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Abstract - The increase in adoption of Electric Vehicles (EVs) continues to progress, owing to the pressing need for charging
infrastructure that integrates Renewable Energy Sources (RESs), while maintaining eco-friendly standards. This research
develops a Photovoltaic (PV) based EV charging system, reducing dependency on the grid and lowering the carbon footprint
associated with conventional charging systems. The research incorporates a novel High Gain Boost-Zeta (HGBZ) converter to
boost low PV voltage to a required level for EV charging, offering efficient transfer of energy. In addition, the Improved Coot
Optimized Artificial Neural Network (ICO-ANN) Maximum Power Point Tracking (MPPT) algorithm is integrated to maximize
power extraction from PV under changing sunlight conditions, ensuring consistent and reliable charging. The system also
incorporates a Bidirectional DC-DC converter interfacing with an energy storage unit, allowing it to store excess solar energy
when generation exceeds demand and supply power to EV during low solar production periods. The bidirectional capability
ensures uninterrupted charging and improves the system, making it ideal for an EV charging station. A three-phase voltage
source inverter (VSI) is incorporated into the grid connection, and EV charging is used to support flexible energy management.
The system distributes excess solar energy to the grid or draws from it when additional power is needed, providing dynamic
interaction with the grid and contributing to grid stability. The proposed system is analyzed using MATLAB, and the attained
results are compared with state-of-the-art methodologies, revealing improved converter efficiency of 95.33% and tracking
efficiency of 98.99%, thereby highlighting the effectiveness of the proposed work.

Keywords - PV System, HGBZ Converter, ICO-ANN MPPT, EV System, BLDC Motor, Battery, Grid Synchronization.

1. Introduction

The steady rise in carbon emissions and decline in fossil
fuel supply have encouraged the adoption of RESs [1], notably
in the transportation sector. EVs have emerged as a favourable
alternative to traditional combustion engine vehicles, offering
solutions to minimize greenhouse gas emissions and reliance
on fuels [2]. Among renewable sources, PV [1] is increasingly
being incorporated into EV charging infrastructure, promoting
a greener mode of transportation. Because of their power
density, superior efficiency, low maintenance requirements,
extended service life, fewer Electromagnetic Interference
(EMI) problems, and small size, BLDC motors are frequently
chosen over conventional DC motors in EVs. Table 1 provides
a comprehensie review of various motors utilized in EVs.
These features made BLDC motors the preferred choice for
EV applications over the past decade. Additionally, the use of
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BLDC motors [7] helps optimize the size and cost of the EV's
energy storage and power management systems.

Through the use of a DC-DC converter, solar panels are
integrated with BLDC motor-driven systems to enhance the
efficiency and performance of EVs. Traditional converters,
including Boost, Buck-Boost, Cuk, and Single-Ended Primary
Inductance Converter (SEPIC), are frequently used in EV
applications to manage power regulation from PV.
Nevertheless, Boost and Buck-boost converters [8] experience
reduced efficiency under heavy load conditions. The Cuk [9]
converter provides input-output isolation but adds complexity,
whereas SEPIC [10], though versatile, suffers from high stress
on components and heavy switching loss.These limitations
drive towards innovative high-efficiency converter solutions
for EV needs.
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Table 1. Review of motors in EV application

Type of Motor Key Features Advantages Limitations Applications
Brushed Design with Simple to operate and High maintenance with Small electric devices and
DC Motor [3] simple control lower initial cost lower efficiency and industrial applications
P shorter lifespan. P
Induction Rugged and has no Durable and reliable with Bulky Design with Ingiustrlal drives and EVs
- -2 like the Tesla Model S
Motor [4] commutators cost-effectiveness. lower efficiency o
(initial models)
Synchronous Rotates at gynchronous High efficiency Complex E’.md EXpensive Large industrial
speed with supply . and requires external L
Motor [5] and precise control o applications
frequency excitation
Switched Rotor has no windings
Reluctance - g Robust and reliable High acoustic noise and Traction applications
and supports high-speed .
Motor (SRM) . with low cost complex control and pumps.
[6] operation
Excellent speed-torque Requires a complex motor
BLDC Brushless Design with characteristics, low 4 piex .
: . . . controller and a higher | EVs, drones and robotics
Motor [7] electronic commutation | maintenance requirements, L
. L initial cost
and high efficiency

In [11], a Boost-Cuk converter is presented providing
continuous input and output currents, making it suitable for
stable PV voltage boosting, but its bulky Design and high
component count limit its practical use in compact EV
systems. The Boost-SEPIC converter [12] ensures non-
inverted output voltage and offers versatility in managing
variable input voltages, but it suffers from increased
component stress and switching losses. Similarly, super lift
Luoconverter [13] achieves higher voltage conversion ratios
with improved efficiency and reduced EMI, but its complexity
poses challenges for implementation. As a result, the Boost-
Zeta converter is introduced in this work, which addresses the
drawback of other converters and provides a balanced trade-
off between performance and reliability.

MPPT is made easier with this setup to guarantee the best
possible use of solar energy. While other MPPT strategies
maximise PV performance in EVs, the Perturb and Observe
(P&O) method is straightforward and economical, but it has a
reduced response time and oscillates around the MPP [14].
Although it provides quick and precise tracking, Incremental
Conductance (IncCond) [15] is noise-sensitive. Hill Climbing
[16] is fast and simple but can get stuck in local maxima and
is noise-sensitive. The Artificial Neural Network (ANN) [17]
method offers high adaptability and accuracy for PV systems
but comes with computational complexity and requires
extensive training data for effective implementation. These
drawbacks emphasize the necessity of an optimization
technique for effective PV use.

A popular technique because of its ease of use and quick
convergence is Particle Swarm Optimization (PSO) [18], but
it suffers from premature convergence. Grey Wolf
Optimization (GWO) effectively balances exploration and
exploitation but struggles with convergence speed in high-
dimensional problems [19]. Ant Colony Optimization (ACO)
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[20] provides robust solutions by simulating pheromone-
based search behavior, yet its computational complexity
increases. Whale Optimization Algorithm (WOA) [21] excels
in handling nonlinear problems but loses diversity in later
iterations.

Similarly, Squirrel Search Algorithm (SSA) [21] and
Coot Optimization Algorithm (COA) [22] have shown
excellence for their dynamic exploration abilities; however,
SSA suffer from slow convergence in complex scenarios. To
overcome these limitations, this work proposes an improved
Coot Optimization Algorithm (COA) to tune ANN parameters
for MPPT. However, solar-powered EV systems face
challenges such as inconsistency and nonlinear output
characteristics, particularly under shaded conditions or during
nighttime when solar energy availability is low.

Current converters have problems, including higher
component stress and decreased efficiency. Conventional
MPPT approaches also have drawbacks, such as poor reaction,
inaccurate tracking, and noise sensitivity. Added to this,
current systems lack integrated solutions for managing
intermittent solar generation. Addressing these issues, this
work includes advanced energy storage systems and a grid to
maintain continuous operation and ensure reliability.

1.1. Research Contribution

Table 2 outlines the primary novel contributions of the
proposed work, emphasizing the development of an eco-
friendly PV-based EV charging system. The remainder of the
research is structured as follows: The architecture and
components of the proposed system are described in depth in
Section Il. The modeling of the system components is the
main emphasis of Section Ill, the results and discussion are
presented in Section IV, and the study is concluded with
important conclusions in Section V.
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Table 2. Contribution of research

Contribution

Description

Eco-Friendly EV Charging

Utilizes a PV-based charging system to reduce grid dependency and minimize the carbon

System footprint of EV charging.
HGBZ Converter To boost low PV voltage to suitable levels, ensuring efficient energy transfer when compared
to existing ones.
ICO-ANN MPPT To enhance power extraction under varying sunllgh'g condltlops for consistent charging with a
faster response than classical algorithms.
Bidirectional DC-DC Allows energy storage of excess solar power and supplies power to EVs during low solar
Converter production, ensuring uninterrupted charging.

Grid Interaction via VSI

Incorporates 3®VSI for dynamic energy exchange with the grid, supporting grid stability.

Energy Management

Efficiently distributes excess solar energy to the grid or draws power when needed,
optimizing energy utilization.

2. Proposed System Description

A RES integrating PV with BLDC motor EV application
is presented in Figure 1, with grid and battery in addition,
resulting in efficient energy management. The PV system acts
as a primary source, with ICO-ANN MPPT, ensuring
maximum extraction of power under changing conditions. The

PVSYSTEM  IHGH GAIN ZETA BOOST CONVERTER

............ R B, L,C,[)n _...

MPPT output is processed by a PWM generator that controls
the operation of the proposed HGBZ converter, stepping the
low PV voltage suitable for a BLDC motor of EV via a
3dVSI. APWM generator manages the VSI signals, while the
Pl controller regulates the motor speed by comparing
reference and actual speed, ensuring precise motor control.
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Simultaneously, the battery system is connected via a
bidirectional DC-DC converter supporting two-way energy
transfer. The excess energy generated from PV and the grid
supports charging the battery. While discharging it feeds
power back to the DC bus to power the BLDC motor, at times
of power demand from PV or the grid. Pl controllers manage
this by regulating both the current and voltage to maintain
battery performance and safety.
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Fig. 1 HGBZ converter-equipped PV-based EV charging system proposal
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The integration of the grid is accomplished by 3®VSI,
converting DC voltage into an AC compatible with the grid.
The low-pass filter minimizes harmonics, and PWM signals
synchronize the inverter with the grid. Active and reactive
power flow is controlled using a feedback loop matching
reference value, ensuring energy balance. This demonstrates
the system's effectiveness in efficient power control and
improved energy harvesting.
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3. Proposed System Modelling L= — I (exp (P2 Bs) _ 1) — YevtiRs 1

3.1. PV With HGBZ Converter po = lon = Lo (e () = 1) " @
PV system represents a significant advancement in

renewable energy, providing solutions to align with growing

energy demands. The system initiates with a solar cell, which,

when connected in series, forms a PV module depicted in the

equivalent circuit presented in Figure 2(a).

Saturation current is determined by Iy, ideality factor of
diode as A, charge of electron g, temperature T, Boltzmann
constant k and series-connected cellsN, Defines the operation
of the PV system. The low voltage generated by PV needs
boosting, which is accomplished in this work using the HGBZ

The PV module comprises a photocurrent sourcelpy, converter shown in Figure 2(b). The switching waveform of
diode D and resistance in parallel and series R, andR,. The  the proposed HGBZ Converter, as shown in Figure 3,

relationship between output current and voltage for the illustrates the dynamic operation of the converter's power
equivalent circuit is given as: switches during a complete switching cycle.
Ll Dl L3 C3 Du
_lm\ al m\ II >|l
Ioh v, Ry Ipy
— A —)
"‘/‘v D3 D,
bl
L4}
>
PHOTO /7% | L = %R,l
CI'RRE]\T() "1 st & Ry i
C,==
(a) Equivalent Circuit of PV System (b) Proposed HGBZ Converter

Fig. 2 Equivalent circuit configuration of (a) PV system, and (b) Proposed HGBZ converter.

3.1.1. Operating Modes of HGBZ Converter ensuring C; maintains its charge level. The energy stored in C;
Mode 1 is transferred via L; and diode D5 to C, andC;, and eventually
In this mode, the switch shown in Figure 4(a) is in the  through the diode D, to the output capacitor C, and load R,
conducting state, with the inductor L, is charged using a PV~ Capacitor C, andC; are charged through energy flow
source Vpy. This causes current to flow through L,, storing  facilitated by diodes D5 and D,. Thereby, the voltages remain
energy in its magnetic field. Inductor L, is connected in  balanced due to the symmetrical nature of the circuit.
parallel with C;, resulting in energy transfer from L, to C;.
This charges C; while regulating the currentin L. Vi, =Vpy — Vg, 4

The capacitor C, andC; are charged through a diode D,, Vi =V. —V (5)
which allows the output voltage to circulate to these L—7a TG
capacitors. C, andC; They are designed to have equal voltage
levels on average owing to the symmetrical configuration of
the circuit. This ensures balanced energy distribution between
these capacitors. The output capacitor Cyensures a smooth o -
output voltage by mitigating ripples. This stored energy is Jo “Veydt + fD;S(va —Ve)dt=0 (6)
delivered to the load R;, maintaining stable operation.

On applying the second balance law to the inductor L, and

DTs Ts
vV, =V @ Jo “Ve,dt+ [p (Ve, = V) dt =0 @)
1
V, = Voy ?) On solving Equation (6)
2
Vv
Mode 2 Ve, = (:Z) ©))
During this mode, the switch is turned OFF, as seen in
Figure 4(b), and the previously stored energy in the inductors By substituting Equation (8) into Equation (7), the values

L, to L, isreleased. This energy transfer occurs through diodes of V¢, and V, is determined as

D,, D5, D, and D, to the corresponding capacitors and load R .

Inductor L,, charged during the ON phase of the switch, V. = _Yev ©)
releases its energy through the diode D, to capacitor Cj, €7 (1-p)2
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Fig. 3 Switching operation of HGBZ converter
Voltage gain at CCM is expressed as

Vo _ 1

(10)

Vpy  (1-D)2

() Switch OFF Condition
Fig. 4 Operation of proposed HGBZ converter (a) Switch ON, and
(b) Switch OFF.

3.1.2. Design of inductors
During the switch-on scenario, the peak ripple relation of
the inductor L, and L, is attained as follows

_ VpyDT

Aiy, = . (11)
On solving Ly,
(1-D)*DRy,
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Similarly for L,

. V¢, DT
Aiy, = % (13)
On substituting Vclz(lvfg), the design expression
becomes
YA
L, >4 PR (14)

2fs

3.1.3. Design of Capacitors

Capacitor design depends on ripple voltage and current.
General design equations for input and output capacitors are
as follows:

The input capacitor helps maintain a stable voltage at the
input side by filtering voltage ripples caused by the switching
action.

IoD

= U-D)fdve, (15)

G

Where the load current is noted as I, and AV, represents

the allowable ripple voltage across C;. The output capacitor
smooths the output voltage and ensures stable delivery to the
load.

_  IpyD
fSAVCO

(16)

0

AV, defines the allowable ripple voltage across Cj.

3.1.4. Analysis of Power Loss
Power loss in the HGBZ converter occurs due to various
components, directly impacting efficiency.

Switching Loss: The switch experiences conduction
losses when it is ON due to its internal resistance Rpgon)-

PS = Isg(rms)RDS(on) (17)

Where the RMS current through the switch is noted as
IS(rms)-

Diode Loss: Diodes contribute to two types of losses:

Conduction Loss (Pg,): Caused by resistance Ry of a
diode.

Prp = % Ilz)(rms)RF (18)

Forward Voltage Drop Loss (Py.): Due to the forward
voltage dropVg of a diode.

PVF = Z ID(avg)VF (19)
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Inductor Loss: Inductor losses occur due to the winding
resistance R;, of an inductor.
Py = If rmsyRe, + I rms)Re, + 12, rms) Ris (20)

Minimized by selecting inductors with low resistance and
high-quality cores.

Capacitor Loss: Caused by Equivalent Series Resistance
(ESR) of capacitors.

Pc=% Ig(rms)RESR (21)

The proposed HGBZ converter offers a compact solution
to power an EV motor with high gain in voltage, ripple-free
current and reduced stress on components to enhance system

performance. The regulation of the converter depends on the
controller, which is discussed as follows.

3.2. Improved Coot Optimized ANN MPPT Controller

An ANN-based MPPT controller is a sophisticated
technique for optimizing the power output of a PV system.
The ANN uses its ability to model complex, nonlinear
relationships, enabling precise tracking of MPP under
changing conditions, including temperature and irradiance.
The ANN architecture comprises three layers, where the input
layer receives parameters such as solar irradiance, temperature
and PV arrays voltage and current. These inputs are processed
by a hidden layer, using weights, biases, and nonlinear
activation functions to learn the intricate pattern. Followed by
an output layer generating a control signal, typically a duty
cycle, that is applied to the converter, which adjusts the PV
arrays' voltage and current to align with MPP.

The weights and biases are optimally tuned in this work
to improve ANN performance further using the I1CO
Algorithm. A flow chart illustration of the proposed ICO-
ANN MPPT is presented in Figure 5. The optimization
approach mimics the behavior of coot birds in search space,
where each particle represents a set of potential ANN
parameters. The weightsW; ; and biases b; of ANN are
represented as particles X; In the ICOA search space. The
expression is given by

(22)

Each particle corresponds to a potential solution for the
ANN parameter set. The goal is to ensure that the ANN
predicts the duty cycle accurately, leading to maximize power
extraction. Instead of random initialization, fixed initial
positions are utilized to enhance the convergence. Each initial
position corresponds to a specific duty cycle, ensuring a well-
distributed search space and avoiding overlapping in regions
near MPP. Each coot position D;(k) is calculated depending
on the power output P;(k), predicted by the ANN at that
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position. The objective function is typically the Mean Squared
Error (MSE) for ANN training:

2
MSE = % Ilg=1 (Ppred (k) — Pactual(k)) (23)
Where the predicted power by ANN is noted asPp.qq (k)
and actual power output from PV as P, ;,.; (k). The goal is to
minimize MSE, which guarantees the ANN predicts accurate
duty cycles. After the power output P;(k) at each coot's
position is compared with its personal best power Py (k):

Pbesti(k) > Pbesti(k - 1)
Pbesti(k) = Pl(k)
Dbesti(k) = Dl(k)

(24)

Once all coots have been evaluated, the global best
Pgpest (k) is determined,

PGbest(k) = max(Pbest,l(k): Pbest,Z (k): ) (25)

The corresponding duty cycle position is indicated as
Dgpest (K), ensuring that the algorithm identifies both the best
individual solutions for optimizing ANN parameters. The

search process ends when Pg,,.s: (k) And that is D; meets the
convergence criteria

START

!

INITIALIZE ANN PARAMETERS: WEIGHTS AND BIASES
ICOA PARAMETERS: COST POSITIONS, TRANSITION FACTOR, etc
le

v
EVALUATE FITNESS OF EACH COST USING OBJECTIVE FUNCTION

l

UPDATE PERSONAL AND GLOBAL BEST

|

RANDOMIZE AND EXPLORE

l

EXPLOIT NEAR GLOBAL BEST USING TRANSITION FACTOR

|

UPDATE LEADER MOVEMENT TOWARDS GLOBAL BEST

NO

OPTIMIZED ANN WEIGHTS AND BIASES

|

END

Fig. 5 Flow chart illustration of ICO-ANN MPPT
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IPGpest(k)=Pgpest(k=1)| < 0.05 (26)
PGpest(k—1)
This states that the change in global best power across
iterations is less than 5%. The proximity of the coot position
is AD < 0.05, representing the position of coots that converge
to a common solution. These conditions guarantee that the
algorithm has accurately located the Global Maximum Power
Point (GMPP). In ICOA, the randomization phase is adjusted
to address the issues in tuning the weights and biases of the
ANN. Notably, the random factor R is modified from the
range [-1,1] to [0,1]. This change ensures the updated ANN
parameters remain within the defined limits, avoiding invalid
updates. The exploration (global search) and exploitation
(local refinement) phases are crucial for finding the global
optimum in ICOA, particularly during ANN parameter tuning.
To address this, the Transition Factor (TF) is introduced,
dynamically balancing exploration and exploitation during the
optimization process, given by
TF = Ce/1ter) @7)
Where C represents a constant parameter with default
value 2, L indicates current iteration, and Iter specifies the
total number of iterations. The ICOA updates the position of
coots when the convergence condition in Equation (26) and
AD < 0.05 is not satisfied. To further optimize MSE, the
updated position of the coot is expressed as

D;(k+1) =1XR; X cos(2nR) X (Dgpest (k) —
D;(k)) + Dgpest (k) (28)

Where the coot position is determined as D;(k), Random
numbers in the range [0,1] are indicated as R;and the global
best position is noted as Dy, (k). The random motion phase
improves the search space exploration by modifying the
particles to update their positions relative to the global best.
Replace random positions (W) with the best global position:

W = Dgpest (k) (29)

Update the position of the coot

D;(k + 1) = D;(k) + S.TF.abs(Dgpos (k) — D; (k)
(30)

The shrinking factor

5=2—L(L)

Iter (31)

The shrinking factor and transition factor ensure that the
search becomes more focused as iterations progress. This
helps in refining ANN parameters after an initial broad search.
By replacing the random position W with the global best
Dgpest(k), the ANN parameters W; ; and b;They are tuned
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closer to their optimal values, reducing prediction error. Chain
motion is modified to average the current and previous
positions of coots:

This smoothens parameter updates, reducing fluctuations
in training and improving ANN convergence. Next, the ICOA
introduces changes to leader movement to ensure convergence
towards a global optimum solution with controlled
randomization. This mechanism significantly enhances the
accuracy and convergence speed when tuning weights and
biases of an ANN for MPPT. The leader's position,Dgpes: (k)
is updated based on a probability-based rule (P = 0.5),
ensuring the group progresses toward g,.s; While introducing
controlled randomness

DGbest (k) =

{C. cos(2rR) X TF X abs(gpese — (Dgpest (k) + GoestR < 0.5 (33)
C.cos(2mR) X TF X abs(gpest — (Dgpest (k) — GpestR > 0.5

Where Ipes: Determines the best position attained
1

and C=2—L(E). Once the MPPT and termination

conditions are satisfied, the algorithm monitors the PV system
for changes in input power. (Pp,;) Or maximum power point

(Pupp):

|PmMpp—Ppv (k)| > 0.05 (34)
Pmpp

The reset mechanism allows ANN parameters to adapt to
real-time changes in environmental conditions, maintaining
high prediction accuracy for MPPT. Thus, precise tracking of
MPP is attained with the integration of ANN with ICOA.
Weights and biases of the ANN are tuned by ICOA for
minimizing MSE. By altering the random range to [0, 1], the
process of searching is improved. Added to this, group
convergence is ensured by updating the probabilistic leader,
thereby  maintaining  solution  diversity. Thus, the
incorporation of ICOA with ANN improved the robustness of
maximum power tracking.

Va R L Ea
—>—ANN—— TN+ -)
\/
m
v, R Lo : E,
m
v, R L ::Ec

Fig. 6 BLDC motor analogous circuit
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3.3. BLDC Motor Modelling with Pl Controller for Speed
Control

In this work, the EV uses a BLDC motor, and in Figure 6,
the analogues circuit is represented. In the configuration, the
rotor of the BLDC motor is composed of permanent magnets,
generating the magnetic field. In addition, the motor includes
symmetrical windings that generate trapezoidal back Electro
Motive Force (EMF). The rotor current is considered
negligible due to the higher resistances of permanent magnets.

The operation of the BLDC motor is driven by the
interaction between the magnets and windings. The stator
voltage is computed as

Vo=r.lo + LS4+ [‘“b ‘“C] +E, (35)
V=7l + L5E + [d’“ d’c] +E, (36)
Vo=rl +L5C+ [%’Hﬁ +E, (37)
In a balanced system
I+, +1,=0 (38)
The matrix form for voltage is expressed as
Va r 0 0 Ia
Vpl=10 r O||L]|+
V; 0 0 rlli
L-M 0 0 TMa] [Ea
—[ 0 L-M 0 |||+]|E (39)
dt
0 0 L—MI1LI, E,

The expression for phase-to-phase voltage is calculated

as,
Vap = 7o = Ip) + L = M) (g = 1,) + Eqp  (40)
be =7y = 1)+ (L= M) = (Uy = 1) + By (41)
As the system is balanced, mutual inductance is
neglected,
L =t Vo = Eap) + = (Vo — Epe)  (42)
=yt Vap — Eap) + = (Ve —Epe)  (43)
The Back EMF phase is given by
E, = KwF(6) (44)
Ey = KoF (0 — = (45)
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E. = KwF (6 + % (46)

Where the motor constant is defined by K, the position
function is noted as F(8) and the angular speed is specified
as w. The BLDC motor torque is expressed by

Eqlq+Eplp+Ecic

T = L (47)
The three-phase back EMF is given by

T, = K, I,F(6) (48)
Ty = KIpF (6 — 2 (49)
T = KIF (O +2F (50)
Tom =Ty + Ty + T, (51)
The mechanical expression of the motor is given

Jo = To =Ty — Fy (52)
Where 6, = 26 and w =%

dt

Speed control is crucial for ensuring a BLDC motor
operates at the desired speed. The PI controller is an effective
method widely adopted owing to its simplicity. This ensures
that the motor operates at the desired speed by minimizing the
error between reference and actual speed. Integral and
proportional components are combined by a PI controller,
shown in Figure 7, to generate an output signal. The PI
controller equation is represented by

y(®) (53)

K, 1
= Kye(t) + T—’i’fo e(t)dt
—_—
KP
e

A 4

CONTROL

SET POINT SIGNAL

—
K;

N

Fig. 7 Schematic representation of PI controller

»
P>

MEASURED

The input signal regulated is represented by e(t), while
the output signal is noted as y(t). The three adjustable
parameters include the time constant and proportionality
gain. K, and integral time constant T;. These parameters are
typically expressed as coefficients to construct the transfer
function.
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G(s) =K, + "— (54)

The combined output of the PI controller generates PWM
pulses to the VSI, regulating voltage and current supplied to
the BLDC motor. This ensures smooth and stable speed
control, effectively reducing steady-state error while ensuring
efficient performance under varying loads.

3.4. Grid Synchronization

A Phase-Locked Loop (PLL) is a robust synchronization
method that accurately detects the phase angle of grid
voltages, even in noisy or harmonic-rich conditions, as shown
in Figure 8. It operates in the dq reference frame, where the
three-phase voltage eIt is converted into steady DC
components via Park transformation.

[eal =
cos(8)  cos(8 — 2?”) cos(0 + 2?71) €q
e
—sin(f) -—sin (9 - 2?") —sin (9 + %’T) Li] (55)

To enable phase detection, the PLL sets the desired direct-
axis voltage component. e;To zero.

error = e} — ey (56)

A PI controller eliminates phase error, functioning as a
loop filter.

u(t) = Kpeerror + K; J eerrordt (57)

PLL CONTROLLER

! LOOPFILTER

wg

PI

TRANSFORMATION
MODULE

Fig. 8 Structure of PLL for grid synchronization

The resulting signal, along with the nominal grid
frequency wdefines the grid frequency as
The output is fed into a Voltage-Controlled Oscillator

(VCO), often implemented as an integrator, to generate the
synchronized phase angle (8).
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0 = [ wdt (59)
The equations enable precise alignment of the inverter's
output with the grid's voltage phase, frequency and amplitude.

3.5. Battery Energy Storage System

In order to transform chemical energy into electrical
energy, a rechargeable electrochemical battery is also used,
which consists of several battery cells grouped into modules
and several modules into a battery system. BESS collects and
stores energy from the electrical grid or renewable energy
sources.

Batteries then discharge and release energy during
periods of high demand, power interruptions, and even low
RES energy productivity. Figure 9 shows the bidirectional
power supply required for battery charging and discharging.

Ipc

lhauery
—p

LIS

DISCHARGING
LAOID Tpatter
CHARGE Y
CONTROLLER
CHARGING
MODE

Fig. 9 Bidirectional converter for battery

In relation to its volume, the battery's State of Charge
(SOC) is determined by

s0c =100 (1 + %) (60)

In this case, Iggs Battery charging current and Q-battery
capacity.

Buck mode facilitates battery charging by using the
DC-link as the source and the ESS as the load. On the other
hand, ESS is the source in boost mode when the converter
permits the battery to discharge.

4. Results and Discussion

This section evaluates the proposed PV-based EV
charging system to demonstrate its efficiency, sustainability,
and reliability. Table 3 offers the detailed specifications of the
system components. The simulation is done using MATLAB,
validating the effectiveness of the system.
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Table 3. Design Parameters
Parameter | Description Parameter | Description
Solar PV System
Peak Power 10kW Capacity 500W
Short circuit Current 8.95A Maximum power Voltage 29.95V
Maximum Current 8.35A Open circuit Voltage 37.25V
High-gain Zeta-Cuk converter

Switching Frequency 10kHz Ly, Ly, Lg 4.7mH
C 22pF Co 2200 pF

4.1. Scenario 1: Steady State Condition

The effectiveness of the proposed HGBZ converter under
steady state conditions is represented in Figure 9. Depending
on the case 1 scenario, the temperature and irradiance are
noticed to be constant, maintained at 35°C and 1000W /m?2.
According to this scenario, the input voltage to the converter
attained from the PV system is 200V with a current measuring
of about 45A, oscillating at the initial phase. In relation to the

input from the PV system, the proposed converter shows
boosted performance, as seen in Figure 11.

The HGBZ converter ranks with an improved voltage of
600V, with slight oscillations at the start-up period. Whereas,
the current waveform of the converter reveals an initial peak
rise in voltage after gradually reducing and continues at
14.3A, without any further fluctuations.

Solar Panel Temperature Waveform
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Fig. 10 PV under steady state condition
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High Gain Boost Zeta Converter Output Voltage Waveform
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Fig. 11 Proposed converter output
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Fig. 12 Input/output characteristics
The power waveform of the proposed converter under Meanwhile, the proposed converter, together with the

steady state conditions is illustrated in Figure 12. With peak  assistance of ICO-ANN MPPT, results in a rise in oscillations,
rise power at the initial period, the system accomplishes a resulting in a steady output power of 8700W being attained,
steady current of 9000W. with no more oscillations.
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4.2. Case 2: Varying Temperature and Irradiance
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The performance of the proposed converter under case 2
Scenario is demonstrated in Figure 13. The temperature
waveform is noticed to be maintained at 30°C, and after 0.2s,
the temperature increases and continues at 35°C. In contrast,
the irradiance waveform is noticed to be maintained at

x10+ Input Power Waveform

800W /m?, after 0.4s, the level of irradiance gets increased
and sustains at 1000W /m2. The enhanced performance of the
proposed HGBZ converter is represented in Figure 14.
Converter output voltage rises initially and continues at 600V
with slight oscillations.

Output Power Waveform
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Fig. 15 Power characteristics under case 2
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Fig. 16 Performance waveforms of BLDC motor
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After 0.4s, the voltage gets stabilized and continues
further without distortions. Likewise, the current gradually
increases and reaches a peak value, after decreasing and
continues at 14.3A with oscillation owing to the changing
condition of PV temperature and irradiance, and settles after
0.4s. Figure 15 shows the input power waveform of the PV
array and the output power waveform after conversion by the
HGBZ converter. The input power stabilizes at around 9000W
after initial transients, demonstrating effective MPPT
performance. The output power waveform reaches

5000 T

Reference And Actual Speed Waveform

approximately 8700W, indicating efficient energy conversion
and consistent delivery for EV charging. Figure 16 depicts the
performance characteristics of the BLDC motor during
operation. The current waveform shows stabilization after an
initial surge, while the back EMF waveform reflects
sinusoidal behavior, indicating smooth motor operation. The
speed waveform demonstrates rapid acceleration to 4000
RPM, achieving steady-state within 0.1 seconds. The torque
waveform indicates an initial peak followed by stabilization,
highlighting efficient motor performance.
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Fig. 17 Reference and actual speed waveform of BLDC motor

The BLDC motor speed comparison waveform is
illustrated in Figure 17, between the actual and reference
speed. The waveform demonstrates that the actual speed

4.3. BLDC Motor Performance with a load of INM at 0.3s
5000 T

SPEED WAVEFORM OF THE BLDC MOTOR
T T T

rapidly converges to the reference speed of 4000 RPM within
0.1 seconds, demonstrating precise speed tracking and
effective control.
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Fig. 18 Speed and torque waveform of BLDC motor with INM load
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Assessment of the BLDC motor by applying a load of 1N ability to maintain consistent performance despite load
- m at 0.3s is illustrated in Figure 18. It is seen that, on conditions. Whereas the torque waveform reflects transient
applying load, the speed of the BLDC motor remains response at the starting period and stabilize after 0.3s,
unchanged and continues at 4000RPM, indicating the motor's  revealing the efficiency of the motor in handling the load.

4.4. BLDC Motor Performance with a Load of 1.5NM at 0.3s
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Fig. 19 BLDC Motor speed and torque waveform Under 1.5NM load condition

The performance of the BLDC motor under 1.5NM load 0.1s, even after applying a load of 1.5NM. In correspondence,
is demonstrated in Figure 19. The speed waveform shows a the torque waveform determines initial oscillations and
rapid increase to 4000RPM, accomplishing steady state within remains constant after 0.3s, respectively.
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Fig. 20 Battery characteristics waveform
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The illustration of battery performance in PV-based EV
charging systems is shown in Figure 20. The SOC waveform
indicates a steady value of 80%, demonstrating balanced
usage of energy without overcharging throughout the period.
The current waveform of the battery remains stable at a
minimal value, ensuring consistent flow to support charging.
Simultaneously, the voltage waveform demonstrates a
constant value of 120V, indicating the system's ability to
maintain stable voltage levels.

The waveform representing grid voltage, current, and in-
phase performance is represented in Figure 21. The grid
voltage waveform demonstrates stabilized voltage measuring
415V, with a current of 12A, demonstrating stable grid
interaction.

The grid's combined voltage and current waveform
highlights synchronization, revealing efficient transfer and
reduced distortion.
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Fig. 21 Grid characteristics waveform

The harmonics analysis of three-phase grid current is
represented in Figure 22, with respect to the THD values. It is
noticed that the R-phase exhibits a THD of 0.65%, the Y-
phase has a THD of 0.71%, and the B-phase shows the lowest
THD at 0.48%. This indicates effective harmonic mitigation
and compliance with grid standards.

The comparison graph in Figure 23 illustrates the
efficiency of the proposed HGBZ converter against other
high-gain converters. Proposed HGBZ achieves the highest
efficiency of 95.33%, outperforming High Gain Boost [23]
with 95% and High Gain Quadratic Boost of 92% [24]. The
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High Gain SEPIC [25] with 91.4% and High Gain Cuk [26]
with 90% converters show lower efficiency, highlighting the
superior performance of the HGBZ for energy conversion.
Meanwhile, MPPT tracking efficiency of proposed ICO-ANN
achieves the highest tracking efficiency of 98.99%, surpassing
ABC [20] with98.92%, IGWO of [27] with 98.54%, and APO
of [28] with 97.86%. The HPIO method [29] exhibits the
lowest efficiency at 92.77%. This demonstrates the superior
performance of the ICO-ANN algorithm in maximizing power
extraction under varying solar conditions. This comparison
demonstrates the proposed converter's suitability for efficient
PV-based EV charging systems.
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COMPARISON OF MPPT TRACKING EFFICIENCY
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Fig. 23 Comparison of converter and MPPT tracking efficiency
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Comparison of the voltage gain of the proposed HGBZ
converter with existing converters from references [11-13]
over varying duty cycles is demonstrated in Figure 24. The
proposed converter exhibits the highest voltage gain,
demonstrating superior performance, especially at higher duty
cycles. Converters from references [11-13] show
comparatively lower voltage gain, indicating reduced
efficiency in boosting voltage. This reveals the effectiveness
of the proposed HGBZ converter in achieving higher voltage
conversion for EV charging applications. This improved
efficiency is attained by the careful selection of components
and a refined control strategy.

Assessment of MPPT tracking approaches in terms of
convergence is illustrated in Figure 25. It is worth noting that
the ICO-ANN MPPT demonstrates the fastest and most
precise convergence, reaching the lowest error value early.
While the COA MPPT and PSO MPPT show slower
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Fig. 25 Comparison of convergence curve

convergence with higher residual error. This indicates that the
ICO-ANN MPPT algorithm outperforms others in terms of
tracking accuracy and efficiency. The hybrid algorithm
performs the dynamic adjustment of parameters under varying
conditions, leading to rapid adaptation and improved
convergence.

5. Conclusion

This paper proposes a PV-based EV charging system
demonstrating significant advancements in sustainable energy
utilization, accomplishing high efficiency and reliability. The
integration of the HGBZ converter ensures an efficient energy
level boost suitable for charging EVs. The utilization of 1CO-
ANN MPPT supports the maximum power extraction from the
PV array, enabling consistent and reliable energy generation
under changing conditions. The bidirectional DC-DC
converter linked to the battery system further enhances
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flexibility by allowing excess solar energy to be stored for ANN MPPT ranking with exceptional tracking efficiency of
later usage, ensuring an uninterrupted power supply even 98.99% revealing superior performance compared to state-of-
during times of low generation of PV. Moreover, the the-art methods. The system's high efficiency and innovative
integration of the grid enables surplus energy to be fed intothe ~ components demonstrate its potential to reduce grid
grid or additional power to be drawn as needed. dependency, lower carbon emissions, and provide a reliable
and eco-friendly EV charging solution. Actually,

This bidirectional capability promotes efficient energy  computational complexity has to be considered due to the
management and contributes to grid stability, MATLAB integration of ICO with ANN. In the future, this issue has to

simulation results foreshow that the proposed converter  be considered, with a focus on reducing resource consumption
outperforms with notable efficiency of 95.33%, with ICO- and processing time.
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