategy is struc-
tured as follows:

ﬁref

P grated

Bref
PI Controller

{,Bref =po = 0 for0 < Rq < Pg,rated (22)

4B
ﬁref = E(Rq - Pgmted) + Bo fOTPg > Pg,rated

PMSG control

The control of the PMSG is assured via two
currents regulators. Under the MPPT control strat-
egy, isq is regulated to match the optimal torque
reference, while i ,is set to zero to decouple the
flux and torque components. The equations gov-
erning the generator-side controller are given by:

(7. Aisq . ox i
Ls dat pl(lsd _’-sd)+K11(psd

disqg _ .ok .
Ls ar pz(lsq _lsq)+K12(psq
it =0 (23)
i* — Tem*

S47 po

1

% _Ep”RZVv%Cpmax

Tom =

\ Aopt

Gride side control

The grid-side control is carried out by the in-
verter and is based on controlling the power ex-
changed with the grid as well as regulating the DC
bus voltage. Furthermore, it enables the generation
of grid-frequency currents. The control strategy is
based on eliminating i_, the g-axis current com-
ponent. The equations governing the current and
voltage control are presented in Equation 24 and
Figure 6 illustrates the grid-side control strategy.

P,

A4

Wind Energy
System

1+TbS

Figure 5. Conventional PI pitch control scheme
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(igd* = Kpl(U*dC - Udc) + KIl f(Uéc - Udc)dt

e
igg =0

\ v ia = Kp2(iga — iga) + Kiz [ (iga — iga)dt — wLyigg + vyq

(24)

kv*iq = pz(i;q - igq) + Kp2 f(igq - igq)dt — Wlplgg + vgq
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Figure 6. Grid side controllers’ configuration

IMPLEMENTATION OF MPPT METHODS
FOR WIND TURBINE CONTROL

The objective of the MPPT strategy is illus-
trated by the static characteristics shown in Figure
7, which represent the developed power relative
to the wind turbine rotational speed, as well as
the maximum power characteristic representing
the connection of the maximum power point for

mechanical power [pu]

each static characteristic. The aim of the control
system is to follow the maximum power curve
between the minimum and maximum rotational
speeds. Starting from the ¥  and by following
the maximum power P, characteristic, the tur-
bine operates at the rotational speed correspond-
ing to the optimal specific speed 4, , at which the
power coefficient is maximal. The turbine speed
is adjusted to harvest maximum wind power. This

\J

Rotor Speed [pu]

Figure 7. Aerodynamic power characteristic [23]
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energy is tracked at the maximum power coeffi-

cient C using MPPT methods.

Efficient torque regulation strategies

The proposed approach purposes to enhance
the efficiency of the produced power across vary-
ing wind speeds. As revealed in Figure 8, the
principle of the described technique is regulating
the torque corresponding to the optimum torque
reference for a specified wind velocity, following
the maximum power characteristic curve. In fact,
for each wind velocity, the power point track-
ing method executes a reference torque that al-
lows for the extraction of the MPPT. The studied
MPPT technique is shown in the equation:

Puppr = Kopr® (25)
with
_ EP”RSCpmax
Kopt =3 PEm (26)

CSA technique

This novel technique is inspired by the smart
behaviour of crows. In fact, Crows are recog-
nized as highly intelligent birds, capable of rec-
ognizing faces and alerting one another when a
threatening individual approaches. They dem-
onstrate advanced communication skills and
possess long-term memory, enabling them to
remember where they have hidden their food.
Additionally, crows often follow other crows
or birds to locate and steal their hidden food.
On the other hand, if a crow realizes it is being

inspired by the intelligent behaviors of crows as

described earlier. The core principles of CSA are

summarized as follows:

e crows live in groups and retain memory of
their food hiding locations,

e crows track others to steal their hidden food,

e to protect it, crows move in random patterns.

Step 1: define the problem

For the optimisation problem, decision varia-
bles and adjustable parameters are defined are in-
itialized as follows: N — flock size; itermax — the
total number of iterations; 4P — awareness proba-
bility, which determines the likelihood of a crow
being aware of being followed and fl — flight length,
controlling the distance a crow moves during the
search process. The parameters of the CSA given in
Table 1 were carefully selected based on a trade-off
between convergence speed and solution diversity.

Step 2: initialize parameters

At a given iteration k with N randomly dis-
tributed crows, each candidate is represented by
a memory m* and a position x* as given in Equa-
tions 27 and 28:

X = [Xqeeeiiiis. xy] (27)

m;=[my....oooo.nn. my] (28)

Assuming that crows have hidden their food
in their starting positions, each candidate’s mem-
ory is initialised.

Table 1. Tuning parameters of CSA technique

ok : Parameters Values
followed, it will cleverly change its concealed r N r :e
food location to mislead others and protect its
[25, 26]. This paper presents a novel population- AP 201
based metaheuristic algorithm, termed CSA, i 12
K Reference a
opt T i
e Controller - w';:;::gv T =
Generator Torque
2
a =
g

Figure 8. MPPT control using the optimal torque control method [24]
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Step 3: evaluate the initial population

The quality of the initial positions is deter-
mined using the fitness function.

Step 4: create of new candidate’s position

Crow i tracks crow j during iteration & to locate
crow j’s hidden food. The positions of the crows
are updated based on the AP value, as follows:

e Casel: if » > AP, with r is a random number be-
tween 0 and 1: this scenario implies that crow j is
unaware of being followed by crow i. Conse-
quently, the position of crow i at iteration (k+1)
is updated using the following equation:

X[ = xf + rfl(mf —xf) (29)

e Case 2: r < AP: this scenario implies that
crow j becomes aware that crow i is tracking
it. To deceive crow i, crow j adopts a strat-
egy of random movement within the search
space. This behavior is mathematically rep-
resented by the following equation: x/*' = a:
random location

Figure 9 provides a representation of the up-
date states and illustrates how the flight length (fl)
influences the search capability of the crows.

Step 5: evaluate the fitness function for newly
generated positions

After updating the position of each crow,
the objective function is evaluated for each new
position.

Step 6: update the memory
The memory of each crow is updated based
on the newly evaluated positions as follows.

) (30)

k : . k . k
kL = {xl- *1iffitness(xf*) > fitness(x]
i

m¥ otherwise
The initial values of the position and memory

vectors, given by Equations 31 and 32, are ap-
plied sequentially:

Cron
\’f’\“’lk
‘Am}

(a) fi<1

Tem; = [Tem) Tem) Tem§ Tem]  (31)
m? = [m{ mdm3°mi] (32)

The following fitness function expression is
used to evaluate the quality of the initial positions:

PF =Tk (33)
The following expressions are used to up-

date the memory and the positions of each of the
four crows.

7O _ Toni + 7 fL-(mf =Vye,) if r 2AP(34)
emt aifr < AP

The CSA must be reinitialized to locate the
new maxima when sudden variation in the oper-
ating point occurs due to change in wind veloci-
ties. The proposed method for reinitializing the
MPPT technique is based on monitoring changes
in electromagnetic torque and output power, as
described by Equations 35 and 36, respectively.

|Tekr;|l-i1 - Tekmil < AT (35)
Pk+1_Pk
Y o | > AP (36)
g

Figure 10 illustrates the various implementa-
tion processes of the implemented MPPT optimi-
zation problems.

SIMULATION MODEL

The simulation results presented in this sec-
tion provide a detailed assessment of the efficien-
cy of two distinct MPPT control strategies for a
3.6 kW wind turbine system (parameters in Table
2), implemented and analyzed using MATLAB/
Simulink. The first method employs a conven-
tional MPPT approach, while the second uses an
intelligent optimization technique based on CSA,
known for its performance in addressing complex
optimization problems. Through detailed simula-
tions, the dynamic response, tracking accuracy,

Origin

() fi>1

Figure 9. Adaptive movement of the crows [27]
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Figure 10. Flowchart of the proposed MPPT techniques; (a) Torque regulation technique (b) CSA technique

Table 2. Parameters of the studied system

Parameters Values
p 1.237
R 2m
P 2
oot 8
oo 0.473
R, 0.820Q
L, 15.1 mH
F 10°N m s rad”
J 99 10 kg m?
(] 0.5Wb
P 3.6 kW
V.o 10 m/s
Q, 157 rad/s
Tem, 23 N'm

and reliability of both methods are compared un-
der varying wind speed conditions.
Simulation results

During the simulation period of 40 seconds,
a variable wind profile ranging from 4 to 13 m/s,

averaging10 m/s was applied to the wind turbine
model (Figure 11). Beyond this wind speed range,
a speed limitation is achieved through the pitch
angle regulation, as shown in Figure 12.

The response of the studied structure follow-
ing the investigated MPPT techniques is pro-
vided by the following simulation figures. The
response of the electromagnetic torque, given
by Figure 13, illustrates the performance of the
implemented CSA technique. Indeed, beyond
V. ..(10 m/s), the torque is adjusted to its nomi-
nal value (23 Nm). During this period, it can be
deduced that the response of the conventional
MPPT method, the torque regulation method,
exhibits more fluctuations and a slower response
time compared to the intelligent method based
on CSA technique.

The response of the angular velocity and the
generated power is provided by the following
Figure 14 and 15. Both implemented techniques
ensure the extraction of the maximum power
of 3.6 kW, corresponding to a nominal rotation
speed of 157 rad/s, during periods of high wind.
The response of the CSA ensures a smoother and
faster power extraction.
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Figure 15. Generated power response

To highlight the effectiveness of the grid-side
control, simulation figures regarding the DC bus
voltage and the grid-side currents and voltages
are provided. Indeed, it can be observed in Fig-
ure 16 that the DC bus voltage perfectly tracks
smoothly its reference value of 400 V, and that
the grid quantities depicted in Figure 17 and Fig-
ure 18, whether current or voltage, are perfectly
three-phase. These responses underscore the

500 T T T

robustness of the implemented regulators for the
grid-side control.

Power smoothing analysis

Mitigating output power fluctuations is increas-
ingly important as wind energy systems are increas-
ingly integrated into the grid. As highlighted in [28],
The concepts smoothing function are introduced

400

300 -

Ude (V)

200 -

100 =

L L 1 L

20 25 30 35 40
Time (s)

Figure 16. DC bus voltage response

iglab.c)

igabc)
[=]

. : . L . s
0 5 10 15 20 25 30
Time (s)

1
35 40 6.96 6.98 7
Time (s)

Figure 17. Grid currents response
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and defined using Equation 37 to assess the per-
formance of the suggested based CSA method in
smoothing output power given in Figure 19.

dapy(t)

|t

t
Psmooth = fo | (37)

where: P —smoothing power function.
smooth

DISCUSSION

To quantitatively assess the effectiveness of
the CSA-based controller, its performance is com-
pared with that of the torque regulation technique.
The evaluation is based on key performance met-
rics, namely the mean squared error (MSE), mean
absolute error (MAE), and mean percentage error

Table 3. Comparative performance analysis of MPPT
controllers

Method MPE(%) MAE(%) MSE(%)
CSA 0.002 08.75 0.047
Torque
regulation 0.008 12.02 0.38
technique

200

(MPE). A detailed comparison of the results is
presented in Table 3. The CSA-based control-
ler significantly outperforms the conventional
method across all indicators. The MPE is reduced
by 75%, and the MSE by over 87%, confirming
superior accuracy and dynamic response. These
improvements result from the adaptive and intel-
ligent search capabilities of the Crow Search Al-
gorithm, which better handles the nonlinearities
of the wind energy conversion system. Compared
to results reported in previous studies employing
PSO or fuzzy-based MPPT controllers [29,30],
the CSA-based technique demonstrates similar
or improved levels of accuracy, while requiring
fewer iterations and showing smoother torque
profiles. This confirms the suitability of CSA for
real-time MPPT under dynamic wind conditions.

CONCLUSIONS

In this study, an innovative CSA based MPPT
method for grid connected wind turbine systems
was proposed and evaluated. This technique has
outstandingly performed in convergence speed,
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accuracy, and efficiency when tracking the maxi-
mum power point under varying wind conditions.
Compared to a conventional torque regulation
MPPT technique, the proposed method not only
improved the generated power output but also en-
sured smoother and more stable power delivery.
Simulation results confirmed that the CSA-based
approach effectively reduced power fluctuations,
enhancing the overall reliability and quality of the
energy harvested from the wind turbine system.
These improvements highlight the potential of
bio-inspired optimization algorithms, like CSA, in
advancing renewable energy technologies. Over-
all, this study contributes to the advancement of
intelligent control strategies that optimize energy
extraction and enhance the efficiency of wind en-
ergy conversion systems, supporting the transition
to more efficient and sustainable energy solutions.

Future work will focus on validating the pro-
posed CSA-based MPPT method using real-time
experiments on a physical wind turbine setup.
Although the present study is based on detailed
simulations to demonstrate the feasibility and
performance of the proposed approach, experi-
mental implementation remains a key step toward
practical deployment and is planned as part of our
ongoing research.
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