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Abstract

This study presents a comprebensive performance evaluation of fuzzy logic controller (F1LC) and fractional order proportional
integral (FOPI) controller applied to an electric vebicle (E17) wireless charging system. A comparative analysis was conducted
through detailed simulation models in MATIAB software R2021a to assess the controllers’ effectiveness in maintaining regulated
and stable output voltage and power transfer efficiency. Although both FL.C and FOPI controllers have been explored in various
nonlinear systems, limited comparative performance studies exist on their application to EV” wireless charging systems under
identical simulation conditions. Moreover, most previous works focus on conventional PID control and do not compare intelligent
controllers (like Fuzzy and FOPI). The FL.C was implemented in MATIAB software using FL.C fool box to address system
nonlinearities through rule-based system, while Fractional-Order Modeling and Control (FOMCON) tool box in MATI.AB
Simulink was utilized to obtain optimal parameters for FOPI controller. The optimized parameters obtained when integral time
square error (ITSE) was used as performance matrixc are proportional gain, &, = 3.2555, integral gain, k; = 2.5062 and A
=0.93 which improve control precision. Simulation ontcomes revealed that FL.C controller demonstrated superior dynamic
performance in terms of power transfer efficiency of 89% compared to FOPI and open loop of 72 and 21.8% respectively. 1t was
established that FOPI controller enbanced system stability with minimal overshoot and settling time compared to FLLC. These
results indicate that advanced control methodologies, such as F1.C and FOPI controllers can substantially improve the operational
reliability and efficiency of EV wireless charging systems by promoting wider adoption of wireless charging technologies.

Keywords: Electric vebicles, wireless power, fugzy controller, fractional order PI controller, DC-DC converter.

1.0 Introduction

Electric vehicles (EVs) have gained popularity because of their improved efficiency, low carbon emissions,
and superior performance over conventional internal combustion engine (ICE) [1]. The growth of EVs on the
road has increased exponentially. So, the desired energy availability and recharge infrastructure in multi-energy
systems must be in place to support this mass adoption [2]. The proliferation of new energy generation and storage
resources has led to an increase in the complexity of the electrical network nowadays. These sources supply varied
voltages (DC and AC) and frequencies for their electrical energy production. It is inevitable that new technologies
will be used to control and enhance the power system's reliability because distribution networks and EV chargers
are non-linear in nature, an efficient controller is required [3]. In light of these complications, Power generation,
energy storage, and loads in a grid or micro grid must be connected through intelligent energy management (IEM)
[4]. It is anticipated that power quality problems such voltage imbalance, transformer failure, and harmonic
distortion may surface as electric vehicles (EVs) become more prevalent in distribution networks [3]. Electric
vehicle (EV) charging methodologies are broadly categorized into wired and wireless systems. Wired conductive
charging is further classified into three levels: Level 1 (L-1), Level 2 (L-2), and Level 3 (-3)[5]. In contrast, wireless
charging technologies are primarily divided into Capacitive Power Transfer (CPT) and Inductive Power Transfer
(IPT), with IPT being the preferred technique due to its efficiency and reliability compared to CPT. Additionally,
wireless charging methods are subdivided into static and dynamic approaches [42]. Traditional wired power
transmission faces challenges such as wear, aging, electrical sparking, and safety issues in difficult terrains like
mountains and sea beds [6], wireless Power Transfer (WPT) offers a safer and more convenient alternative by
eliminating physical connectors, enhancing reliability, and reducing user intervention [7]. Due to these advantages,
WPT has seen growing adoption in homes, transportation hubs, docks, and industrial [8]. Wireless charging is
expected to enable smaller, lighter, and more cost-effective EV batteries, particularly through dynamic charging
systems. Major automakers such as Hyundai, Nissan, and Tesla are investing in this technology, although only a
few current models support it. Overall, these developments indicate strong future growth in the wireless EV
charging market [9].
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Inductive Power Transfer (IPT) is a wireless charging method that operates on the principle of
electromagnetic induction [6]. It primarily comprises two essential elements: a transmitter coil and a receiver coil.
An alternating current (AC) flowing through the transmitter coil produces a time-varying magnetic field, which,
based on Faraday’s law of electromagnetic induction, induces an electromotive force (EMF) in the receiver coil.
This induced EMF generates current, facilitating the wireless transmission of electrical energy. As illustrated in
Fig. 1, the IPT system involves an inverter on the transmitter side that produces a high-frequency AC. This AC
generates the magnetic field required for power transfer. On the receiver side, the alternating current induced in
the coil is converted into direct current (DC) using a rectifier, which is then used to charge a load such as a battery

[10].
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Figure 1: Principle of inductive power transfer (IPT) [10]

1.1 Literature Review

The global trend towards sustainable transportation has resulted in a significant increase in the number of
electric vehicles (EVs). As EVs gain popularity, the desire for efficient and user-friendly charging options has
become a vital part in promoting their widespread adoption [10][11].The review focuses on the fundamental
principles of wireless power transfer, recent technological developments, system-level integration, and
standardization efforts. It also examines the application of wireless charging in stationary and dynamic charging
scenarios [12][10].

The research in[13] developed a nonlinear dynamic model for electric vehicles (EVs) by integrating both
kinetic and electrical subsystems, with a primary focus on achieving robust speed control. To enhance system
resilience and ensure effective disturbance rejection, various controllers were designed using multiple optimization
techniques. The study in [14] employed metaheuristic algorithms to design a speed controller for a DC motor
based on Fractional Order PID (FOPID) parameters. Computational intelligence techniques, including Particle
Swarm Optimization (PSO) and Ant Colony Optimization (ACO), were utilized to efficiently tune controller
parameters, yielding highly accurate results. System robustness was validated by introducing a disturbance signal
with 0.1 noise power, where the FOPID controller demonstrated noise damping of approximately 30%, indicating
improved stability. Comparative analysis confirmed that the FOPID controller significantly enhanced transient
and time-domain responses, achieving minimal overshoot, rise time, settling time, and steady-state error. Literature
in [15] proposed an efficient Adaptive Neuro-Fuzzy Inference System (ANFIS)-based Fractional Order PID
(FOPID) controllers for electric vehicle (EV) speed tracking, where the vehicle is driven by a DC motor. The
FOPID controller parameters were optimized using the Ant Colony Optimization (ACO) algorithm. The
effectiveness of the ANFIS model was assessed using statistical performance metrics such as Mean Square Error
(MSE), Root Mean Squatre Error (RMSE), and the coefficient of correlation (R). Performance metrics such as
IAE, ITAE, ISE, and ITSE confirmed the effectiveness of the proposed controller, with the ANFIS-FOPID
achieving notably low error values (MSE = 6.01x107°, MAE = 0.004, SSE = 2.65).

The whole EV wireless charging system was represented based on block diagram as shown in Fig.2.
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Figure 2: Block diagram of EV wireless charging system
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1.2 EV Wireless Charging Standard

The implementation of WPT systems is guided by vatious standards, with SAE J2954/1/2 defining essential
parameters like alignment, interoperability, operating frequencies, power levels, and safety protocols, including
obstacle detection, magnetic field limits, contact current, communication, temperature control, and electric shock
protection e.tc. To standardize inductive charging for vehicle’s batteries, the J2954 standard categorizes induction
charging systems by nominal power and the distance from the secondary coil to the ground. This standard
establishes four ranges and three classes. To avoid health risks related to magnetic radiation, the J2954 standard
states that the public must not be exposed to magnetic fields exceeding 27uT at frequencies between 3 kHz and
10 MHz, as recommended by the International Commission on Non-lonizing Radiation Protection. According to
the SAE J2954 standard, charging stations are classified into four power levels, ranging from 3.7 kW to 22 kW.
The station will provide an output of 22 kW with a battery voltage of 550V.According to the SAE J2954 standard,
the designated resonant frequency for inductive charging systems is 85 kHz[9]. Consequently, this study will adopt
a resonant frequency of fp = 85KHz for all analyses and calculations. Based on the electric vehicle market, the
voltage range for the inductive charging station should be between 300 V and 550 V.

1.2 High Frequency Inverter for DC-AC Conversion

High frequency inverter was used to convert DC source voltage to AC. Utilizing high frequency in WPT
allows for more efficient and precise energy transfer, potentially reducing interference and enabling smaller
component sizes[11]. Higher frequencies are preferable when minimizing losses, reducing component size, and
preventing local heating H-bridge topologies are often used in simulations as shown in Fig.3.

T

.}CD DC SOURCE

= D 5. D

Figure 3: Higher frequency inverter diagram

The output voltage waveform of the DC-AC converter is square shaped. The converter’s output voltage

Fourier series is given as:
0

V(t)_4Vinzl_(_1)n in(nwt) 1
(1) =— 1 o Sin(nw D
n=
where V;,, = input voltage, n = an integer,and w = 2nf
4V;
Vi(t) = %sin(na)t) (2)

The H-bridge output voltage can now be represented as an AC voltage source, with the RMS value determined by
the fundamental harmonic equation, as shown in equation (3).

22
Vp = TVL ()

where Vp = primary side voltage,V, = load voltage

1.4 Resonance Circuit Topology

To optimize power transfer, resonant compensation is employed to minimize inductance leakage and enhance
coupling [39]. The principal compensation configurations for magnetic resonant WPT include the four primary
compensation topologies, series-series (SS), series-parallel (SP), parallel-series (PS), and parallel-parallel (PP) which
are frequently utilized for a variety of applications. The simplest compensation network topologies utilize a single
capacitor, connected either in series (Fig.4) or in parallel (Fig.5), which resonates with the inductance of the
corresponding coil at a single frequency (mono-resonant) [44].
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Figure 4: Equivalent circuit of series compensation (a) series—series. (b) series—parallel topology [13]
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Figure 5: Equivalent circuit of parallel compensation (a) parallel—parallel topology (b) parallel—series topology
[13]

1.5 Wireless Power Transfer System

Generally, circuit diagram of WPT using series-series compensation is represented in fig.6. The whole circuit
has two sides, one is transmitter and the other is the receiver. DC voltage is applied to the primary as a source
voltage and then H-bridge inverter is connected to generate high frequency AC voltage. Combination of capacitor
and inductor which serves as compensation circuit is connected for the circuit to operate a resonance
frequency[16]. For the secondary side, full bridge rectifier is connected to convert high frequency AC to DC, the
DC link capacitor is connected to filter the rectified DC signals. However, a DC-DC boost converter is connected

[CTTTTTTTTTT T L 7 !
I
____________________________ I |
:— 1|| oD !
I " o<’ |
I I
I " |
I I =n =
| S1 sS4 |: @ o1 @ o3 |
| C1 1 Cc2 :
| | 1
I I " I !
I N MOSFET |
I I = Los
, bC @Source 1 | L2 s = — Cca =— :i)a | :
I I
I
! e Fs2 53 S3 1 !
I
I I =n =+
| |: @ vz F)p4 |
I I !
I
I I
I
I I
I
I 1
I
I I |
o _________Nh |
I L—| contron
Transmitter | ontrofer :
! |
L e -

Receiver

Figure 6: Circuit diagram of wireless power transfer by using SS-compensation topology

2.0 Methodology

This section described the logical framework adopted to accomplish the results of the research objectives.
The process involved five major steps: literature review, system modeling, controller development, simulation and
petformance evaluation and comparative analysis. The materials used in this research are the Matlab/Simulink
software version R2021a and the hardware is a personal computer.
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2.1 Mathematical Model

The mathematical model of system was adopted from the previous study. The model described the dynamic
nature of the wireless power transfer system which incorporates the coupling coefficient, compensation topology,
and system parameters of both primary and secondary circuits. The model served as the bedrock for the
implementation and analysis of the controllers. To design a wireless power system for EV leads to find the value
of different components use in the system, such as primary and secondary capacitors and inductors values, mutual
induction, quality factor and coupling co-efficient. Fig. 7 shows the equivalent circuit of wireless power transfer
using SS-compensation topology [7-13].
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Figure 7: Equivalent circuit of WPT using SS-compensation topology [18]

By applying KVL to the primary side

Zilp — joMiy, =1, (4)
where Z is the primary side impedance

By applying KVL to the secondary side

Zyls = jwMi, (5)

where Z; is the secondary side impedance

Therefore, the secondary compensation capacitor can be expressed as:

1

Cs = 6

S stoz ( )
The primary side compensation capacitor is expressed as
Cp = 7

P proz ( )
Secondary coil inductance can be expressed as

RL

Ls = Qs*— ®

o
where Qg is the quality factor

Moreover, coefficient of coupling coil K can be expressed as
M
K= 9)
+/LpLg
Primary coil inductance can be obtained from equation (9) as
MZ
Lp = ——
P7K2x L
The values of the individual component of wireless power transfer unit and their values are given in Table 1.

(10)

Table 1: Calculated parameters for transmitter and receiver coils

Parameter Value Unit
Transmitter self-inductance, Lp 1437 x10™°> | H
Receiver self-inductance, Ls 2.398 x 10~* H
Transmitter capacitor, Cp 24398 %x 1077 | F
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Receiver capacitor, Cs 1.462x10°8 |F
Mutual inductance M 1.35 X 10> H
Input DC voltage, Vin 220 v
Battery voltage, Vyqr 300-600 \Y
Nominal transmitter current, Ip,ms 31.43 A
Nominal Receiver current, Is rms 30.56 A
Operating frequency, fo 85 kHz

2.2 Boost Converter Design

It comprises a DC input voltage source (Vs), a boost inductor (L), a controlled switch (S), a diode (D), a filter
capacitor (C), and a load resistor (R). When the switch S is ON, the current through the inductor L increases
linearly, while the diode D remains OFF. When S is OFF, the energy stored in L is released through D to the
output Ry, circuit depicted in Fig.8.

B . I N

— R
—T1 3 Vin -

Figure 8: Boost converter circuit diagram

The design of this converter is based on the input voltage seen by the converter from the rectifier, the switching
frequency was selected according to SAE standard which ranges from 20 KHz to 100 KHz. The duty cycle of the
boost converter is expressed as[18].

D=1- E XN (11)
Vo
where Vi, = input voltage to the converter

Vo = output voltage of the converter
n = effeciency at which the converter is expected to operate

The inductance of the converter is given by the following equation as

L= Vin(max) xD (12)
fs X Al

where: L = inductance

fs = MOSFET switching freqeuncy

Al = change in inductor current

Al = 20 to 40 % of I,

The parameters associated with the boost converter are presented in table 2 below

Table 2: Converter components calculated values

Parameter Value Unit
Input voltage (Vi) 280 A%
Output voltage (Vp) 400 \Y
Duty cycle (D) 0.56 -
Inductance (L) 296 uH
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Capacitance (C) 38 UF

Load resistance (R) 32.73 Q

2.3 Boost Converter Transfer Function

The ratio of output voltage to the duty cycle gives the transfer function (TF) of boost converter which can

be expressed in Laplace form as:
L

ZIONRZ 9 1 =S i (13)
dacs “ (1 =D)2 L 5 LC

() A=D1 48+ 52 |
Vo = output voltage, D = duty cycle, L = inductance, R = resistance,

C = capacitance
By applying the calculated values of the inductor, capacitor and duty cycle from table 2 into equation (13) the
transfer function of the converter can be realized as:

~ 1-5§ 2.956x107%
Vo(S) 400 y 32.73(1-0.56)2 (14)
as)  (1—0.56)2 2.956x10~* 5 2.956X10~*x3.80x10-5

) [1 +S 3273(-056)2 T § (1-0.56)2 ]
ACE 299.915 + 3099.17 .
as) | 2495 x 107352 + 0.0968S + 1 (15)

299.91S8 + 3099.17

TF (16)

~ 2495 x 10-352 + 0.0968S + 1

2.4 Controller Design
The MATLAB/Simulink R2021a environment was used to create and test two advanced control strategies:
Fractional Order P1 (FOPI) and Fuzzy Logic Controller (FLC).

2.5 Fractional Order PI Controller

Research on fractional order control began in the early to mid-19th century with pioneers such as Liouville
(1832), Holmgtren (1864), and Riemann (1953). Manabe also made significant contributions in the 1960s. However,
the practical use of fractional controllers was constrained by the mathematical complexity involved. With
advancements in fractional calculus, the adoption of these controllers became more prevalent [19]. Fractional
calculus has gained popularity recently in a number of scientific and engineering domains. The classic integral and
differential operators are extended from integer order to real number order in fractional calculus. Compared to
the traditional integer order one, it thus has a larger feasible scope and greater flexibility in the system modelling
and controller design methodology [15]. The FOPI controller is a widely adopted solution for automatic voltage
regulation (AVR) to maintain stable voltage output. Erenturk defined the general transfer function form of the
FOPID controller in time domain as:
U(t) = Kye(t) + K;D™"e(t) + K;D*e(t) (17)
In the equation above, D* denotes the integer of fractional order, while D™Hrepresents the fractional-order
differentiator. The transfer function for the FOPID controller, derived by applying the Laplace transform to this
equation, is as follows
@ =K, + K + K S* 18)
E(S) P sr 4 (
where p Represents the order of differentiator and the A represents the order of integrator. The FOPI controller
is a negative feedback structure as shown in fig.9. The controller was designed in Matlab using FOMCON toolbox
to vary the duty cycle of the MOSFET switch of the converter. Optimal parameters were obtained by adjusting
the order of fractional gain of integrator (1), the resulting proportional, integral, and fractional gains enhanced
system precision. Integral Time Square Error ITSE) performance criterion was used to minimize the error.
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Figure 9: General block diagram of fractional PID controller [20]

2.6 Fuzzy Logic Controller

The Fuzzy Control method, which was introduced by L. A. Zadeh in 1965, performs the same tasks as the
PID controller and deals with uncertainty in its mathematical model. It presents the system as a fuzzy agreement.
Fuzzy logic control (FLC) is a control system where the resulting output is determined by the input state and its
corresponding variation. Consequently, FLLC can achieve finer voltage restoration, approaching nominal values
more accurately compared to a PI controller [21]. FLC provides an inference framework that is compatible with
human cognitive capacities. Fuzzy structures that make sense close to the logic. The fuzzy control system primarily
consists of four components: fuzzification, rule base, fuzzy reasoning machine, and defuzzification as shown in
Fig.10.

RULE BASE

DECISION
MARING

INPUT

FUZEZYFICATION

DEFUZEZYFICATION F OUTPUT

DATA BASE

Figure 10: Fuzzy control system

Fuzzy logic controller was designed in MATLAB using FLC toolbox. Error and change in error served as inputs
to the system, while converter duty cycle served as output. The membership functions and rule base were
developed to handle the nature of nonlinearity of the system

2.6.1 Fuzzification

Fuzzification involves transforming input data into appropriate linguistic values, essentially converting precise
facts into fuzzy sets represented by linguistic terms. The membership functions typically have triangular or
trapezoidal shapes. The two most commonly used fuzzification methods are Mamdani and Sugeno [22]. The
primary function is to choose the input for the fuzzy controller and convert it into a fuzzy value that the system
can recognize. This involves three steps. First, the input volume is adjusted to suit the fuzzy control requirements.
Second, the input is scaled. Third, the fuzzy language value for each input and the corresponding membership
function are determined [23].

2.6.2 Rule Base

It comprises a fuzzy "If-Then" rule set. The fuzzy rule base includes numerous control rules and is a crucial
step in translating practical control experience into fuzzy controllers [23]. The rules of the fuzzy logic algorithm
are typically structured as "if and then" statements. Here, "if" specifies the condition, while "then" indicates the
outcome [24]

2.6.3 Fuzzy Reasoning Machine
A variety of fuzzy reasoning machines are proposed, which primarily execute knowledge base reasoning

decisions, based on either combined reasoning or independent reasoning for fuzzy rule bases.

2.6.4 Defuzzification
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The primary function of defuzzification is to transform the control value derived from reasoning into the
control output [23].

2.6.5 Formulation of Fuzzy Rules

Fuzzy logic is a form of mathematical logic that operates on the concept of "degrees of truth," differentiating
between true and false states. In designing a controller using Mamdani’s fuzzy inference technique, five linguistic
variables are used to quantify error (E) and change in error(dE): negatively large (NL), negatively small (NS), zero
(Z), positively small (PS), and positively large (PL). Triangular and trapezoidal membership functions are employed
to reduce computational complexity [24]. The rule base matrix used is shown in Table 3 as:

Table 3: Fuzzy rule base matrix

Error, B Rate of change of error, de/ dt

NB NM NS ZE PS PM PB
NB NL NL NM NS ZE PS PM
NM NL NM NS ZE PS PM PL
NS NM NS ZE PS PM PL PL
ZE NS ZE PS PM PL PL PL
PS ZE PS PM PL PL PL PL
PM PS PM PL PL PL PL PL
PB PM PL PL PL PL PL PL

where:e = error, NB = negative big, NM = negative medium, NS = negative small,

de / ]
dt = change in error,
ZE = zero error, PS = positive small, PM = positive medium, and PB = positive big.

i function plots

nnnnnnnnnn = \ — a—
Figure 12: Input rate of change of error membership function
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Figure 13: Output duty cycle membership function
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3.0 Results and Discussion

The simulation was conducted in MATLAB/Simulink to evaluate the dynamic petformance of the EV
wireless charging system under Fuzzy Logic and Fractional Order PI (FOPI) controllers. Both controllers were
tested under identical conditions such as resonance circuit parameters, coupling coefficient and load resistance.

The witeless charging system for electric vehicles was modeled and simulated using MATLAB/Simulink. The
system consists of a primary and secondary coil forming the inductive power transfer (IPT) link, a high-frequency
inverter, a boost converter, and the vehicle-side battery load. Both the FLC and FOPI controllers were

implemented to regulate the DC output voltage at 600 V under load resistance and coupling conditions. The
simulation output results are presented in Figure 14 through 23.

200

Voltage (V
0
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o 0.002 0.004 0.0086 0.008 0.01 0.012 0.014a
Time (s)

Figure 14: transmitter coil input voltage
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Figure 15: Transmitter coil input current
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Figure 17: receiver coil input current
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Figure 18: Converter input voltage
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Figure 19: Converter duty cycle

Converter OQutput Voltage
L] T L]

1 T L] 1 T T
400
Open Loop Voltage
300 —— Reference -
Z
>
2 200
=
o
>
100
o
1 1 1 1 1 1 1 1 1
o 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

Time (s)

Figure 20: Converter open loop output voltage

The FOPI controller was tuned by vatying the parameter A , while the tuning of the FOPID controller was
performed based on the transfer function defined in Equation (26). Through systematic adjustment of Athe FOPI

controller yielded optimal parameter values. The corresponding simulation outcomes for the controller tuning are
presented in Figure 21.
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Figure 21: Output voltage with FOPI controller
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Figure 22: Output voltage with FLC controller

The simulated results of FLLC and FOPI controllers are presented in Figure 25. The system with FL.C has high
over short compared to that of FOPI as indicated in Table 4
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Figure 23: Output voltage response of the EV wireless charging system under FLC and FOPI controllers

Table 4: Comparative time domain analysis for open loop, FOPI and FLC

Type of system Rise Time Overshoot (%) Settling Time (s) Peak

(10% —90%)

()

With Fuzzy 0.934 9.6302 3.9933e-03 407.8001
Controller
With FOPI 0.917 0.4676 1.2373e-03 401.1227
Controller
Open Loop 1.5944¢-03 3.8945 1.5944¢-03 222.7381
System

The power transfer efficiency of both open and close loop systems can be expressed in terms of input and
output power as:

outputpower(P,,+)
efficienc = X 100%
2 y (M inputpower(P;,) ?
After running the simulation using calculated load resistance of 32.37Q, the efficiency of the system for
both open loop and close loop presented in Table 5.

Table 5: Power transfer efficiency for calculated load resistance of 32.730)

Type of System Load Resistance (Q) Power Transfer Efficiency ()
System With Fuzzy Controller 32.73 89%
System With FOPI Controller 32.73 72%
Open Loop System 32.73 21.8%

4.0 Conclusion and Recommendation
4.1 Conclusion

In this study, the performance of Fuzzy Logic Controllers (FLC) and Fractional Order PI (FOPI) Controllers
was evaluated for an Electric Vehicle (EV) Wireless Charging System. Simulation results demonstrated that both
controllers enhanced the system's stability, charging efficiency, and robustness against disturbances compared to

Received: 06/11/2025; Revised: 01/12/2025; Accepted: 04/12/2025; Published: 22/12/2025 830



Bala ez al. (2025) Volume 1, Issue 2

open loop system. However, the FOPI controller outperformed the FLLC in terms of minimum overshoot of
0.4676% and faster settling time1.2373e — 03s as indicated in table 4. While FL.C is superior over FOPI
controller in terms of power transfer efficiency of 89% as shown in table 5. These findings highlight the potential
of Fractional Order PI and FLC controllers in terms of power transfer efficiency and time domain analysis in EV
wireless charging system.

4.2 Recommendation

Based on the outcomes of this research, it is recommended that future studies explore the practical
implementation of FOPI and FLC controllers in real-time wireless EV charging prototypes to validate the
simulation results. The impact of environmental factors, such as temperature variation and misalignment between
the transmitter and receiver coils, should be considered in future work to develop more resilient and efficient
wireless charging systems.
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