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In this study, grey wolf optimization algorithm based hybrid energy storage system controller
design for electric vehicles was carried out. / Bu ¢alismada, elektrikli araclar ic¢in gri kurt
optimizasyon algoritmast tabanli  hibrit enerji depolama sistemi kontrolcii tasarimi
gergeklestirilmigtir.
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Figure A: The change in energy consumption for electric vehicles over time /Sekil A: Elektrikli
araglar igin enerji tiiketiminin zaman igindeki degigimi

Highlights (Onemli noktalar)

>  Grey wolf optimization algorithm based hybrid energy storage system controller for
electric vehicles is developed. / Elektrikli araglar igin gri Kurt optimizasyon algoritmasi
tabanlr hibrit enerji depolama sistemi denetleyicisi gelistirilmigtir.

» “The proposed design provided much better performance than the methods in the
literature. / Onerilen tasarim literatiirdeki yontemlere gore cok daha iyi performans
saglamustr.

» The proposed system is much superior to previous methods and reduces energy
consumption by 12.88%. / Onerilen sistemin literatiirdeki onceki yontemlere gire ¢ok
daha iistiin oldugu ve enerji tiiketimini %12,88 oraminda azalttigi tespit edilmigtir.

Aim (Amag): The aim of this study is to design a high-performance grey wolf optimization
algorithm-based hybrid energy storage system controller for electric vehicles. / Bu ¢alismanin
amact elektrikli araglar igin yiiksek performansa sahip gri kurt optimizasyon algoritmasi tabanli
hibrit enerji depolama sistemi kontrolcii tasarimi gergeklestirmektir.

Originality (Ozgiinliik): According to the methods in the literature, the high-performance grey wolf
optimization algorithm-based hybrid energy storage system controller has been designed for
electric vehicles. / Literatiirde yer alan yontemlere gore yiiksek performansh gri kurt optimizasyon
algoritmasi tabanl hibrit enerji depolama sistemi kontrolciisii elektrikli araglar igin tasarlanmigstir.

Results (Bulgular): It has been observed that the proposed system is much superior to its strongest
competitor, the master-slave salp swarm optimization algorithm-based controller, and reduces
energy consumption by 12.88%. / Onerilen sistemin en giiclii rakibi olan efendi-kéle salp siiriisii
optimizasyon algoritmast tabanli kontrolciiye gore ¢ok daha iistiin oldugu ve enerji tiiketimini
%12,88 oraminda azalttigi gozlemlenmistir.

Conclusion (Sonug): The developed system in this study achieved less energy consumption under
the same conditions compared to existing systems in the literature. / Bu ¢alismada gelistirilen sistem
literatiirdeKi mevcut sistemlere gore ayni kosullar altinda daha az enerji tiiketimi elde etmigtir.
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Abstract

Electric vehicles (EVs) present several benefits over cofiventional ‘internalicombustion engine
vehicles. They emit zero tailpipe emissions, thereby aiding inythe reduction ofaair pollution and
the mitigation of climate change. In addition, EVs tend to,havelewer operating expenses due to
cheaper electricity compared to gasoline or dieselyThey also provide a smoother and quieter
driving experience. Furthermore, EVs~help, promotenenergy. independence by decreasing
dependence on fossil fuels. Overall, they represent ajcleaner,mere sustainable transportation
option for the future. However, EVs engounter some important constraints such as inefficiency
of energy consumption management, charging time, and battery range problems. To address these
challenges, hybrid energy storage” systems (HESSs) offer a“solution by combining different
energy storage technologies. These systems can, improve energy efficiency, reduce charging
times, and extend the driving range, of/ EVs, makingsthem more practical and appealing to
consumers. In this studyy a'newscontroller design is realized using the grey wolf optimization
(GWO) algorithm, and the energy-consumption demands of EV HESS are optimized with the
designed system. The performance results ofthe proposed system are compared with other energy
management systems in theliterature, andit is concluded from this study that the proposed system
is much superior to previous methods and typically reduces energy consumption by 12.88%.
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1. INTRODUCTION (GiRris)

Electric vehicles (EVs) are transforming the
automotive sector by providing a viable and

Elektrikli araglar (EA’lar), geleneksel i¢ten yanmali motorlu araglara gore gesitli avantajlar
sunmaktadir. Sifir egzoz emisyonu yayiyorlar, boylece hava kirliliginin azaltilmasina ve iklim
degisikliginin® hafifletilmesine yardimci olmaktadirlar. Ayrica EA’lar, elektrigin benzin veya
dizele kiyasla daha ucuz olmasindan dolayr daha disik isletme giderlerine sahip olma
egilimindedir. Ayn1 zamanda daha yumusak ve sessiz bir siiriis deneyimi saglarlar. EA’lar fosil
yakitlara olan bagimliligi azaltarak enerji bagimsizliginin desteklenmesine yardimci
olmaktadirlar. Genel olarak gelecek i¢in daha temiz, daha siirdiiriilebilir bir ulagim secenegini
sunmaktadirlar. Ancak EA’lar, enerji tikketimi yonetiminin verimsizligi, sarj siiresi ve batarya
menzili sorunlart gibi bazi onemli kisitlamalarla karsilasmaktadir. Hibrit enerji depolama
sistemleri (HEDS’ler), bu =zorluklarin iistesinden gelmek igin farkli enerji depolama
teknolojilerini birlestirerek bir ¢dziim sunmaktadir. Bu sistemler enerji verimliligini artirabilir,
sarj stirelerini azaltabilir ve EA’larin siiriis menzilini genisleterek onlar1 daha pratik ve tiiketiciler
icin daha ¢ekici hale getirebilir. Bu ¢alismada, gri kurt optimizasyon (GKO) algoritmasi
kullanilarak yeni bir kontrolor tasarimi gergeklestirilmis ve tasarlanan sistem ile EA HEDS’in
enerji tiiketim talepleri optimize edilmistir. Onerilen sistemin performans sonuglari literatiirdeki
diger enerji yonetim sistemleriyle karsilagtirilmig olup bu ¢aligmada onerilen sistemin 6nceki
yontemlere gore ¢ok daha iistiin oldugu ve enerji tiikketimini tipik olarak %12,88 oraninda azalttig1
sonucuna vartlmistir.

environmentally friendly option to conventional
gasoline-powered vehicles. Unlike conventional
cars that rely on internal combustion engines fueled
by gasoline, EVs utilize electricity stored in
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rechargeable batteries onboard for power [1], [2],
[3]. This fundamental difference brings several key
benefits. The first of them is that EVs emit zero
tailpipe emissions, thereby diminishing air pollution
and greenhouse gas emissions, which are significant
contributors to climate change. By transitioning to
EVs, carbon footprint can be significantly
decreased, and improved air quality in urban areas.
Secondly, electric motors possess inherent
efficiency advantages over internal combustion
engines, effectively converting a greater portion of
energy from the battery into forward motion. This
means EVs require less energy to travel the same
distance, resulting in lower operating costs and
reduced reliance on finite fossil fuels. Thirdly,
possess fewer moving components compared to
traditional vehicles, thereby leading to reduced
maintenance expenses over the vehicle’s lifetime.
Additionally, electricity is typically cheaper than
gasoline, leading to lower fueling costs for EV
owners. Another one is that electric motors operate
quietly and provide smooth acceleration, offering a
more pleasant driving experience compared to noisy
and vibration-prone gasoline engines. Lastly, the
rapid advancement of EV technology haseled to
improvements in  battery range, “charging
infrastructure, and vehicle performance. Madern
EVs can travel hundreds of miles on a single charge
and charge quickly at home or public charging
stations [3], [4].

The development of battery te€hnology has led to
improved battery performance. However, excessive
and continuous charging,or discharging of batteries
can shorten their Jifespan “and““diminish the
efficiency of the gystem [5]. Onithe other hand,
supercapacitors, (SCs) ‘are able “to offer the
advantage of high,instantaneous power. Therefore,
integrating@a SC with aybattery‘in a Hybrid Energy
Storage System (HESS) cantenhance the battery’s
lifespan and thewerall effectiveness of the vehicle
[6]. “Moreover,“the presence of SCs extends the
range of@n EV by providing fast power while
accelerating, and _enabling the battery to recover
energy when‘braking [7]. Moreover, the evolution
of battery technology has notably enhanced the
performance and driving range of EVs, addressing

a key concern for potential customers. The
significance of EVs transcends personal
transportation, as the transportation industry

significantly contributes to the emission of
greenhouse gases. Wide-scale adoption of EVs can
play a pivotal role in reducing carbon dioxide
emissions and combatting climate change.
Additionally, EVs have the capacity to provide
decentralized energy storage and integrate with the
grid, thereby enabling the seamless integration of

XX

renewable energy and

sustainability [6].

sources encouraging

Recent research has focused on improving HESS in
plug-in hybrid EVs (PHEVs) to reduce battery
aging expenses and enhance fuel economy. A novel
PHEV power system configuration has been
developed integrating a battery pack including an
internal combustion engine (ICE), and SC [8]. This
configuration enhances the fuel efficiency of the
PHEV by associating the battery and SC with the
DC-bus line and powering the driving (electric)
motor. Experimental results indicate that HESS
systems can remarkably prolong, battery life and
reduce operating costs [9]: The SC increases vehicle
acceleration and, provides ‘complementary. power,
thereby improving accelerationyperfermance while
extending batteryand SC, lifespan. “Employing
HESS technology shews significant potential in
enhancing¢beth the, economic Jefficiency and the
performance,0fPHEVS. ““However, a notable
challenge“arises: effectively distributing power
requirementsyamong various components in real
time. “This is ‘commenly known as the Energy
Management (EM) problem [10], [11], [12].

Considerable research efforts have been devoted to
devising efficient EM systems for HESSs
integrating batteries and SCs in EVs. Rule-based
approaches have been introduced in references [13],
[44], [15], employing if-else paradigms derived
from heuristic human experience. In those related
studies, a threshold is established on the current
requested by the EV motor. When the current
demand surpasses this threshold, the SC is engaged
to provide the necessary power, while the EV
battery remains operational below the threshold.
Alternative rule-based algorithms for managing
HESS, discussed in references [16], [17], establish
the threshold according to the power provided to the
drive motor rather than its present demand. This
approach takes into account the motor's
requirements for both voltage and current.

Within the rule-based algorithms, predetermined
current and/or power thresholds are established
based on expected power demands for predefined
driving cycles. However, this limitation is tackled in
Reference [18] through the proposal of an adaptive
power split strategy. This strategy dynamically
follows the load profile of the motor in real time to
assess variations in power demand and accordingly
allocate power between the capacitor and the
battery. Another split method is exploited in
Reference [19] thanks to fuzzy logic controllers to
specify the frequency of load variation. In addition,
Reference [20] introduces a fuzzy rule-based HESS
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EMS, featuring optimized membership functions
for precise specification of thresholds. Furthermore,
Reference [21] implements real-time current
sensing to regulate the maximum current delivered
from the battery to the drive motor, thus mitigating
the risk of extreme battery discharge.

References [22], [23] propose an offline method for
detecting globally optimal EMSs utilizing dynamic
programming (DP). However, these approaches
necessitate preliminary knowledge of the driving
cycle and significant calculation capacity of the
EMS controller. Reference [24] introduces an
optimization problem aimed at determining the
ideal sizing of both the battery and SC banks
necessary for executing a rule-based algorithm for
managing energy within a semi-active HESS. This
optimization aims to simultaneously minimize the
cost of the HESS while maximizing the driving
range of the EV. Reference [25] similarly offers an
optimal model for sizing the battery and SC within
a semi-active HESS. However, rather than relying
on predefined EMS rules, this model utilizes the
power demands of diverse driving cycles to
establish the constraints of the model.

Various optimization methods can be combined
with rule-based algorithms to facilitate effective
power allocation within HESSs. References [26],
[27] constrain the search space for power allocation
using a predefined set of rules. Within “this
framework, real-time determination of the,optimal
operating point is achieved.through,the application
of metaheuristic optimization techniques. In other
optimization-based studies, a new HESSyfor EVs is
proposed in [28].aTheysetup. employs an energy
pump to sustain voltage ‘of SCs abowve that of the
battery during “traditional “driving, scenarios. To
address thefissue ofilarge voltagefluctuations from
SC power transmission, a modulator replaces the
DC/BC converter.sthis system enables control and
optimization of, energy while preserving the
achievement of “the driving motor [29]. The
researchersyin [30] focus on managing the power of
energy storage,systems for EVs using metaheuristic
algorithms such as simulated annealing (SA) and

Electric
motor/
generator

Onboard
charger

particle swarm optimization (PSO). In a recent
study, in [31], the authors investigate the
performance of the master-slave salp swarm
optimization algorithm (MSSSA) and compare the
results of their proposed method with other popular
metaheuristic algorithms such as salp swarm
algorithm (SSA), dynamic algorithm (DA), moth
flame optimization (MFO), and PSO.

To the best of the authors’ knowledge, this is the
first study that investigates the performance of the
Grey Wolf Optimizer (GWO) algorithm in
managing energy demand in EV HESSs. Firstly, an
EV HESS system design based ‘on GWO was
conducted, followed by a€omprehensive analysis of
the performance, of the develeped) management
system. During the simulationistudies,, parameters
used in previouslyreported'systems in the literature
were adopted tolensure, a reliable comparison. The
performangeyresults, of ‘the proposed system were
compared withyrival, EVARHESS management
systems inythe literature,hand it was observed that
the "GWO-based “system proposed in this study
outperferms previous, methods by a significant
margin.

2. SYSTEM MODEL (SISTEM MODELI)

Anexemplary EV HESS system model is depicted
in Figure 1. This model essentially contains a
battery a SC module connected in parallel. Lithium-
ion batteries are commonly preferred in EVs today
due to their high storage capacity. However, over
time, lithium-ion batteries degrade and begin to
exhibit rapid discharge or charge within shorter
periods. Drawing significant current may cause
overheating and necessitating the regulation of
current. Otherwise, while SCs possess restricted
capacity, they offer the superiority of rapid charging
and discharging (typically over 1 million cycles)
without degradation. The use of HESS in EVs aims
to provide sufficient power during the driving cycle
while reducing battery degradation as much as
possible. Within this framework, an appropriate
control system can be designed thanks to GWO
algorithm.

Figure 1. Block diagram of a typical EV HESS model (Tipik bir EA HEDS modelinin blok diyagrami)

XX
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Typically, a battery module with a voltage range of
200 V to 500 V and a high-capacity module ranging
from 20 kWh to 100 kWh are achieved through the
use of a series and parallel arrangement of cells for
EVs. A suitable model characterizes the battery in
terms of a voltage source and a resistor connected in
series. The output voltage is based on the state of
charge (SoC). The SoC parameter of any battery is
mathematically defined by the following equation.

soC, =38 - D6, s0c

1
Q 1)

B

hnit init
where Q, represents the stored energy while Q,

stands for the nominal capacity within the battery
module. The battery voltage, V;, within the range

of 15% to 90%, is approximately represented by:

Vs =V, —({'xAS0Cy) 2)

where ¢ is a correction parameter with a value of
0.0007. Additionally, the current drawn from the
battery, I, is given as,

| Vg i,NBZ —-4R; - R,

" 2R,

@)

where R; and P, represent internal resistanceyof
battery and the total power of battery, respectively.

The SCs have much higher capaeity when compared
to typical capacitors opérating atlowweltage values.
The SCs used ing EV, HESSs “typicallybhave a
capacitance of approximately 400 F. These
capacitors offer asignificantiadvantage in terms of
energy storage, density. than “that of electrolytic
capacitors providing high charging and discharging
capabilities. Due to,theirvery long lifespan, the life
loss'of SCs usedyto store load in EVs is negligible.
The voliage at the terminals of the SCs varies
linearly according to the SoC, and it can be
determined based on the energy and capacitance
stored in the SCs as,

|

where Q.. represents the energy accumulated in the
SC, C,. denotes the capacitance of the SC, Ry
indicates the internal resistance of the SC, and P,
corresponds to the load of the SC.

_0.5xQq N
CSC

0.25x Qqc

VSC
CSC

2
] — Py xRge (4)

XX

Similar to Equation (1), the SoC parameter of the
SC can be defined as follows.

Qe _ Qe
Qsc

SoCy. x S0C

init

(5)
n SCipit

In EVs, the management and improvement of HESS
are accomplished through a controller that performs
actions such as distributing energy demand between
SC and battery modules, regulating the charging and
discharging rates to increase battery lifespan, and
minimizing energy losses in thessystem. However,
the energy demand must be met by, battery power
and SC power. Considering system-losses and a

time period of 1 second, the energy'demand (E, )
can be expressed as,

E, =P, + Py (6)
Tihe outputs of energyistorage modules rely on the
SoC of these devices‘and, the power demand that
doesynot exceed the limits on the current of the
battery.yTo ensure this, energy distribution factors
K; and Ky, are defined as follows [32].

P, =K, xEy
Pea= Kee X Ep (7)
Kee =1-K,

Energy consumption in HESS arises from various
components such as losses from motors, lines,
converters, capacitors, and batteries. The primary
losses targeted for optimization are those associated
with capacitors and batteries, which are defined as
follows.

E=P, +P. +Ef +E&
Es =15 (t)xRy
E:c = Iszc (t)x Rsc

(8)

where, P, and P,. denote the power supplied by

the battery and SC, respectively, while Ef and EX.

denote the energy loss from the battery and the
energy loss from the SC, respectively.

When the SoC is high for both the battery and the
SC (e.g., close to 1), the energy distribution between
the battery and the SC will have little or no effect.
In this case, the optimization process is constrained
only by current limits, and the constraints can be
expressed as the following equations:
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<l <I

(9)

I S(:I'nlﬂ

4R, x Py <VZ

SCrnax

The objective function of the optimization problem
under constraints given by Equation (9) can be
defined as follows:

Erga =Min Y (Eg (t)+ Eg (1))
Eg ()= 15 (t)x((Va (t)xcosdy (1)) +Rs )

Eqe (1) =l (t)x((v;C (t)xcos by (1)) + RSC) (12)

(10)

(11)

The defined objective function of the EV HESS
problem is optimized thanks to GWO algorithm in
this study. General information about the GWO
algorithm is given in the following section.

3. GREY WOLF OPTIMIZATION

ALGORITHM (GRI KURT OPTIMIZASYON
ALGORITMASI)

The GWO algorithm is a metaheuristic algarithm
reported by Mirjalili et al. [33], taking into account
the leadership hierarchy of grey wolveS and their
hunting methods in nature. GWO exhibits better
convergence properties compared \\to (other
population-based metaheuristicaalgorithms, such as
genetic algorithms, particle swarmieptimization, ant
colony optimization _and Wfirefly, algorithm.
However, implementing of “GWQOpalgorithm is
simple and effortlessywhen compared to other
population-based optimization algorithms.

Accordinggto,, the®leadershiphierarchy of grey
wolves depictediin Figure®2ythere is a chain with
alphad(e) wolves at _the top, followed by beta (B),
delta (5), and omega (@) wolves. As evident from
the chaingstructure, alpha wolves are the most
dominant'and authoritative members of the chain.
Beta wolves;, situated in the lower tier, are
responsible for‘not only commanding other lower-
level wolves but also for facilitating communication

among alpha wolves, delta and omega wolves.
Omega wolves are selected by alpha wolves and are
positioned at the lowest level. These wolves
comprise a significant portion of the population and
are primarily tasked with balancing the internal
dynamics, safeguarding and observing population
of young wolf. They are the last to feed during
hunting. Wolves in the third tier are those that do
not belong to other tiers and are subordinate to alpha
and beta wolves but dominate omega wolves [33].

In the GWO algorithm, the hunting process is
represented by tracking and® tracing the prey,
surrounding it, and attacking behaviors. In this
algorithm, the mast optimal, solution “obtained for
the problem is censidéred as,alpha, whileibeta and
delta are evaluated as the secend“and third best
solutions, respectively. Lastly, omega wolves stand
for potential solutionsy The characteristic hunting
behaviors ofigrey welves,such as tracking the prey,
determining “its “location, and surrounding it, are
analytically.expressed*by Equations 13 and 14.

D= [CoX, (1) 3 X (1) (13)

X(t+)=X,(t)-A=D (14)
where t“represents the iteration number, A and C
are/coefficients, X (t) represents the location of the

grey wolf, and X (t) represents the location of the
prey. The coefficients A and C in Equations 13
and 14 are calculated as shown in Equations 15 and
16.

A=2ax*r—a (15)

C=2r, (16)

where r, and r, represent random numbers between
[0,1], while a represents a coefficient that linearly

reduces from 2 to O while the iteration advances.
The grey wolves (0, B, and §) surrounding the prey
then proceed to hunt it down. Figure 3 illustrates the
hunting procedure of the grey wolves.

Figure 2. Grey wolf hierarchy in the GWO algorithm (GKO algoritmasindaki gri kurt hiyerarsisi)

XX
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Figure 3. Hunting strategy of the grey wolves (Gti kurtlarin avlanma stratejisi)

The positions of the grey wolves in the hunting
mechanism depicted in Figure 4 are determined by
Equations 17 and 18.

D, =[C;* X, ()= X (t)

D, =[C, * X, (t) - X ()| (17)
D; =|C3*X5(t)—X(t)|

Xlzxa(t)_Ai*Da

X, =X, (t)- A%y (18)
X3=X5(t)_A3*Do‘

In the,above equationspX , X, and X, show the

location‘of the greyiwolves. After the hunt, the new
position ofthe prey is given by Equation 19.

X+ X, + X,

X(t+1)= 3

(19)

After determining the location of the prey in the
GWO algorithm, the attack procedure on the prey is
accomplished. The attack process occurs after the
prey becomes exhausted and halts movement.
Mathematically, the attack process occurs based on
the value of A specified in Equation 15. The value

of “A diminishes according to the random variable
rfrom.2 to 0. In this situation, the variable A takes

values within the range of [—2a,2a] . If the value of

A<is bigger than 1, the grey wolves distance
themselves from the prey and begin seeking a more
proper target. If the value of A is less than 1, they
are compelled to launch an attack on the target. The
explained procedure prevents them from getting
stuck in local minima. The hunting process in GWO
continues till the termination criterion is satisfied or
until the designated number of iterations is attained.
More detailed information about the GWO
algorithm can be accessed from reference [33].

4. RESULTS AND DISCUSSION (SONUCLAR
VE TARTISMA)

This section introduces the numerical results
acquired from the comprehensive analyses
conducted with the proposed EV HESS controller.
During the analysis stage, the calculations involved
determining the theoretic minimal energy
requirements and consumption for a driving cycle.
Additionally, to figure out the performance of the
control strategy and enable comparison under the
same conditions as the literature [31], an energy
consumption curve for a duration of 125 seconds
has been generated, as shown in Figure 4.
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Figure 4. (a) The speed variation of the EVs over time, and (b) The variation of energy demand over time
((a) Elektrikli araglarin zaman i¢indeki hiz degisimi ve (b) Enerji talebinin zaman i¢indeki degigimi)

The optimization processes were performed atarate  search agent count of 60. Other important
of one per second due to the need for optimum speed  parameters related to EV and HESS were selected
in real-time optimization of the changing energy to be the same as in the literature [31], and the
demand over time. The maximum iteration count for  related parameters are listed in Table 1.
optimization in all algorithms was set to 100, with a
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Table 1. Parameters of the experimental system (Deneysel sistemin parametreleri)

Parameter Value
Vehicle mass 3600 kg
Friction coefficient 0,208
Air density 1,225 kg/m3
Reference area 2,34 m2
Supercapacitor capacitance 400 F
Battery voltage 350 vV
Capacitor voltage 36V
Battery internal resistance 20000 Q
Supercapacitor internal resistance 700 Q
Initial energy stored in battery 19800000000 J
Initial energy stored in supercapacitor 3600000 J

The numerical results obtained from the existing
algorithms in the literature [31] are compared with
the results obtained from the proposed GWO
algorithm in this study, as shown in Table 2. All
algorithms were independently run 10 times, and the
minimum, average, and maximum values of the
objective function results are presented in the table
based on the obtained data. Additionally, the
performance of all algorithms was tested on the
same computer environment.

Upon examining thepresentedy data, itycan be
observed that the,resultstebtained with the HESS
controller developed, using the GWO algorithm in
this study outperform-those of other’algorithms in
terms of minimum;imaximum, and average energy
consumption<yvalues. “In other words, the HESS
controller<designed “with, the GWO algorithm
enables the EV totachieve the same speed profile
and, range with less energy consumption.

Table 2. Comparison of HESS EV energy consumptien (HEBS EA enerji tiiketiminin karsilastirilmast)

Algorithm Energy Consumption Value | Computation Time
GWO - minimum 5.14 x10° 2.437055 s
GWO - maximum 5.18 x10° 3.177931s
GWO - average 5.15x10° 2.644865 s
MSSSA - minimum 5.90x10° 2.989255 s
MSSSA - maximum 5.90x10° 8.775863 s
MSSSA - average 5.90x10° 4516591 s
SSA - minimum 6.77 x10° 2.787979 s
SSA - maximum 7.66x10° 3.449375 s
SSA - average 7.21x10° 2.990565 s
MFO - minimum 6.39x10° 2.724807 s
MFO - maximum 6.80x10° 3.023435s
MFO - average 6.57x10° 2.857101s
PSO - minimum 6.34x10° 2.948035s
PSO - maximum 6.53x10° 3.353873 s
PSO - average 6.37 x10° 3.122244 s
DA - minimum 6.54 x10° 311.626785 s
DA - maximum 7.42x10° 344.671427 s
DA - average 7.00x10° 328.369729 s

XX




Boyar, Kabalci, Kabalcr | GU J Sci, Part C, 12(X):XX-XX (2024)

Additionally, the computation times of
metaheuristic algorithms in the design of HESS
controller systems have been investigated and
presented in the same table. Upon examination of
the computation times, it is evident that the DA
algorithm has both the lowest performance and the
slowest computation capability. On the other hand,
when comparing the computation times of the
proposed controller's main competitor, the MSSSA-
based system [31], it is observed that the GWO-
based HESS controller developed in this study is
faster than the MSSSA-based system.

Figure 5 illustrates the variation of battery current
and supercapacitor current over time for the EV
HESS system optimized with GWO algorithm.
Upon examining the current curves, it is observed

180

that the instantaneous decreases in battery current
are balanced by an increase in supercapacitor
current, ensuring that the energy demand is met.

The curves illustrating the variation of energy
consumption over time for the EV are presented in
Figure 6. Upon examination of the graph, it is
clearly evident that the HESS system designed with
the proposed GWO algorithm in this study achieves
the least energy consumption under the same
conditions. When the improvement offered by the
developed system compared to its strongest
competitor, i.e., the MSSSA-bhased controller, is
calculated, it is observed that thexGWO-based EV
HESS control system reduces energy censumption
by 12.88% under,identical conditions.
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Figure 5. The distribution oficurrent ever time in an EV HESS system optimized with the GWO
algorithm (GKO algorifmasiyla optimize edilmis bir EA HEDS sisteminde akimin zaman igindeki dagilimi)
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Figure 6. The distribution of current over time in the system optimized with the GWO algorithm (GKO
algoritmast ile optimize edilmis sistemdeki akimin zaman i¢indeki dagilimi)

5. CONCLUSIONS (SONUCLAR)

This article focuses on the use of the GWO
algorithm for real-time controller design of EV
HESS. The EV HESS controller designed with the
GWO algorithm provided much better performance
than the methods previously reported in the
literature. The results obtained showed that the
GWO algorithm-based EV HESS controller system
proposed in this study can reach the same range
using the same speed profile and with less energy
consumption compared to existing systems.
Moreover, according to the numerical results
presented, it is calculated that the developed
controller system reduces energy consumption by
12.88% compared to the MSSSA-based system,
which is the best competing control algorithm.
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