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Abstract

Due to the growing demand for efficient and sustainable energy solutions for Electric VVehicles (EVs) powered by Brushless DC (BLDC)
motors, this work presents a high-efficiency EV charging system that integrates renewable energy through a high-gain Zeta-Cuk converter
and advanced power management. The converter boosts the low voltage from photovoltaic (PV) panels to a high DC bus level, ensuring
efficient energy transfer. To maximize power extraction an optimized Maximum Power Point Tracking (MPPT) method, combining the
Ant Lion Optimization (ALO) algorithm with an Adaptive Neuro-Fuzzy Inference System (ANFIS), is used. A storage battery and grid
connection are incorporated to manage surplus energy during periods of excess PV generation. Power flow between the grid, battery and
BLDC motor is coordinated via a bidirectional DC-DC converter controlled by a Proportional-Integral (PI) controller. The system is
validated through MATLAB/Simulink simulations, demonstrating a high conversion efficiency of 96.69% and a tracking efficiency of
99.21%, confirming its potential as a practical and eco-friendly solution for sustainable transportation.

Keywords: Electric Vehicles; BLDC Motor; Photovoltaic; High-Gain Zeta-Cuk Converter; MPPT; ALA-ANFIS; Bidirectional DC-DC Converter; Pl
Controller.

1. Introduction

Since EVs are becoming more and more popular as a sustainable mode of transportation, it is critical to establish dependable and effective
charging infrastructure. An electric vehicle's motor is one of its essential propulsion components, and the BLDC has become the industry
standard because of its exceptional torque characteristics and great efficiency [1-2]. Demands for RES are essential for BLDC motor owing
to the ongoing depletion of fossil fuels [3]. PV systems are well-suited for BLDC motors [4]. PV systems have also been remarkably used
to generate electricity for EV [5]. However, the main issues of PV systems are variations in solar insolation level [6].

MPPT techniques are a crucial component for rapid and precise tracking and the capability to produce peak power [7]. Various classical
approaches such as Incremental Conductance (INC) [8], Hill Climbing (HC) [9], and Perturb and Observe (P&O) [10]. However, when the
weather is not consistent, the algorithms lose control [11]. Intelligent MPPT algorithms have been used to extract peak power in sudden
operating situations, including Artificial Neural Network (ANN) [12], RBFNN [13], ANFIS [14], and Fuzzy Logic Control (FLC) [15].
However, the need for tracking data and sophisticated fuzzy inference methods is incompatible with lower-cost microcontrollers due to
their large neurone count. The performance of genetic algorithms decreases with population growth and does not ensure the best result
[16]. However, for precise maximum power point (MPP) exploration, MPPT methods that use soft computing are recommended [17]. The
Marine Predictor Algorithm (MPA) exhibits many rounds leading to problems in tracking [18]. Comparing the performance of other MPPT
strategies, [19] found that the Ant Colony Optimisation (ACO) method is more efficient, has a very fast tracking, and is comparatively
easier to construct than other algorithms described in the literature. In. [20] have applied the Falcon Optimization technique for quick PV
power tracking. The behaviour that offers quick global searching and convergence has been studied under partial shade conditions. Trans-
former-based MPPT systems offer several advantages, primarily including voltage isolation, which enhances system safety and allows
flexible voltage level adaptation. However, these systems also have notable disadvantages: they tend to be bulkier, heavier, and more
expensive due to the physical transformer component. They may also introduce additional power losses from core and copper losses, which
reduce overall system efficiency, especially at light loads [21]. In contrast to other methods reported in the literature, the Ant Lion Opti-
mised ANFIS-based MPPT technique has been used in this paper to obtain acceptable solutions with the highest tracking accuracy.

Copyright © J. Viswanatha Rao et al. This is an open access article distributed under the Creative Commons Attribution License, which permits
Ev unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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To meet load requirements, several DC-DC converters have been analysed for MPPT purposes [22]. Typically, buck, boost, buck-boost
[23], Zeta [24], Cuk [25], and Single-ended primary-inductor converters (SEPIC) [26]. The buck-boost converter is unable to control MPPT
operations as the weather changes. Furthermore, conventional converters need expensive driver circuits with an additional blocked diode
to stop battery reversal current [27]. Cuk converters can provide MPPT operation across all PV features under all changing operating
situations with minimal input current ripple, although the efficiency of this converter is poor. Modular Multilevel Converters offer signif-
icant advantages, such as high scalability, allowing easy adjustment of voltage and power levels by adding or removing submodules.
However, MMCs have some disadvantages, including complex control requirements, since balancing the capacitor voltages of each sub-
module demands sophisticated algorithms. They also involve high component counts, which can increase the initial cost, weight, and size
of the converter [28]. Henceforth, in this research work, a Hybrid High-gain Zeta-Cuk converter is employed for improving the power
conversion efficiency by minimizing losses. The related analysis based on the converter with MPPT approaches is shown in Table 1.

Table 1: Survey Related to Converter and MPPT Topologies

e Methodology Merits Challenges

ences

[29] Buck-Boost with P&O SPJS\F;:SG e High Complexity and high cost

[30] Fuzzy with boost Improved Efficiency is achieved Inaccurate data and depend on human knowledge

[31] SEPIC with FFA Higher voltage gain and convergence speed ggnmcr;lexny 11 005 1 QU BEL, BRI B

[32] ﬁlldmg mode control with Enhanced overall proficiency and conversion Tuning of this controller is highly challenging.
0ost system

[33] GWO-ANFIS with boost Ejeiiey SR el 2 e el SRnYEEa A It takes more time to converge

tio

Based on the limitations faced by the traditional converters and MPPT techniques, the proposed topology aims to overcome this by provid-
ing foremost contributions as given below.
e The integration of renewable PV energy into the operation of BLDC motors for EVs enables clean energy, reducing dependency on
fossil fuels and supporting the transition to sustainable transportation.
e The use of a High-Gain Zeta-Cuk converter effectively boosts the low voltage from the PV system to the required voltage levels for
the BLDC motor’s operation, thereby improving overall system efficiency.
e  ALO-ANFIS-based MPPT ensures precise tracking of the extreme power output from the PV system, even under changes in sunlight.
e The Bidirectional DC-DC converter facilitates efficient power distribution between the PV system, battery storage, grid, and BLDC
motor.

2. Proposed system modelling

The proposed system comprises multiple interconnected components designed for efficient power management and operation of an EV
equipped with a BLDC motor, as exposed in Fig. 1. The PV system output voltage and current are raised by a high-gain Zeta-Cuk converter.
This converter enhances the energy transfer efficiency and regulates the DC bus voltage.

HIGH GAIN ZETA CUK CONVERTER

., DOBUS Sevst

—

ﬂ% el

1

Fig. 1: Block Diagram of PV-Based EV Motor.

An ant lion algorithm-optimized ANFIS-based MPPT receives the output energy from PV for tracking optimal power from PV. Pulse width
modulation (PWM) generator drive converter for precise switching and control. The power from the DC bus is directed to the BLDC motor
through VSI, speed of the motor is also regulated by the PI controller. For grid interaction, the power is supplied to the VSI, with a PI
controller ensuring synchronization and stability by comparing reference and actual power. Additionally, a bidirectional DC-DC converter
interfaces the DC bus with a battery storage system, enabling energy storage during surplus generation and power delivery during demand.
The battery’s voltage and current are controlled by PI controllers to ensure safe operation by comparing reference and actual values.
Thereby, the continuous energy is supplied to the BLDC motor for EV.

2.1. Modelling of PV system
A PV module in Fig. 2 is one of the power-producing components and has the potential of providing clean energy to the distribution side.

Equation (1) provides Kirchhoff’s rule, which determines the current generator from the solar system.

Ipy =1 —lqg — Isn 1)
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Here,I;, specifies the current generator and is defined in the following equation,
I, = GlIsc[1 + ko] (T — Tsrc)] 2
Where, T indicates the ambient temperature of the climate conditions, Is¢ indicates short short-circuit current of the PV cell, G denotes

solar irradiation, Tsrc shows T of a PV cell under Standard Test Conditions (STC), k, refer to the temperature coefficient and I4 shows
the current of the PV diode that is stated by Shockley’s equation below.

Iy=1, {exp (qu) 1} (3)

HONEE 23 “

Flg 2: Overview of PV Module Equivalent Circuit.

The I-V characteristics of a PV cell are derived as follows,

Ipy =1, — I [exp (q(V:;(?RS)) 1] [VPVHRS] @)

Ipy and Vpypresents PV current and voltage, although the output provided by PV is low owing to the varying temperature and irradiance,
so it should be boosted to a higher level to maintain a suitable power to the DC bus; thus, in this study, a high-gain Zeta-Cuk converter is
utilized as demonstrated in the section below.

2.2. High-gain zeta-cuk converter

The converter in Fig. 3 is designed to increase the low voltage from PV to a much higher level for the BLDC motor. This converter
combines two well-known converters, Zeta and Cuk, to provide high voltage gain while maintaining good efficiency. Fig. 4 represents the
switching state. The operating mode of this converter are discussed in the following,
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Fig. 3: Circuit Configuration of High Gain Zeta-Cuk Converter.
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Fig. 4: Switching State of Designed Converter.
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Fig. 5: Modes of Operation for the Proposed Converter.

Mode 1: the switch (S) is in the ON state as in Fig. 5, allowing current to flow through the inductors (L, andLy), which enter their charging
phase, storing energy from the input source. During this phase, the diode Dy/t It is in the OFF state, preventing reverse current flow.
Simultaneously, the capacitors (C and C,) discharge, transferring their stored energy to the load.

Mode 2: The switch (S) turns OFF, and the diode Dy, becomes ON, allowing the inductors (L, andLy,) to release their stored energy to the
capacitors (C and Cy) and the load. At the same time, the capacitors enter their charging phase, replenishing their energy for the next cycle.
These alternating modes of operation ensure efficient energy transfer and voltage regulation.

By applying KVL,

Vpy = Va 5)
Vev = V¢ (6)

From Equations (5) and (6), the following equation is defined as,

Vey =V = V¢ Q)
Ve—Vip — Vo =0 )]
Veo = VR =V )

On substituting (9) in (8),

Ve—Vip — Vo =0 (10)
Vo =Ve— Vip (11)
Substituting (6) in (5)

Vb = ey — Vo (12)

By applying KVL in mode 2,

Voy =Via =V =0 (13)
Ve = Vip — Vo =0 (14)
VC = VLb + VO (15)

On substituting equation (15) in (13)

Vey = Via —Vip = Vo (16)
Vip =Vpy = Via = Vo (17
By substituting (17) in (14)

Ve—(Vpy = Via— Vo) = Vo =0 (18)
Ve = Vpy — Via (19)

On applying inductor voltage time balance principle,

fVLadt + fVLbdt =0 (20)

Via- D4 Vip(1-D) =0 (21)
D

VLb = EVLa (22)

On substituting Equation (14) in (16),

D
Vo = Vpv = Via — (5 - Vi.a) (23)
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By simplifying Equation (23) as,

D
VO = va.ﬁ (24)
The voltage gain is expressed as,

D

Overall, by the use of designed converter, higher efficiency is accomplished and the needed power is distribute to the BLDC motor fed EV
applications. The Following section details the ALO-ANFIS based MPPT for the goal of tracking available power from PV module.

2.3. Modelling of ANFIS controller

The benefits of ANN and FLC algorithms are combined in the ANFIS-based intelligent MPPT controller, which manage the PV panel's
non-linear behavior and offers fast convergence speed and quick dynamic reaction in a range of weather situations. This ANFIS- MPPT
controller effectively achieves high tracking accuracy and impedance equivalent functions over PV panel and grid. Training data for the
input and output maps has been established by considering the appropriate epochs. For different inputs, inference rule basis system deter-
mines an optimal output. In order to set input and output map trained data, enough epochs were considered. When the inputs fluctuate,
inference rule base system determines proper output. ANFIS-based MPPT controller structure in Fig. 6 is represented in Fig.6. The assigned
membership function is modified by the ANFIS using a series of fuzzy inference rules until the error is minimized and the intended

consequence is attained.
N
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S
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-
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Fig. 6: Configuration of ANFIS Based MPPT Controller.

Also, the progress of membership function is illustrated in Fig.7, the three main control components of the fuzzy logic controller are the
defuzzifier, rule basis and fuzzifier. To fuzzify the inputs, the membership functions are assigned.
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A

Membership Value

s

Membership Value

151 05 005 1 15
—mmmmmm——————— >

-
INPUT VARIABLE “dP” INPUT VARIABLE “dV™

Fig. 7: Overview of Membership Function dP, dV, and Duty Ratio.

Defuzzification using the centroid approach yields the required duty ratio. The weight mean is determined mathematically as follows:

_ I Wixp(wy)
w= N, Wixp(Wy) (26)

However, the performance of ANFIS heavily depends on the tuning of its parameters. Here, a method based on the Ant Lion Optimization
algorithm is utilized for the best ANFIS membership function adjustment as discussed below.

2.4. Antlion optimization

The antlion algorithm in Fig. 8 simulates the interacting between ants inside cones and antlions. The antlion hunts ants in a trap, representing
the relationship. The ants browse and the food ant forages stochastically. To imitate the random walks, by the following steps:

Z(s) = [0, cm(Zr(51 — 1)),cm(2r(sz —1),em(2r(s3 — 1), ...., (2r(s; — 1)] 27)

The symbols cm, n, s, and r(s) represent the cumulative total, the highest number of iterations, the random walk steps, and the stochastic
parameter in Equation (9).

{1 ifrmg > 0 (28)

Oifrng <0

Where rng signifies a random number produced using a uniform distribution in the interval [0, 1].
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The matrix,Manq, Tij,n, and d stores the value, dimension, total number of ants, and movement dimensions of i-th ant. The objective

function is denoted by f. Equation (30) contains matrices for storing ant locations, best fits, and ant lion hunting positions and Fig. 8 depicts
the flowchart for the entire process.
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Fig. 8: Flowchart of ALO-ANFIS Based MPPT.
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MoaL, is the matrix used to hold antlion values, N;;denotesdimension of i-th antlion, n is number of antlions, and f is the objective function.
To optimize the objective function with the ALO, make the following assumptions. Ants maximize their chances of finding food by moving
randomly in all directions. Equations (31) and (32) show how ants move randomly in a search space while avoiding pits, affecting their
random movement. The first antlion to catch an ant is considered the fittest, as each antlion can catch all other ants. The ants' random
migration near antlions gradually reduces over time.

Table 2: Parameters of ALO-ANFIS

Parameters Values

Number of training epochs 100

Number of membership functions 3 per input variable

Type of membership function Gaussian

Input variables Change in power, change in voltage
Output variable Duty cycle

Population size 50

Maximum iterations 100

Search space boundaries [0,1]

Rule base structure 9 rules (for 3 MFs/input)
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Table 2 denotes the parameters of ALO-ANFIS. With the help of MPPT topologies, the highest amount of energy from the PV module is
highly tracked with higher efficiency. Subsequently, the energy is transferred to the BLDC motor over a phase VSI.

2.5. Modelling of BLDC motor
BLDC motors are appropriate for electric vehicle applications because of their high efficiency, small size, and superior torque characteris-

tics. The following equation is used to express the mathematical model when applying Kirchhoff's defined voltage law to the three-phase
stator loop winding circuits shown in equations (33-35), and (36).

. di dir

Vp = Rpip + Ly 77+ Mpg -+ €p (33)
. di diy

Vg = Rgiq + Lg 50 + Mgy F +eq 34
. di, di

Ve = Ry + Ly 55+ My L + e (35)

Vp,, Vi, and V; stands for the BLDC motor's voltage across a phase, Ry, Rg, Ry Indicate the stator winding resistance, and i, ig, i-Calculate
the phase current of P, Q, and R windings of the BLDC motor as in Fig. 9. Mpq, Mg, M, How is the stator winding mutual inductance as
indicated in equation (37) below,

L

p Mpqg Mpr di Lp Vo Rp 0 0 €p
Mgp Lqg Marf|Lg|=[Ve| =[O0 Rq Of—|eq (36)
Mrp qu L; Ly Vi 0 0 R, €r
€p
R, L,
SV N
Ry L =
2. PH NN N OO0 > + -
1 1 5 H
1 1 : H
1 1 . 1
eli
R i

n.PH MV OO0
Fig. 9: Circuit of BLDC Motor.
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The electromagnetic torque produced by this three-phase BLDC motor is influenced by the speed, back-EMF, and current waveforms that
are applied. Thus, the instantaneous electromagnetic torque is expressed by equation (37), which is

dwy
dt

Teom =] ==+ Bw+ T, (37)
Wherew, B, ] stands for a distinct element of the motor's moment of inertia, frictional coefficient, and angular velocity, respectively. The
torque under load is indicated by T; Consequently, the instantaneous electromagnetic torque is expressed by equation (38).

1 . . .
Tem = E(eplp + eqlq + erir) (38)

The BLDC motor speed is effectively managed by a PI controller for improving the performance for EV applications. Despite this, excess
energy from PV is provided to the grid through a VSI and battery system. Moreover, the bidirectional battery converter performs an
essential role in charging and discharging based on the battery requirement, as discussed below.

2.6. Modelling of bidirectional converter

A bidirectional converter is designed to function in both discharging (Boost mode) and charging (Buck mode) scenarios, as in Fig. 10. An
API controller is incorporated, which effectively manages both modes, simplifying the control system and ensuring seamless operation and
transitions.

In boost mode, S, facilitates the transfer of energy from the input side to the output side. When S,When turned on, the capacitor releases
energy to the output terminal, and the inductor stores energy. When S, is turned off, the inductor charges the capacitor C through the
current flowing via the diode D,. This charging process ensures the proper functioning of the converter in boost mode.

In buck mode, S, transfers energy from the output terminal to the input terminal. When S; is activated, current flows to the input, and
during S, is turned off, the stored energy in the inductor is released and flows through the diode D,, maintaining the current flow until
S,It is turned on again. This continuous energy transfer ensures the proper functioning of the converter in buck mode. Overall, the EV
motor gets an adequate power supply with the assistance of the proposed topology, with better performance analysis.
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Fig. 10: Operational Modes of Bidirectional Converter.

3. Results and discussion

This section focuses on outcomes of a developed high-gain Zeta-Cuk converter with ALO-ANFIS-based MPPT working with a BLDC
motor from the MATLAB/Simulink analysis with parameters indicated in Table 3. Different conditions like varying and constant temper-
ature and intensity, as well as varying motor speed and applying load conditions, are detailed below for validating the proposed system.
Additionally, comparative performance is made over classical topologies, which illustrates the advantage of the proposed converter and
MPPT strategies. Table 2 describes the parameter specification for PV PV-based converter for the BLDC motor.

Table 3: Parameter Evaluation for the Proposed System

Parameter Description
Solar PV System

Short circuit Current 8.95A
Series Connected solar PV cell 4
Parallel Connected solar PV cell 6
Maximum power Voltage 29.95V
Maximum Current 8.35A
High gain Zeta-Cuk converter

Switching Frequency 10kHz
C 22uF

C, 2200 pF
Lo, Ly 1.1mH

a) Case 1- Variation in temperature and intensity
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Time (seconds) Time (seconds)

Fig. 11: Temperature and Intensity Waveforms for Case 1 Condition.

The temperature of the solar panel and solar irradiance vary dynamically over time, as shown in Fig. 11. Initially, the temperature rises and
reaches a steady value of 30°C, while the intensity fluctuates, demonstrating an unsteady environment, and after 0.45s, it is continuously
maintained at 900(W/Sq. m). The voltage output of the solar panel adjusts in response to the varying conditions, showing slight oscillations
before stabilizing at 330V. The input current decreases significantly in the first 0.1 seconds and then stabilizes at 30A as the system adapts
to changing conditions. The output voltage drops initially and indicates efficient voltage regulation by the converter by providing a stable
voltage at -600 after a duration of 0.45s, as represented in Fig. 12. The output current also stabilizes after an initial transient dip, reflecting
the converter's effective current regulation by maintaining a steady output at -16A. Specifically, the output voltage waveform shows a
sharp peak, reaching a high negative value before stabilizing to its intended steady-state level. Similarly, the output current exhibits an
initial surge, dropping to a negative peak before gradually settling. These overshoots are typical during the startup phase as the converter
components, particularly the inductors and capacitors, respond to sudden energy transfer and system stabilization. The input power exhibits
fluctuations before settling, while the output power rises steadily and stabilizes as shown in Fig. 13, demonstrating the system's ability to
handle variations and maintain consistent output.
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Fig. 12: Solar Module and Converter Waveforms for Case 1 Condition.
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Fig. 13: Input and Output Power Waveforms.

In a constant solar panel temperature and intensity waveform, both temperature and intensity remain constant at 30°Cand900(W/Sq. m)
throughout the period as denoted in Fig. 14, simulating stable environmental conditions. The voltage output of the solar panel remains
steady at 330V without significant variations due to the constant operating conditions. The input current initially decreases rapidly and
then remains steady, reflecting minimal fluctuations under constant conditions. High-Gain Zeta-Cuk Converter output voltage exhibits a
rapid initial drop before stabilizing at 600V as specified in Fig. 15, indicating the converter's ability to maintain a steady output under fixed
conditions with the aid of ALO-ANFIS-based MPPT. Likewise, the output current also shows transient fluctuations before stabilizing --
16A. Both input and output power waveforms are steady after an initial transient phase, as indicated in Fig. 16, highlighting the system's

efficiency under constant environmental conditions.
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Fig. 14: Temperature And Intensity Waveforms for Case 2 Condition.
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Fig. 17: Battery Waveforms.

The SOC remains constant at approximately 80% throughout 0.6 seconds, indicating a fully charged battery that is neither charging nor
discharging significantly. The battery voltage is steady at around 50V throughout the time, as illustrated in Fig. 17, reflecting stable oper-
ating conditions without significant load or input changes. The battery current shows minimal power flow to or from the battery after the
initial transient and remains at 1.5A. The grid voltage is sinusoidal and oscillates consistently between +430 V, indicating a stable AC
supply. The grid current also oscillates sinusoidally between £12A, maintaining synchronization with the voltage waveform shown in Fig.
18. The real power remains constant, indicating steady energy transfer under load. The reactive power shows consistent reactive energy
management as described in Fig. 19, typical in systems with inductive or capacitive components.
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Fig. 20: BLDC Motor Waveforms.

The BLDC motor current starts with a peak of around 30A, then decreases and stabilizes near 10A after 0.1s. The back EMF sinusoidally
maintains between +100 V after 0.1s, representing the normal electromagnetic behavior of the motor at constant speed as shown in Fig.
19. The motor speed rapidly increases and maintains at 2500 RPM after 0.1s, showing efficient speed regulation. The torque starts at around
20 Nm, then decreases and stabilizes near 10 Nm after 0.1 seconds, corresponding to steady-state operation under constant load.

c)

BLDC test Case 1- under varying speed from 2000-2500 RPM

The BLDC motor initially operates at 2000 RPM and maintains this speed until approximately 0.35 seconds. Afterward, the speed increases
to 2500 RPM and stabilizes, demonstrating the motor's ability to handle speed transitions smoothly. The motor torque starts near 5SNm and
remains steady throughout the duration as specified in Fig. 21. There are no significant variations in torque, indicating stable operation

under varying speed conditions.
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Fig. 21: BLDC Motor Under Varying Speed from 2000-2500 RPM.

d) BLDC test Case 1- under 2500RPM and apply 1NM load at 0.35s
The motor operates at a constant speed of 2500 RPM throughout the period, even after the application of a load at 0.35 seconds. This
highlights the motor's ability to maintain a steady speed under load changes. Initially, the torque is near 0 Nm. At 0.35 seconds, a 1 Nm
load is applied, causing a minor transient response as shown in Fig. 22. The torque quickly stabilizes at 1 Nm, demonstrating the system's
ability to adapt to load variations efficiently.
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e) BLDC test Case 1- under 2500RPM and apply 1.5 NM load at 0.35s
The motor operates steadily at 2500 RPM throughout the test period, unaffected by the application of a 1.5 Nm load at 0.35 seconds. This
showcases the motor's ability to maintain consistent speed even with higher load demands. At 0.35 seconds, a 1.5 Nm load is applied,
causing a slight transient response before stabilizing at 1.5 Nm as illustrated in Fig. 22. The system effectively handles the higher load with

minimal disruption.
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With the aid of proposed high gain converter attains lower harmonics value of (0.65%, 0.56% and 0.78%) for R, Y and B phases as
represented in Fig. 24, which ensures pure sinusoidal output with high power quality. Table 4 denotes the comparison of converter com-
ponents.

Table 4: Comparison of Converter Components
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Fig. 25: Comparison of Tracking Efficiency and Voltage Conversion Efficiency.
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Fig. 25 shows a bar comparison of voltage conversion efficiency and tracking efficiency among different methods. Efficiency comparison
among systems like Cuk, Zeta, Luo-Boost, SEPIC-Cuk, Interleaved Boost, proposed Zeta-Cuk system [34-38] demonstrates the highest
efficiency at 96.59%, is accomplished by the proposed high-gain Zeta-Cuk converter, highlighting its superior performance. Similarly,
ALO-ANFIS-based MPPT achieves the highest efficiency at 99.21%, outperforming all other methods referred to in [17, 12, 16, 41, 42],
respectively. Table 5 represents the comparison of convergence time.

Table 5: Comparison of Convergence Time

MPPT Approaches Convergence time
MPA [16] 0.1532

RBFC [12] 0.250

AFO [17] 0.88

ACO-ANN [45] 0.16
GWO-ANFIS [46] 0.141

Proposed ALO 0.12

The practical implementation of this advanced EV charging system faces several challenges. Managing the dynamic and intermittent nature
of solar energy requires highly responsive and adaptive control, making real-time tuning of the ALO-ANFIS MPPT system computationally
intensive. The complexity of coordinating power flow between the PV array, storage battery, grid, and BLDC motor demands robust and
reliable bidirectional converter control, which can be sensitive to parameter variations and environmental disturbances. Cost factors, in-
cluding high-quality components for converters, controllers, and thermal management systems, also pose significant barriers to large-scale
deployment.

The proposed high-efficiency EV charging system, integrating a renewable energy source with a high-gain Zeta-Cuk converter and ad-
vanced MPPT control, offers a cost-effective solution despite its initial investment. The major costs arise from high-efficiency photovoltaic
panels, the high-gain Zeta-Cuk converter components, the bidirectional DC-DC converter setup, and the implementation of intelligent
control algorithms using microcontrollers. However, the system's ability to achieve high energy conversion and tracking efficiencies en-
sures reduced energy losses, lower operating costs, and minimal reliance on grid electricity.

4. Conclusion

This work presents a comprehensive solution for the efficient and sustainable charging of EVs powered by a BLDC motor. The proposed
high-efficiency charging system integrates a Renewable Energy-based High-Gain Zeta-Cuk converter, which effectively boosts the low
voltage from PV sources to an advanced level appropriate for charging EVs. By employing an ANFIS-ALO algorithm, precise tracking of
maximum power despite fluctuating environmental conditions is attained with better tracking efficiency. Additionally, the incorporation
of a storage battery and grid system allows for the storage of excess energy generated by PV source. The power distribution between the
grid, battery, and BLDC motor is managed efficiently through a Bidirectional DC-DC converter. The simulation results in MATLAB/Sim-
ulink demonstrate that the proposed topology achieves superior conversion efficiency of 96.69%) and tracking efficiency of (99.21%) with
minimal convergence time, highlighting a sustainable solution for EV charging systems. By enhancing the performance and reliability of
solar-powered EV charging, the system directly supports governmental initiatives promoting renewable energy adoption and electric vehi-
cle incentives. The future works can focus on the issues related to computational complexity and integration with smart grids, improving
the versatility of the proposed concept.
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