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According to the current directive, we must rely on green energy for sustainable
mobility. One of the green transition’s goals is to use renewable energy to
charge electric vehicles (EVs). Solar energy is a form of renewable energy
sources, and it is classified as being clean, available, and renewable because it is
based on sunshine. Nowadays, the world is turning to EVs which have lower
running costs and cleaner environments. Lithium-ion batteries are commonly
utilized to store energy in EVs. This article covers the design and analysis of a
photovoltaic (PV) system to charge five models of EVs such as BMW i3 2019,
Volkswagen e-Golf, Fiat 500e, Mercedes EQA 250, and Hyundai Kona Electric in
a DC fast charging mode by using a buck converter to minimize the output
voltage and without any addition of energy storage. By applying Perturb &
Observe (P&O) Maximum Power Point Tracking (MPPT), the maximum power
and efficiency from PVs are obtained. The charging time is calculated for each
EV of the five models in the State of Charge (SOC) area at 20—80 percent. A
MATLAB program is employed to simulate the EV models by calculating the
efficiency of the MPPT controller, time of charging, and characteristic of voltage
and current levels for each model of these EVs. All models are tested under the
condition of irradiance level from 600 W/m? to 1000 W/m? and temperature
between 20°C and 30°C. The results showed that the PV system is effective and
economical as a stand-alone to charge EVs in a rapid charge mode.
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1 Introduction

Nowadays, rising energy consumption and climate change
are caused by CO, emissions (Al-Gabalawy et al., 2022). EVs,
which are supplied entirely by electricity, had the potential to
replace gasoline and diesel automobiles (Omar et al, 2019;
Mohammed et al, 2021). In addition, renewable energy
should be used to supply electric power to fulfill rising future
demand and diminishing generating supplies. Solar energy is one
of the important sources (Ismael et al., 2019; Omar et al., 2019).
PV systems are supplied to charge electric cars, which is one of
the applications of sustainable energy (Mohamed et al., 2020).

Most of the literature articles focused on two directions, the
first trend in charging electric cars with grid-connected solar
energy and the second trend in charging electric cars with off-
grid solar energy. Prem et al. (2020) demonstrated a grid-
connected Solar PV-based EV Charging Station with battery
backup, as well as a large gain, fast charging DC-DC converter,
and a control scheme using MATLAB software. Mahfouz and
Iravani (2019) presented, designed, and evaluated a system
architecture and control structure that minimizes the impact
of DC fast-charging stations for electric vehicles on the AC grid
using PLECS software. Killi and Samanta (2015) presented
several different charging station architectures, which they
compared and rated based on the power grid, modularity, and
other characteristics. Shariff et al. (2018) examined the adoption
of PV-EV charging systems in depth. Several approaches are
given for obtaining information regarding charging patterns,
charging equipment geolocation, and modes of operation
among other things. In reflection of the beginning state of
charge, feeding modalities, arrival time, leaving time, and
topmost times suggested searching peak and valley algorithms
to find the ideal charging or discharging beginning time for EV's
Wang et al. (2020). Chandra Mouli et al. (2019) proposed that the
testing waveforms and the measured efficiency of a 10-kW
sample have been successfully verified. The converter can
function as a PV inverter, an EV charger that works in both
directions, or a hybrid of the two using a PV emulator. Modarresi
Ghazvini and Olamaei (2019) presented a study to create and test
a heuristic development technique for determining the
appropriate design for a hybrid PV- diesel - battery system,
utilizing V2G space lots as a controlled load. Shariff et al. (2019)
presented a complete state-of-the-art study of the V2G system
that described the mechanism used for the power stream under
the V2G structure. It also highlighted the most significant
business impediments to V2G adoption. In addition, Parsons
et al. (2014) presented possible consumer demand for V2G
electric vehicles. Based on a day-ahead planning profile
produced by an EV aggregator, Karfopoulos et al. proposed a
distributed EV organization mechanism that allows for the
monitoring of an EV fleet’s charging and discharging
operations, as well as V2G regulation programs to assist
system operation (Karfopoulos et al. 2016). Ustun et al.
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IEC 61850-7-420
proposing a system model for monitoring both the charging

proposed an standard extension by
and discharging of electric vehicles (Tec et al., 2012). Mohamed
and Mohamed, (2020) proposed a comparison of lithium-ion vs.
lead-acid battery performance and is shown when used as a
backup storage system to an off-grid PV system, in the MATLAB
environment, the suggested system has been constructed and
simulated using MATLAB software (Mohamed and Mohamed,
2020). Grande et al. (2018) used HOMER software to assess the
technical and commercial viability of a PV off-grid for charging
EVs and it has been associated with grid charging outlets in terms
of efficiency. Youssef et al. (2018) evaluated the technical issues of
(PV-EV) charging stations, in addition, to an overview that
obtained studies on charging standards, power converter
topologies, and controllers for both PV on-grid and PV
freestanding DC charging schemes.

Sahoo and Mathew (2017) took advantage of the benefits of a
zero current switching (ZCS), pulse width modulation (PWM)
driven Full-Bridge Converter when PV system powered EVs
rapid-charging places. The performance of an off-grid PV
structure for charging EVs in a lengthy parking lot was
investigated by Ghotge et al. Once a year, a simulated
performance of charging is evaluated by analyzing the SOC at
the leaving of EVs plugged in toward the parking lot (Ghotge
et al,, 2021). Yang et al. (2019) proposed a study to manage EV
charging with locally produced wind power of buildings that can
reduce the influences of EV charging calls on the grid. Chen et al.
(2018) studied the effects of different fleet forms and EV charging
options on emissions under varied wind integration. Mishra et al.
proposed the design to charge E-bikes at work. The workplaces
start opening normally in the day between 9 a.m. and 6 p.m.
Sunlight is often available during this time. A solar PV system
with an MPPT controller makes up the off-grid charging solution
using MATLAB software (Mishra et al., 2021). Finally, Singh and
Shimi (2017) used the perturb and observe approach in
MATLAB to simulate the MPPT PV system. Irradiance
variations are taken into account in the simulation model,
while the temperature remains constant using MATLAB
software. A comparison is made between non-MPPT and
MPPT output.

A lot of research has studied the analysis and integration of
PV on-grid systems that power the fast charging of EVs (Killi and
Samanta, 2015; Mahfouz and Iravani, 2019; Prem et al., 2020). In
2018 (Shariff et al., 2018), the integration of a PV on-grid system
that powers AC charging (low charging) for EVs has been
illustrated. Recently, a group of researchers focused on the
possibility of benefiting from EV batteries by feeding battery
energy to the network at critical times that the consumer or the
electricity network needs (Tec et al., 2012; Parsons et al., 2014;
Karfopoulos et al., 2016; Chandra Mouli et al., 2019; Modarresi
Ghazvini and Olamaei, 2019; Shariff et al.,, 2019; Wang et al,,
2020). In off-grid systems, researchers focus on designing PV to
charge EVs’ load in a fast-charging mode with battery storage
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PV array

Buck converter
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Electric Car

Main design of the EV charging station which is powered by the PV system.

(Sahoo and Mathew, 2017; Grande et al., 2018; Youssef et al.,
2018; Mohamed and Mohamed, 2020). In addition, another
study designed a PV off-grid system to provide ac power (low
charging) for EVs that do not have battery storage (Ghotge et al.,
2021). Some researchers have studied the analysis and integration
of wind turbine on-grid systems that power the electric vehicles
(Chen et al, 2018; Yang et al, 2019). Finally, two studies
employed MATLAB simulation to investigate the concept of
designing a PV off-grid system without battery storage using a
boost converter with applied MPPT technique to achieve
maximum power from the PV system (Singh and Shimi, 2017).

As a result, a lot of research discussed the PV on-grid
systems. The main drawback of PV on-grid system is that
when the grid goes down, the PV system will shut down
(Mahfouz and Iravani, 2019; Gong et al, 2020; National
Electrical Code Committee, and National Fire Protection
Association., 2020).To solve this issue, it can be utilized with
a hybrid system with energy storage, which adds a lot of extra
costs. As well, a lot of research on off-grid classifications obtained
the formation of a solar system with an energy storage system,
which indicates a high price, especially for fast charging, which
requires a high-energy storage method, which is very expensive
(Grande et al., 2018; Mohamed and Mohamed, 2020).

This article introduces a PV system to charge five models of
electric cars, which are BMW i3 2019, Volkswagen e-Golf, Fiat
500e, Mercedes EQA 250, and Hyundai Kona Electric, in a DC
fast charging mode, using a buck converter to reduce the volt
output to the voltage of the battery of electric car and applying
P&0O MPPT to it. The results obtained the efficiency and
economy of the PV system with MPPT algorithm, to charge it
in fast mode charge. The main contributions of this study can be
categorized as follows:
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o PV off-grid system to supply electric car as a fast-charging
mode using Li-ion battery of electric car as a load without
any addition of energy storage.

Applying P&O MPPT to buck converter circuit to get the
maximum energy from the PV system.
Finally, testing the EV models to estimate the efficiency of

the MPPT controller, time of charging, and characteristics
of voltage and current levels under the conditions of

variance irradiance level and temperature.

The rest of the article is organized as follows: Design and
methodology for PV array, DC-DC buck converter, and Li-ion
battery are introduced in detail in Section 2. Section 3 shows the
efficiency of the MPPT controller, time of charging, and voltage
and current characteristics for each model of these electric cars.
Section 4 shows the concluding points and next guides for
future work. Table 1 concluded the topics in EVs charging.

2 Design and methodology

This article proposes a PV system to charge EV's using a buck
converter that uses the MPPT algorithm. PV modules are
designed in system with 1500 V and different ranges of Li-ion
battery. Figure 1 shows the main construction of the EVs
charging station powered by the PV system. Table 2 illustrates
the main specification of the utilized PV modules (Solar for
Home, Utility, and Commercial, 2022) (Implement PV array
modules Simulink, 2022).

The PV array gives the power to buck converter. This
converter reduces the voltage of PV string to system volt for
each system as required. This buck converter used the MPPT
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TABLE 1 A review of the literature based on the charging of electric vehicles.

Ref

Prem et al. (2020)

Mahfouz and
Iravani, (2019)

Chandra Mouli et al.

(2019)
Mohamed and

Mohamed, (2020)
Grande et al. (2018)

Mishra et al. (2021)

Objectives

Quick charging, high gain for grid-connected Solar PV- EVs
Charging, a DC-DC converter, and a controller design has
been developed

Designs a system construction and regulatory structure that
decreases the impact of the DC rapid-charging stations on the
weak AC grid for EVs

Development of a modular, V2G, and integrated power
conversion with high power density for charging EVs from PV
system and AC grid

An off-grid system with a battery group was utilized to create a
model of a charging station for electric automobiles

The technological and economic viability of stand-alone PV-
BESS to charge electric mobility is examined in this research
(EVs). The research is carried out using HOMER software with
meteorological data from Madrid, Spain, as well as the load
shifting technique

The study examines the usage of a reliable photovoltaic off-

Software/
device used

MATLAB software

PLECS software

PV emulator

MATLARB software

HOMER software

MATLAB software

10.3389/fenrg.2022.969482

Important conclusions

The T-source DC-DC conversion has been discovered to be an
excellent solution for electric vehicle rapid-charging locations

The results highlighted the station’s reliance on its battery
energy storage system (BESS) to recover for just any power
excess or shortage

In a quasi-resonant (QR) mode flyback converter, silicon
carbide (SiC) devices can attain great efficiency even at
large powers

The logic controller’s efficacy with the bidirectional controller
has been demonstrated by the results

The findings show that PV-BESS is both technically and
economically practical and dependable. Furthermore, they are
economical while reducing air pollution significantly

The simulation revealed that an electric bike with a voltage

grid architecture for charging electric bikes at work

Singh and Shimi,
(2017)

Design an MPPT controller for the panels that can track

Proposed
electric cars

concept to get the best power and energy from the PV array and
then give it to load which is the electric vehicle battery proposed.
Datasheet of Li-ion battery system for each model as follows
EV 2022; EV
Specifications—Electric vehicle specifications, electric car news,

(Compare electric  vehicles Database,
EV comparisons). Table 3 shows the energy capacity for EVs

models.

2.1 Photovoltaic array

PV panels create direct current electricity using sunlight as a
type of energy (Mohamed, 2022). Wafer-based crystalline silicon
cells are used in the modules. This model proposes a PV array to
feed the load (electric vehicles). PV array is defined as a collection
of strings that are parallelly connected. Strings: some of the PV
modules are connected in series. The standard circuit for the PV
module is obtained in Figure 2. The mathematical model of PV
cells group output current for one PV module is as follows
(Kadeval and Patel, 2021):

(i 1%)
nKT

IA:NPIPh_NPIO exp -1

\% (%) + IR,
Rsh
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changing irradiance while maintaining the operating MPPT.
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between 12 and 24 volts and 36 volts can be charged properly.
The system successfully resisted a sudden change in irradiance
while maintaining a steady bus voltage

MATLAB software  The results show the using MPPT algorithm increases the

system’s efficiency under changing climatic circumstances and
outperforms without the MPPT system

MATLAB software  EVs can be charged in a rapid charging mode using solar

energy as a stand-alone system with P&O MPPT to maximize
solar panel efficiency

where N, is the number of cells that are linked in parallel. N is
the number of cells that are linked in series. I, is a photocurrent
of the solar cell. Ij is the saturation current for the diode equal
3.5075e-11 A. n is the ideality factor equal 0.96299. K is
Boltzmann’s constant which is equal to 1.380658¢-23 J/K. T is
the solar cell operational temperature (K). V is volt equivalent,
R is the series resistance equal 0.32702 Q. I, is the current
generated by photovoltaic cells. Ry, is shunt resistance equal
597.8018 Q. Q is the charge of an electron equal to 1.6022 x
10-19 C (Implement PV array modules Simulink, 2022).

The maximum current, maximum voltage, and maximum
power of the PV group are all represented by I,,, V,,, and P,
respectively (Mohammed and Devaraj, 2014).

P, =V, I, (2)

Figure 3 depicts the I-V and P-V properties of a PV array.

2.2 DC-DC buck converter

The DC-DC buck converter is a power electronics circuit
that reduces the voltage of a greater dc input to a lower dc
output voltage. It consists of a controlled switch (MOSFET), an
inductor (L), a switch diode, and a capacitance (C). It is
obtained in the following Figure 4. The capacitor and
inductor are important in providing stable current to the

frontiersin.org
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TABLE 2 PV module datasheet.

Item Value

Module name Trina Solar TSM-350DEG14.40 (ii)

Maximum power 350 W

No. of cells per module 72 cells
Open-circuit voltage V,, 469V
Short-circuit current I, 9.6 A
Maximum power voltage V,,,, 385V
Maximum power current I,,,, 9.09 A

Vo temperature coefficient -0.3014%/°C
I, temperature coefficient 0.054604%/°C
Light-generated current I; 9.6084 A
Diode saturation current I, 3.5075e-11 A
Ideality factor of diode 0.96299
Shunt resistance Ry, 597.8018 Q
Series resistance R 0.32702 O

EVs load. Filters consisting of capacitors with inductors are
used to decrease the voltage ripple. The inductor is in charge of
providing and suppressing ripples in the output current
simultaneously. The capacitor is used to confirm a nonstop
current stream throughout the EV load by steadying the voltage
level across the EV load and letting ripple current permit
through it. In sum, L and C is playing as A filter to output
(PCB Design Resources and Information, 2022).

2.2.1 Operation of the DC-DC buck converter
When the switch is turned on, it provides current to the
load. Because energy is also stored in L, the current stream to
the load is initially restricted. Nevertheless, the current in the
load and the charge on C steadily increase over the “on”
period. The energy contained in the magnetic field around L is

10.3389/fenrg.2022.969482

placed back into the circuit when the transistor is turned off.
The voltage through the L inductor (back e.m.f.) has reversed
polarity from the voltage across L during the “on” phase.
Furthermore, the crumpling magnetic field has sufficient
stored energy to keep the current accessed for a minimum
part of the time the transistor is open. Inductors back e.m.f.
now causes the current to access the circuit through the load
and forward bias diode. The charge held in C becomes the
main source of current when the inductor has returned a
large portion of its energy kept to the circuit. When the load
voltage begins to fall, maintaining current accessing through
the load till the next “on” date starts (Buck Converters,
2022).

2.2.2 Design of the DC-DC buck converter
Design inductor, capacitor, and load resistor of the DC-DC
buck converter are as follows:

Duty cycle (D) = %, 3)

i
where D is the duty cycle. V,, is the output voltage of the system.
V; is the input voltage of the system, which in this case equals the
voltage of one string. L can be calculated according to the
following equation (Putri et al,, 2021):

- (1_D)Vu

, 4
2F1I, @

where I, is the output current of the system. F is the switching
frequency. C can be designed according to the following equation
(Putri et al., 2021):

(I_D)Vo

TOXEXLXV

C >
ripple

®)

where Vi, is equal to 1%. R load (EVs) is calculated according
to the following equation:

Np Ns .
/—lﬁ Np
_—_—
Ia
N - Ns
Np Iph Ns Rp Ta
Np
- ; -
FIGURE 2
Equivalent circuit for solar cells.
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FIGURE 4
DC-DC buck converter diagram.

(6)

2.3 Li-ion battery

Batteries are one of the most important ways to store electrical
energy. This article proposed electric vehicle batteries as a load.
This work, among the current rechargeable batteries, is relevant to
EVs, li-ion batteries, which are presently recognized as the perfect
solution for EVs. Lithium-ion batteries are superior in terms of
energy effectiveness and power concentration (Chen et al,, 2012).
Li-ion battery has high volumetric (energy density) and specific
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energy densities, with lower diameters and lighter weight cells
(Manufacturing That Eliminates Risk and Improves Reliability,
2022). The energy density of a battery is a function of its weight,
whereas the volumetric density of energy is a function of its volume
(Manufacturing That Eliminates Risk and Improves Reliability,
2022). Energy in battery proposes as WH, which in the next

equation expressed the energy in any collection of batteries or one
battery.

WH = V x AH, )

where V is the system volt of batteries. AH is the capacity of
batteries. Figure 5 shows a comparison of energy densities of
Lead Acid, Ni-Cd, Ni-MH, and Li-ion batteries.
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2.4 Maximum power point tracking

To achieve the maximum output power, this approach uses
Perturb & Observe (MPPT) (Mousa et al., 2016). Figure 6 depicts
the output power curve of a PV module as a purpose of (P-V)
with the constant irradiance and constant cell temperature,
considering that the PV module is working away from the
MPPT (Selmi et al., 2014; Killi and Samanta, 2015).

The operational voltage of the PV module is disrupted by a
modest increase in this procedure, and the consequent change in
power, P, is measured. If P is positive, the operating point is
thought to have moved closer to the MPP. As a result of more
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voltage perturbations in a similar path, the operating point
should be the closest to the MPP. If P is negative, the
operating point deviates from MPP, and the perturbation way
should be reversed to bring it back to MPP (O1, 2005; Selmi et al.,
2014; Killi and Samanta, 2015).

The P&O approach is used to extract most power possible
from solar energy, although it has a slower dynamic response
than fuzzy logic control (FLC). Therefore, to gain a successful
steady-state inaccuracy, we employed lower increments (Saibabu
and Kumari, 2011). Figure 7 shows the block diagram of the PV
system with P&O MPPT. Figure 8 shows the flowchart of the
P&O algorithm.
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Block diagram of the PV system with PO MPPT.

Read 7, and V, from PV
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P =1n)*V(n)

v

dP = P(n) - P(n-1)
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FIGURE 8
Flowchart of P&O algorithm.
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PV system simulation model in MATLAB with MPPT controller.

2.4.1 Perturb & observe maximum power point simulation model in MATLAB, which applied P&O MPPT

tracking function code
Sfunction D = DutyRatio(V, I)
Diax= 095,
Dmin = 0,
Dinir=0.95;
deltaD = 0.0001;
persistent Vou, Potd, and Doia;
dataType = 'double’;

controller in it, is shown Figure 8. The temperature is kept at
25°C and the irradiance is kept at 1,000 W/m®. This article
simulated the power of an input and output MPPT controller
and its efficiency, time of charging, and characteristics of voltage
and current levels for each model of these electric vehicles. All
models were tested under the condition of variance irradiance level

if isempty(Voiq) and variance temperature. The electric vehicle loads are BMW i3
ZZZ _ 8: 2019, Volkswagen e-Golf, and Fiat 500e. The data of electric vehicles
Doia= Dinit; are according to the database of it (Compare electric vehicles EV
elf)l‘{ - Database, 2022; EVSpecifications - Electric vehicle specifications,
v =v- I’/a/d,' 2022). The characteristics of these five models are shown in Table 4.
dP = P-Poi; Figure 9 Shows the PV system with EVs models in MATLAB
if';lf d;’=<(()) simulation.
if dV<0
D = Do - deltaD;
D P+ deltaDs 3.1 Maximum power point tracking
end controller
else
if dV<0
D = Dot + deltaD; A MATLAB platform is employed to obtain and calculate
else MPPT efficiency according to the input and output power for
en’é = Dot - deliab; each system. All the EV models are tested under variance
end irradiance which changed from 600 W/m* to 1,000 W/m?
glseD = Dou; also, and the variance temperature is changed from 20°C
D> Dy | D <= Do to 30°C.
| D= Dow; First, the simulation results obtained of an MPPT controller’s
g“i{ _h efficiency for BMW i3 2019 at a constant temperature of 25°C are
Vea—V- 97.06%, 97.18%, and 97.22% at 1,000, 800, and 600 W/m?,
Pola=P; respectively. Second, the simulation results obtained at a
constant irradiance of 1,000 W/m? are 97.07%, 97.06 %, and
97.05% at 30, 25, and 20°C, respectively.
Table 5 illustrates the results of the MPPT controller for
3 Simulation results and discussion BMW i3 2019 at variable irradiance-constant temperature and
constant irradiance-variable temperature.
MATLAB Simulink was used to determine the properties of the Figure 10 displays the results of the MPPT controller for
buck converter circuit that had been designed. The PV system BMW i3 2019 at two operating conditions of variable irradiance-
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TABLE 3 Li-ion battery datasheets.

Electric vehicles (Load)

BMW i3 2019 422
Volkswagen e-Golf 35.8
Fiat 500e Hatchback 24
Mercedes EQA 250 66.5
Hyundai Kona Electric 64
TABLE 4 Main parameters of MATLAB model.
Battery PV Array (Used 350 w)
Load
(EVs)
EVs (Load) Battery System #

energy voltage of series

(kWH) V) PV

modules

BMW i3 2019 422 353 23
Volkswagen e-Golf 35.8 323 23
Fiat 500e Hatchback 24 364 24
Mercedes EQA 250 66.5 420 23
Hyundai Kona 64 356 22
Electric
constant temperature and constant irradiance-variable
temperature.

First, the simulation results obtained of an MPPT controller’s
efficiency for Volkswagen e-Golf at a constant temperature of
25°C are 97.01%, 97.04%, and 97.09% at 1,000, 800, and 600 W/
m?, respectively. Second, the simulation results obtained at
constant irradiance of 1,000 W/m?* are 96.92%, 97.01 %, and
97.01% at 30, 25, and 20°C, respectively.

Table 5 illustrates the results of the MPPT controller for
Volkswagen e-Golf at variable irradiance-constant temperature
and constant irradiance-variable temperature.

Figure 11 displays the results of the MPPT controller for
Volkswagen e-Golf at two operating conditions of variable
irradiance-constant temperature and constant irradiance-
variable temperature.

First, the simulation results obtained of an MPPT controller’s
efficiency for Fiat 500e Hatchback at a constant temperature of 25°C
are 97.05%, 97.2%, and 97.32% at 1,000, 800, and 600 W/m?,
respectively. Second, the simulation results obtained at constant
irradiance of 1,000 W/m2 are 97.02%, 97.05 %, and 97.04% at 30, 25,

Frontiers in Energy Research

Battery energy (kWH)
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System voltage (V)

353
323
364
420
356
MPPT Controller
# R R L C
of main series (H) (F)
strings Q) addition
(Q)
6 258 0.1 1.550e- 7.755¢-3
4
5 2.59 0.1 1.646e- 7.716¢-3
4
6 2.63 0.1 1.593- 7.609¢-3
4
14 1.565 0.045 8.233¢- 0.012777
5
10 1.6459 0.045 9.546e- 0.012152
5

and 20°C, respectively. Table 5 illustrates the results of the MPPT
controller for Fiat 500e Hatchback at variable irradiance-constant
temperature and constant irradiance-variable temperature.

Figure 12 displays the results of the MPPT controller for Fiat
500e Hatchback at two operating conditions of variable irradiance-
constant temperature and constant irradiance-variable temperature.

First, the simulation results obtained of an MPPT controller’s
efficiency for Mercedes EQA 250 at a constant temperature of 25°C
are 96.29%, 96.61%, and 97.2% at 1,000, 800, and 600 W/m?
respectively. Second, the simulation results obtained at constant
irradiance of 1,000 W/m? are 96.27%, 96.29%, and 96.33% at 30, 25,
and 20°C, respectively. Table 5 illustrates the results of the MPPT
controller for Mercedes EQA 250 at variable irradiance-constant
temperature and constant irradiance-variable temperature.

Figure 13 displays the results of the MPPT controller for
Mercedes EQA 250 at two operating conditions of variable
irradiance-constant temperature and constant irradiance-
variable temperature.

First, the simulation results obtained of an MPPT controller’s
efficiency for Hyundai Kona Electric at a constant temperature of
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TABLE 5 Input, output power, and efficiency for MPPT controller for utilized EV models.

Operating condition Variations
BMW i3 2019
Irradiance variation and constant temperature (25°C) 1000 W/m?
800 W/m?
600 W/m*
Constant irradiance (1000 W/m?®) and variance temperature ~ 30°C
25°C
20°C
Volkswagen e-Golf
Irradiance variation and constant temperature (25°C) 1000 W/m?
800 W/m?*
600 W/m?
Constant irradiance (1000 W/m?®) and variance temperature ~ 30°C
25°C
20°C
Fiat 500e Hatchback
Irradiance variation and constant temperature (25°C) 1000 W/m?
800 W/m?*
600 W/m*
Constant irradiance (1000 W/m?) and variance temperature ~ 30°C
25°C
20°C
Mercedes EQA 250
Irradiance variation and constant temperature (25°C) 1000 W/m?
800 W/m?*
600 W/m?
Constant irradiance (1000 W/m?) and variance temperature ~ 30°C
25°C
20°C
Hyundai Kona Electric
Irradiance variation and constant temperature (25°C) 1000 W/m?
800 W/m?
600 W/m*
Constant irradiance (1000 W/m?®) and variance temperature ~ 30°C
25°C
20°C

25°C are 96.44%, 96.73%, and 97.22% at 1000, 800, and 600 W/
m?, respectively. Second, the simulation results obtained at
constant irradiance of 1,000 W/m? are 96.42%, 96.44%, and
96.48% at 30, 25, and 20°C, respectively. Table 5 illustrates the
results of the MPPT controller for Hyundai Kona Electric at
variable irradiance-constant temperature and constant
irradiance-variable temperature.

Figure 14 displays the results of the MPPT controller for

Hyundai Kona Electric at two operating conditions of variable

Frontiers in Energy Research

PV

to MPPT controller

MPPT
output power (W)

input power The efficiency of

the MPPT controller

W) (%)
48270 46850 97.06
38820 37720 97.18
29180 28370 97.22
47400 46010 97.07
48270 46850 97.06
49140 47690 97.05
40230 39030 97.01
32350 31390 97.04
24320 23610 97.09
39500 38280 96.92
40230 39030 97.01
40950 39680 97.01
50370 48890 97.05
40510 39370 97.2

30450 29630 97.32
49460 47990 97.02
50370 48890 97.05
51280 49760 97.04
112600 108400 96.29
90560 87490 96.61
68080 66170 97.2

110600 106400 96.27
112600 108400 96.29
114600 110400 96.33
76940 74200 96.44
61880 59850 96.73
46520 45220 97.22
75550 72840 96.42
76940 74200 96.44
78320 75560 96.48

1

irradiance-constant temperature and constant irradiance-
variable temperature.

The PV output power from the P&O MPPT controller is near
the PV array specifications’ maximum available power. At the
constant temperature of 25°C and the variable irradiance from
600 to 1000 W/m?, the higher power is at 1000 W/m?®. Also, at the
constant irradiance of 1,000 W/m? and a variable temperature
from 20°C to 30°C, the maximum power is at the lower
temperature.
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Simulation results of the MPPT controller for BMW i3 2019. (A) PV input power to MPPT controller at variable irradiance and constant
temperature. (B) PV input power to MPPT controller at constant irradiance and variable temperature. (C) MPPT controller output power at variable
irradiance and constant temperature. (D) MPPT controller output power at constant irradiance and variable temperature. (E) Efficiency of the MPPT
controller at variable irradiance and constant temperature. (F) Efficiency of the MPPT controller at constant irradiance and variable temperature.
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13

Simulation results of the MPPT controller for Volkswagen e-Golf. (A) PV input power to MPPT controller at variable irradiance and constant
temperature. (B) PV input power to MPPT controller at constant irradiance and variable temperature. (C) MPPT controller output power at variable
irradiance and constant temperature. (D) MPPT controller output power at constant irradiance and variable temperature. (E) Efficiency of the MPPT
controller at variable irradiance and constant temperature. (F) Efficiency of the MPPT controller at constant irradiance and variable temperature.
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Simulation results of the MPPT controller for Fiat 500e Hatchback. (A) PV input power to MPPT controller at variable irradiance and constant
temperature. (B) PV input power to MPPT controller at constant irradiance and variable temperature. (C) MPPT controller output power at variable
irradiance and constant temperature. (D) MPPT controller output power at constant irradiance and variable temperature. (E) Efficiency of the MPPT
controller at variable irradiance and constant temperature. (F) Efficiency of the MPPT controller at constant irradiance and variable temperature.
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Simulation results of the MPPT controller for Mercedes EQA 250. (A) PV input power to MPPT controller at variable irradiance and constant
temperature. (B) PV input power to MPPT controller at constant irradiance and variable temperature. (C) MPPT controller output power at variable
irradiance and constant temperature. (D) MPPT controller output power at constant irradiance and variable temperature. (E) Efficiency of the MPPT
controller at variable irradiance and constant temperature. (F) Efficiency of the MPPT controller at constant irradiance and variable temperature.
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FIGURE 14

Simulation results of the MPPT controller for Mercedes EQA 250. (A) PV input power to MPPT controller at variable irradiance and constant
temperature. (B) PV input power to MPPT controller at constant irradiance and variable temperature. (C) MPPT controller output power at variable
irradiance and constant temperature. (D) MPPT controller output power at constant irradiance and variable temperature. (E) Efficiency of the MPPT
controller at variable irradiance and constant temperature. (F) Efficiency of the MPPT controller at constant irradiance and variable temperature.
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MATLAB model to measure time charging.

It is clear to us from the results of the simulation program
that the application of the MPPT method to the solar system
achieves a high efficiency for charging electric cars, as the results
for any system were not less than 96%.

3.2 Time charging

The models also tested the time charge for each EV and
started SOC from 20%. For EVs, the ideal SOC area ranges
from 20 to 80% (Kostopoulos et al., 2020). The model
calculates the time charge from 20 to 80% of SOC. Under
irradiance is 1000 W/m? and the constant
is 25°C. The model MATLAB used to
measure time charging is obtained in Figure 15.

The simulation results for BMW i3 2019, the time to charge it
from 20 to 80% SOC is 35-36 min, and the reference time to
charge BMW i3 2019 from 10 to 80% SOC is 36 min according to
EVs database (Compare electric vehicles EV Database, 2022).
Under constant 1000 w/m?, the constant
temperature is 25°C, and the PV input power is 48270 W,

constant
temperature

irradiance is

which is obtained in Figure 16A.

The simulation results for Volkswagen e-Golf, the time to
charge it from 20 to 80% SOC is 35 min, and the reference time to
charge Volkswagen e-Golf from 10 to 80% SOC is 36 min
according to EVs database (Compare electric vehicles EV
Database, 2022). Under constant irradiance is 1000 W/m?, the
constant temperature is 25°C, and the PV input power is
40230 W, which is obtained in Figure 16B.

The simulation results for Fiat 500e Hatchback, the time to
charge it from 20 to 80% SOC is 19-20 min, and the reference
time to charge Fiat 500e Hatchback from 10 to 80% SOC is
24 min according to EV's database (Compare electric vehicles EV
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Database, 2022). Under constant irradiance is 1000 W/m?, the
constant temperature is 25°C, and the PV input power is
50370 W, which is obtained in Figure 16C.

The simulation results for Mercedes EQA 250, the time to
charge it from 20 to 80% SOC is 24-25 min, and the reference
time to charge Mercedes EQA 250 from 10 to 80% SOC is
29 min according to the electric vehicles database (Compare
vehicles EV  Database, 2022). Under constant
irradiance is 1000 W/m?, constant temperature is 25°C,
and PV input power is 112600 W, which is obtained in
Figure 16D.

For Hyundai Kona Electric, the time to charge it from 20 to
80% SOC is 33-34min, and the reference time to charge
Hyundai Kona Electric from 10 to 80% SOC is 44 min
according to EVs database (Compare electric vehicles EV
Database, 2022). Under constant irradiance is 1000 W/m?, the
constant temperature is 25°C, and the PV input power is
76940 W, which is obtained in Figure 16E.

Table 6 summarizes the results of the charging time for each

electric

model of electric car from 20 to 80 percent of the state of charge
and comparing it with the charging time from 10 to 80% of SOC
according to electric vehicles database (Compare electric
vehicles—EV Database, 2022). Using MATLAB software to
calculate time charging powered by a PV system with
constant irradiance which equals 1000 W/m® and constant
temperature which equals 25°C.

It is obtained from the results of the charging period that
how efficient and fast the PV stand-alone system with MPPT
algorithm was in achieving fast charging for electric cars that
are seriously economical and effective, as it relied on the
electric car battery as a load and did not charge external
batteries, which ensures better efficiency and fewer energy
losses.
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3.3 Characteristics of voltage and current
levels

For the simulation results for BMW i3 2019, the voltage level
is 380 V, and the current level is 120 A. SOC is 45% and for 100 s
with constant irradiance is 1000 W/m?, the constant temperature
is 25°C, and the PV input power is 48270 W, which is obtained in
Figure 17. For the simulation results for Volkswagen e-Golf, the
voltage level is 354 V, and the current level is 110 A. SOC is 45%
and for 100s with constant irradiance is 1000 W/m?. The
constant temperature is 25°C and the PV input power is
40230 W, which is obtained in Figure 17. For the simulation
results for Fiat 500e Hatchback, the voltage level is 407 V, and the
current level is 127 A. SOC is 45% and for 100 s with constant
irradiance is 1000 W/m?, the constant temperature is 25°C, and
the PV input power is 50370 W, which is obtained in Figure 17.
For the simulation results for Mercedes EQA 250, the voltage
level is 466 V, and the current level is 240 A. SOC is 45% and for
100 s with constant irradiance is 1000 W/m? and the constant
temperature is 25°C, and the PV input power is 112600 W, which
is obtained in Figure 17. For the simulation results for Hyundai
Kona Electric, the voltage level is 391 V, and the current level is
190 A. SOC is 45% and for 100 s with constant irradiance is
1000 W/m?, constant temperature is 25°C, and the PV input
power is 76940 W, which is obtained in Figure 17.

4 Conclusion

This study concludes that EVs can be charged in a rapid
charging mode using solar energy as a stand-alone system with
P&O MPPT to maximize solar panel efficiency. This system used
EVs as a load to minimize cost in addition to using a PV off-grid
system to avoid the issue of disconnecting power when the grid is
out of service when using a PV on-grid system. By applying this
model to five different types of electric automobiles (BMW i3 2019,
Volkswagen e-Golf, Fiat 500e, Mercedes EQA 250, and Hyundai
Kona Electric), the results obtained that the P&O MPPT method is
used to maximize the PV array’s output power and can successfully
run the system at a level extremely near the PV array’s maximum
available power. This simulation was done using a variance
irradiance from 600 W/m®> to 1000 W/m® and temperature
between 20°C and 30°C and applied in MATLAB software. From
the outcomes, the time of the charge for five types of electric vehicles
is near its range according to the electric vehicles database.

The future work will focus on charging electric vehicles by
using a hybrid system like PV systems, wind turbines, and fuel
cell (FC) technology to ensure that charging is always available.
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To address the problem of the changing intensity of the sun for
the solar system and the erratic wind speed for wind stations, in
addition to the use of hydrogen technology as an energy storage
method, it is expected to be efficient and economically feasible.

Furthermore, how to enhance the efficiency of PV modules to
create more power in the same size is already accessible. In
addition, how to adapt battery manufacturing to become more
energy-dense to gain more energy in the same size. In addition,
studying grid integration when a system is converted to
connection with a grid system is expected to see some errors
and effects when the system is linked to the grid. In addition,
making the comparison of results if using FLC or an adaptive
fuzzy logic controller (AFLC). To compensate P&O MPPT in
MPPT efficiency and time charging of EVs. Finally, analyze the
integration of V2G with the network, which places that will be
economic and optimal options, and analysis charging it with
renewable energy resources.
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