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Abstract- Photovoltaic (PV) energy is the most desirable source because of its renewable and environment-friendly nature.
This article presents a low-cost model of a solar-powered vehicle based on a Charging Management Controller (CMC). Fuzzy
Logic Control (FLC) based Maximum Power Point Tracking (MPPT) technique is used for energy optimization and extraction
of maximum power through the PV system. Furthermore, a DC series motor drive was used due to higher torque-speed
characteristics with rheostat as a braking component for controlling the vehicle's speed. Even the AC plug-in socket is mounted
to charge the batteries when the sunlight is unavailable. CMC is integrated with PV and AC plug-in to charge the battery bank
and control the power transfer maintenance according to load side demand. It also prevents overcharging of batteries to
increase their lifespan. The proposed model can satisfy the demand-supply ratio of EV by optimizing PV energy. It provides an
economical and viable approach for designing hybrid, plug-in solar-powered electric vehicles.

Keywords Photovoltaic System; Maximum Power Point Tracking; Fuzzy Logic Control; Energy Storage; Renewable Energy

Sources; Solar-powered Electric Vehicle.

1. Introduction

Solar Energy is the most desirable and viable renewable
energy source (RES) to economically fulfil the increasing
energy demand [1, 2]. Additionally, the PV system is
maintenance-free in almost all aspects [3]. Furthermore, it
has straightforward integration with Electric Vehicles (EVS)
due to minimum energy conversion stages, and it has a
noiseless, vibration-less, and smell-free mechanism. On the
other hand, almost all internal combustion engine (ICE)-
based vehicles use petrol, compressed natural gas, and crude
oil worldwide as a source of energy [4]. Due to

environmental risks, the engine technology should be
replaced with alternate power sources that are more
economical, highly efficient, and cause low emissions.
Therefore, EVs and Hybrid Electric Vehicles (HEVS)
alternate [5]. The PV system can be implemented by
employing two approaches: PV-station type, i.e., installing
the PV system on a power station for charging the vehicles;
second is PV-standalone type, i.e., integrating PV module
directly on the vehicles. Although hybrid EVs are accepted
due to environment-friendly behaviour, these have not yet
gained consumer’s confidence due to certain technological
shortcomings [6]. Therefore, in this paper, PV standalone
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type is implemented on an EV in conjunction with plug-in
modules for charging the battery bank.

Already, EV-related research exists in the literature, but
no one has integrated a real-time prototype with the PV
module [7]. Additionally, a control scheme related to solar-
powered vehicles is reported [8] but not testified and
updated. Furthermore, the limited surface area for integrating
PV modules on EV is not applicable for auxiliary
components. These issues motivated the authors to design
and implement a PV system on EV for small applications, as
illustrated in Figure 1 [9]. DC batteries are also employed for
energy storage in abnormal weather profiles [10, 11]. The
batteries used in this scheme have a high energy density,
more reliable, and significant service life [8, 12]. A
simulation model of the maximum power point tracking
(MPPT) algorithm was introduced [13] and thus the engine's
speed is maintained appropriately [14]. The DC series motor
is used to control the vehicle's direction, i.e., forward or
reverse, because of its better torque-speed characteristics.
Rheostat speed control with the resistance control method is
provided to control the motor speed. This also avoids the
flow of excess current when the vehicle is supposed to stop
or slow down, which is similar to conventional cars on fuel.
In addition to this, it also deploys a small DC generator using
a car radiator fan on the front side of the vehicle to generate
power for lights, wipers, horns, and charging 50A battery.
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Fig. 1. Basic schematic configuration of solar EVs

This article summarizes the design scheme of PV-EV
and highlights further research potentials in the field of the
PV system. After analysing the background history of
different solar EVs, the results of this research agree well
with the designed parameters, and the solar vehicle model is
more capable than previous versions. Additionally, power
quality monitoring techniques are reviewed to advance
power management systems and the power industry.

2. Literature Review

EVs powered by PV systems, HEVs, and Plug-in Hybrid
Electric Vehicles (PHEVs) are considered the most
economically viable solutions. A remarkable fact is that EV
was introduced in 1828, much earlier than the ICE vehicles.
However, the ease in usage of ICE vehicles with higher
driving capability, short time, and vast infrastructure of fuel
refilling compared with the EV distracted users. Despite
these advantages, ICE vehicles cannot be promoted due to
severe environmental impacts and human health. Besides
EV, a Global System for Mobile (GSM)-based realistic
approach for remotely-controlled irrigation robots using PV
energy is also proposed in [15, 16] instead of fossil fuels.

Many researchers have designed the charging unit for
EVs. In this regard, a simulation-based mathematical model
of improved MPPT with an interleaved boost converter is
proposed for EVs charging [17]. In this system, a DC link is

directly supplied from PV cells and DC batteries, and the
interleaved DC/DC boost converter is placed between the
supply of DC power and the DC link. This converter is
placed for faster dynamic response and less stress on
batteries. Furthermore, a passive element is placed to remove
ripples from input current and output voltages, which is more
efficient. However, this study has two limitations: power loss
and harmonics due to switching noise during the power
conversion process. The second one is that the induction
motor's speed control is challenging [18].

An energy storage system is presented in [19] to
optimize the PV energy of autonomous sail drones to
enhance the efficiency and energy management of non-grid-
connected applications, which is a very tough task. However,
it significantly optimizes the storage energy by using a high-
efficiency MPPT charger on each solar panel. Hydrogen
assisted combustion engine powered by the solar system is
proposed in [20]. Due to the severe dependency of the MPPT
controller on weather conditions, it was considered a good
initiative as the solar panel is used to produce Oxy-hydrogen
(HHO) gas. Further, this gas was supplied to the combustion
chamber of a well-efficient four-stroke diesel engine. This
process also boosted the mixture process into the burning,
which produces clean emissions. However, although it was a
straightforward process where the 12V-50W solar panel is
used, it also has some drawbacks, such as the flammability
range and very high flame speed. Similarly, the partial usage
of solar panels was a minor step and was not a permanent
solution. So, researchers moved toward an efficient charging
system by exploiting solar panels.

Another scheme was presented to improve the charging
systems that describe EV charging functionality [21]. While
the charging system for EVs was integrated with a grid
station, it penetrated the grid. Therefore, this scheme needs
bidirectional DC/DC converters and an MPPT panel for each
PV string. Furthermore, a 10KW DC-DC charger was made
for power generation from these PV strings. The charger was
connected between a DC bus of the PV system and EV
batteries coupled with a high pass filter to stop high transient
from the inverter produced by the dynamic climatic profiles.
Although simulation results expressed the capability to fast
charge batteries using a PV system during conversion via
bidirectional DC/DC converter. The output voltage has a
minimal fluctuation called output noise, and this switching
noise of converters causes harmonics. Similarly, small
oscillation can also be observed in the transient response of
the prescribed model with a DC/DC charger.

Still, there was a need for an efficient charging unit for
the solar-powered electric vehicle (SEV) to charge the
batteries efficiently and save battery life [22]. Therefore,
studies proposed in [23] gave a solution of charging batteries
for conventional vehicles. However, in this study, whenever
the battery was going to be empty, these vehicles used
another power source such as petrol, diesel, etc. So, it was
more suitable for reducing fuels, but that was not a solar-
based system and needed more improvement in the
efficiency of the charging unit.

The proposed scheme in [21] was integrated with the PV
grid, which caused the penetration of grids and the battery
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bank. A charging unit model using the Arduino board was
introduced for the parking zone to remove these penetrations,
which enhanced the charging system for PHEVs and
Photovoltaic Electric Vehicles (PEVs), as illustrated in
Figure 2 [25]. It also modified the different communication
technology for PHEVs and PEVSs. This system also covered
new and more flexible technologies like vehicle to grid,
vehicle to the building, and smart charging. These
technologies mentioned above paved the path for future
researchers. This system removed the penetration on the grid,
but the cost would increase when a separate solar system was
placed for charging.
Utility
240-V AC
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Connector
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Charger
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Fig. 2. Charging scheme for PHEVS [24]

In [23], the proposed design slightly affects the grid
station and produces a harmonic that generates switching
noise. Still, the model proposed in [24] removed this
penetration effect but was costly. Therefore, a fuzzy logic
power flow controller was introduced for the parking garage
of PHEVs [26, 27]. That was based on five different charging
priorities. The charging rates depend on the power of PV
cells, the required power for PHEVs, and the cost of power.
The controller was used to adjust the charging rate of PHEVs
at different priorities levels, and it updates each PHEV with
battery capacity and duration required for charging. It also
predicted the upcoming power from PV cells and updated the
charging/discharging of PHEVs [28]. Although this system
removed all effects occurring in the on-grid station and
compared PHEVs charging with and without a smart
charging controller, the circuit was too complex, and the
chance of failure increased due to complexity [29].
Furthermore, a robust Fuzzy Logic Controller (FLC) was
reviewed to understand the MPPT technique better.

According to the previous study, a solar PV unit is
proposed to charge the EVs in low voltage distribution grids
[30]. This study shows that the loads unit becomes
unpredictable due to high complexity and diverts the
operating characteristics. The analysis of the combined effect
of PV cells and EVs on residential grids resulted more
intelligently if smart charges were used for low voltage grids.
Therefore, a combined PV unit and EV integration model
with two voltage residential grids, i.e., 630KVA and

400K VA are considered. Grid 1 consists of 166 householders
and 6 feeders. Similarly, grid 2 consists of 75 householders
and 5 feeders. This scheme was much feasible but lacked due
to the often unavailability of the Sun. An effective plan for
EV charging was modelled by introducing a smart controller
to compensate for load during peak demands and bad
weather conditions. However, there is a need to modify the
transmission and distribution issues in this system.

PHEVs take charging decisions that depend on current
rating, update energy prices after some time, and provide
extra solar PV power to support any other grid [31]. Using
the Electric Reliability Council of Texas (ERCOT) data,
simulation results showed that the cost per day of energy
PEV was $0.13, which was $50 per year. These sorts of
PHEVs design were deployed on a large scale, and they
made a substantial positive difference in the country’s
economy [32]. The merit of this design was that the PHEVS
provided voltage support to distribution and updated the
energy prices by managing electric power. However, there is
a need to facilitate two systems in this design. The first one is
the use of a universal communication model to update the
voltage level of the system, and the second is the need for
protection to increase battery life.

A scheduled system for charging the microgrids was
introduced to avoid drawbacks experienced in [31]. The
smart grid is integrated with solar panels, wind turbines, and
the distribution grid. A controlling mechanism was also
designed for the consumption by home appliances in which
the remaining excess energy was utilized to charge the EV.
Mix Integral Linear Programming (MILP) formulates the
scheduled method, which enhances the reliability of power
[33]. Charging the EVs with microgrids improves the
efficiency and reliability of these systems. The performance
increased with the scheduling scheme was almost 75% for
400 EVs and 85% for 590 EVs [34]. That was an efficient
use of RES with a cost-effective energy generation. This
design is mainly based on the charging of different vehicles.
However, many vehicles are charged by the design
mentioned above but have no particular scheme for charging
flexibility. Besides, that model has errors in forecasting load
consumption and power generation. The PHEV utilization
model was proposed for researching flexibility for the
charging scheme of EVSs. In previous studies, EVS' variable
load and RES generation fluctuations were significant
concerns. Therefore, a power balancing between
consumption and generation is the need for the current time.
HEV is powered by an electric battery and a non-electrical
source in this system. The model has provided information
related to PHEV mobility, such as type of trip, change in
duration, load charging, and use of only one fuel with the
time function. Furthermore, a mathematical model is derived
for EV utilization, electrical, fuel driving, flexible
recharging, and price sensitivity. The results have expressed
different charging units at parking sites resulting in a good
impact on load profiles with the shifting of EV charging
loads [35].

The proposed model is robust as it improves quality and
reliability where the main contributions of this work are
summarized as:
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e A low-cost model of a solar-powered vehicle based
on a Charging Management Controller (CMC) is
taken into account.

e The proposed model efficiently optimized the
Maximum Power Point Tracking (MPPT) technique
for the PV panels used in the system.

e A DC series motor drive is deployed for higher
torque-speed characteristics with rheostat as a
braking component for controlling the vehicle's
speed.

e CMC is integrated with PV and AC plug-in to
charge the battery bank and control the power
transfer maintenance according to load side
demand, it increases the reliability

e The CMC is designed in such a way that it prevents
overcharging of batteries to increase their lifespan.

e The proposed model can satisfy the demand-supply
ratio of EV by optimizing PV energy. It provides an
economical and viable approach for designing
hybrid, plug-in solar-powered electric vehicles. The
rest of the paper is organized as follows:

Section.2 summarizes the related work in electrical
vehicles. Proposed Methodology is accomplished in section.
3. Section. 4 model and design where results and models
design discussions are carried out. Section. The conclusion
of the article is described in Section.5.

3. Proposed Methodology

In this paper, the PV module is configured to drive DC
series motor using rheostat to control the proposed vehicle's
speed. The FLC-based MPPT algorithm is used to track the
maximum power of the PV module and reduce the
fluctuations as well. Additionally, a 220V AC plug-in socket
is also installed for charging the battery bank in case of
weather concerns. The PV module and plug-in charging unit
are coupled with a battery bank using a Charging
Management Controller (CMC) to switch the power sources
and maintain the state of charge (SOC) of batteries
accordingly. During a bad climatic profile, the CMC will
enable the plug-in charging mode. It also compares the
available power and load demand for choosing the power
source accordingly. Similarly, it maintains the 60% SOC and
charging capacity of the battery. The controller also prevents
the batteries from being overcharged. The DC series motor is
employed on the tyres of the EV because of its higher torque-
speed characteristics. To control the speed of the motor, the
variable series resistance control method is proposed. The
proposed design scheme of SEV is illustrated in Figure 3.

DC Motor
Batteries Controller,

Converter

Fig. 3. The design scheme of the proposed vehicle
3.1. PV System

PV modules generate electricity by converting solar
energy into electrical energy. Three types of PV modules are
popular, i.e., polycrystalline, monocrystalline, and thin films,
but monocrystalline is used to fulfil our energy needs in this
work. A PV module has ratings of 250W with an open circuit
DC voltage between 30-40V. The maximum efficiency is
achieved by using blue antireflection silicon nitride where
the solar cells are coated with it. The proposed methodology
is given in Figure 4. Solar cell dimensions with electrical
parameters are shown in Table 1.

.....

ooooo

Rheostat

~——

Battery Bank DC Motor

Fig. 4. Solar-powered DC motor control strategy

The PV current and voltage mainly rely on both
irradiance and temperature. The mathematical model of the
PV cell in terms of current and voltages is expressed by
Equations (1) and (2) as

I=I1,,—1, {e[ﬁf“’*“”‘*}] - -1}
@

V=

nAKT Tpptlg—T
In
do In

)
The current and voltages are |, V, and K represents
Boltzmann’s constant. In addition, g, and A are the
electrical charge and ideality factor, respectively.
Voltage, current and power characteristics under

different climate changes are observed in Figures 5(a) and
5(b), respectively. The PV module ratings are given in Table
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Fig. 5. The PV system’s power-voltage and current

characteristics: (A) at various

irradiances; (B) at various

temperatures
Table 1. Characteristics of the PV system
Characteristics Ratings
PV cell size 156 x 156 mm
Number of cells in a module 60
Module weight 25 Kg
Power 250 W
Dimensions 1650 x 992 x 40 mm
Open circuit voltage 36V
Maximum power voltage 333V
Short circuit current 14.7 A
Maximum power current 13.67 A
Operating temperature 10-85°C

3.2. FLC MPPT Algorithm

The FLC algorithm allocates parameter values to select
appropriate fuzzy sets to optimize the output power of the
PV system. First, it takes samples of V and | for optimal
power calculation in each interval. The variation between the
last instant and the current state is observed by considering

the change of power and current rate. Similarly, a
comparison was held between calculated and previous errors
to get a change in error. Finally, both error and change in
error are fed to the FLC as system inputs. FLC is used to
drive the converter switches [13] as the switching through
Pulse Width Modulation (PWM) controls the duty cycle. The
observed power at an instant PE requires a large fuzzy step
because the MPP is far from the optimal point. The modified
algorithm for FLC is shown in Figure 6. The FLC algorithm
optimizes the power by measuring the current output power
level and comparing it with the previous fuzzy step, and then
it declares the duty cycle accordingly.

Samples of
Current & Voltage

Measure V& I
to calculate P

v

Compute 6§ P

| S P=AF

Loy Loy
(A1)3 ) (AI)Z ) (Al)l )
v v v

(Al)6 ) (A D5 )(AIM )
v vV v

A4

A
Return

Fig. 6. Algorithm of modified FLC based MPPT

FLC algorithm follows the following rules for optimizing the
power regarding Table 2 such as:

Rule 1: If 6P = AF, it means the current output power is far

away from the old fuzzy step, therefore, negative big (NB)
signal will be generated to process duty cycle AD6 as

illustrated in Table 3.

Rule 2: If still 5P = AF means the current value of output

power has still not reached MPP, now it will process
negative small (NS) signal for the generation of duty cycle
ADS as demonstrated in Table 3.

Rule 3: If 6P = AF means current output power reached

MPP, then it declares the same zero signal (ZO) to process
the same duty cycle as the previous one.

Rule 4: If 6P <« AF means current output power is far away

from the previous fuzzy step, therefore, positive big (PB)
signal will be generated to process duty cycle AD1.

Rule 5: If still 5P = AF means the current value of output
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power is still away from MPP, now it will process a positive
small (PS) signal for the generation of duty cycle AD2.

And so on. where 8P is the instant power and AF is the fuzzy
step.

Table 2. Fuzzy rules to optimize MPP

AF | Very | Small | Medium | Large | Very
op Small Large
Very Z0 NS NS NB NB
Small
Small PS Z0O NS NB NB
Medium PS PS Z0 NS NB
Large PB PB PS Z0O NB
Very PB PB PS PS Z0
Large
Table 3. Duty cycle vs fuzzy rules
Duty Cycle Value Fuzzy Rule
AD1 D>0.5 PB
AD2 0.3<D<0.5 PS
AD3 0.1<D<0.3 Z0
AD4 -0.1<D<-0.3 ZO
ADS -0.3<D<-0.5 NS
AD6 D>-0.5 NB

3.3. Battery Bank

This work uses lead-acid batteries because of cost-
effectiveness, easy availability, and better capacity [36]. The
PV system and plug-in charging are integrated with this
battery bank. It is installed in the back trunk of a solar
vehicle for better temperature and easy configuration to a
plug-in socket. The battery has a 0.2Cn current for 5hr and
0.05Cn current for 20hr discharge, as presented in Figure 7.
The battery’s capacity depends on the discharge time, such as
if the discharge time is longer, then the battery’s capacity
will be higher [37]. In our proposed model, a 100Ah battery
is used with the applied current drawn from the panels being
14.7 amperes, as illustrated in Table 4. Equation (3) defines

the charging time and the charging time for our battery bank
is 6.80 hrs. as shown in Equation (4).

Ah rating of the battery

Charging T =

Applied Current 3)
Ch ing T 1004R 0.80 H
arging T = 1274 - % s @)

Similarly, the motor used in this work is 1hp considering
as the load consumes 746W. So, the discharging time of the
battery bank can be obtained by using Equation (5) and the
discharging time of our battery bank is 1.60 hrs. as presented
in Equation (6).

Ah rating = Voltage

Discharging T =
ischarging Applied Load (5)

1004h x 12V _
746w ©)
25T T T T T

Discharging T =

N
N
o

ge (V)
g
=)

-
~
a

Cell Volta

-
a

1.25

0 20

5
Discharge Time (h)

Fig. 7. Discharging behaviour of led acid battery for each
cell

Table 4. Electrical Ratings for the battery bank

Characteristics Ratings

Input Voltages 12V

Input Current 147 A

Charging Ratting 100 Ampere hr

Time required for charging 6.8 hr
Electrical load 440 W

Time required for discharging 1.6 hr
Overall-Efficiency ~82 %

3.4. Charging Management Controller

In this system, a 250W solar panel and plug-in charging
socket are integrated with the battery bank on the input side
for maintaining the SOC positive [38]. Similarly, a DC motor
is configured on the load side that consumes electric power
and discharges the battery bank. A CMC is proposed in this
paper, which automatically disconnects the battery if it is
going to be empty after getting the information about volts
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and amperes of batteries, as illustrated in Figure 8. The
followings are the steps of CMC.

e The active mode is ON when the power of the
source is high as required, then the extra power is
delivered to the battery bank to make the system
reliable.

e  On the other hand, if the power of the source is low
as required, then then the extra power is supplied
from the battery bank.

In addition, a threshold of 60% SOC is taken into
account by CMC. It keeps the batteries in a healthy position.
The lower level of SOC especially less than 10% reduces the
battery life. The conditions which make the SOC within the
limits are:

e The CMC will be considered in discharging state
when SOC is lower than 60%. Meanwhile, it will be
considered in the charging state when the SOC is
greater than 60%.

E_. as charging energy based on SOC is defined in
Equations (7) and (8).

E.=8(50C)g x Cg @)
M AGLE
soC=50C¢t,)— ———
(t) Cg = 3600 ®)
Where 8(SOC )z is the change in SOC of the battery,
Cg is the capacity of the battery, and i is the charging
current of the battery.

B,

or

Bﬂng-iﬂ charging

v

Charging
Management
Controller

&— Measure P,,..

Measure B, =P

SocC

-ye

Supply Ps,ree
to Load

Charge
Battery Bank
(Charging)

SoC Paattery > 60%

-ye

SoC
+ve

Supply Pranery
to Load
(Discharging)

Charge
Battery Bank
(Charging)

Fig. 8. Flow chart of the CMC

3.5. DC Series Motor

The DC series motor is coupled with the tyres of the
electric vehicle to control the drive system efficiently.
Moreover, it is integrated with the PV system as the primary
source and battery bank as a backup in bad weather
conditions. The main advantage of using a DC series motor
is that it can securely handle the inrush currents since the
motor does not function for an extended period. It also
results in maximum active torque on the employment of
different load torques [39]. Because of this, the DC series
motor is preferred as it can drive the vehicle easily.

In the proposed scheme, the DC series motor is
connected with a voltage source of CMC to operate on the
main supply obtained from the PV system and a backup
supply from the battery bank. The speed controller generates
the duty cycle after comparing the reference speed and the
motor's actual speed, then the boost converter applies a
control signal to drive the motor. The speed and torque of the
motor are controlled accordingly. The schematic block
diagram of the integrated series motor is presented in Figure
9.

A DC motor of 2hp is used as a vehicle drive in this
work. The output speed (rpm), output electrical power, and
input electrical power of the DC series motor can be obtained
by using Equations (9), (10), and (11), respectively.

p _ ZHNTH!
olrpm) = L0746 9)
P,.,.=HP x0.746 KW (10)
Pﬂ“s
Piii (E) = 1
(11)

According to Equation (15), the motor provides an
output power of 1.5KW on full load. Taking n = 82% from
the datasheet of the DC series motor, using Equation (16),
we required 1.83KW power to drive the DC motor at the
rated speed. Based on the electrical and mechanical
subsystems of a series DC motor, mathematical modelling in
terms of differential equations can be expressed as Equations
(12) and (13) [9].

Vit) = Ri(t) + L@ + k,w(t)i(t)
dt (12)
. . : dew(t)
T.(t)=T b '
LB =Ty(8) + balt) + | T 13)

where w(t) = rotor speed, T.(t) = load torque, b
friction coefficient, J = rotor inertia, and Te(t)
electromagnetic torque produced by the motor

In the following subsections, some characteristics are
discussed to meet the solar vehicle requirements.
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Fig. 9. Schematic flow chart of DC series motor
3.5.1. Torque Characteristics

As vehicle requires high torque in starting and a
stabilized torque after some time when it moves smoothly.
The studies on series motors comprise the same torque
characteristics as presented in Figure 10 due to the direct
relation of torque with both armature current and flux density
as stated in Equation (14).

Torque (Nm)
jm—

N

Time (sec)
Fig. 10. Torque characteristics of series DC motor
3.5.2. Armature Current Characteristics

According to Equation (19), it is clear that the high
starting torque causes a high armature current, so it meets our
requirements very well. Moreover, in running conditions, it
will be stable, as shown in the simulation result of Figure 11.

Armature Current (A)

Time (sec)

Fig. 11. Armature current characteristics
3.5.3. Speed Characteristics

The vehicle’s speed will rise almost exponentially as
speed and torque have an inverse relation. While starting, its
speed slowly rises, and after the stability of torque, speed
increases smoothly, as illustrated in Figure 12. It is also
feasible for heavy load applications that need more torque
and slow speed while starting.

If the flux decreases, the motor speed grows, but the
motor torque decreases as stated in Equations (15) and (16).
This is not probable because the increase in motor speed
must result in better torque. Indeed, it is so in this
circumstance. When the flux decreases, the armature current
increases to a considerable value. As a result, despite the
declining field, the torque is momentarily enlarged to a high-
value end that will exceed the value matching considerably
to the load. A lab experiment is also conducted to visualize
the behaviour of the DC series motor, as illustrated in Figure
13.

_K(V-14R,)
¢ (15)
KE
N=—"L
¢ (16)
00 e
€ 000 >
E’ 00 //
:.,- 000 ///
Time (sec)

Fig. 12. Speed characteristics of series DC motor
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(D)

Fig. 13. A lab experiment of the series DC motor: (A)
operating voltage; (B) speed of the motor at 1.27 amperes;
(C) speed of the motor at 6.41 amperes; (D) speed of the
motor at 14.7 amperes

Table 5. Current-speed characteristics of DC series motor

Current Speed
1.27 A 343 rpm
6.41 A 1332 rpm
14.7 A 2976 rpm

The results show that the selected motor has excellent
performance at given requirements. For example, it has a
shorter response time, very small overshoot, and no steady-
state error. Table 6 illustrates the DC motor parameters used
in this proposed model.

Table 6. Parameters of DC series motor

Characteristics Ratings
Rated horsepower 2 hp
Rated current 130 A
Rated supply voltage 12V
Rated speed 3000 rpm
(B) Power at rated load 1.83 KW
Maximum torque 1480 Nm
Armature winding resistance 3.76 Q
Armature winding inductance 0.06 H
Field winding resistance 250 Q
Field winding inductance 110H
Rotor inertia 0.035 kgm?
Rotor damping ratio 0.2
Resistance temperature coefficient 0.0040 Q/°C
Efficiency 82

3.6. Braking System

Sometimes abrupt braking may be applied to stop a DC
motor very rapidly. There are two approaches, i.e.,
mechanical or electrical braking, to stop/slow down the
speed of a running motor. In mechanical braking, a brake
shoe applies friction on the moving tyres to halt or slow
down the vehicle. In this method, the dissipation of the
kinetic energy of the motor occurs in the form of heat.
Similarly, in electrical braking, a rheostat is used to obstruct
the flow of electric current, and the dissipation of Kinetic
energy occurs in resistance as heat [18]. The horsepower
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established by the shaft torque is known as brake horsepower
(BHP). If the motor is running and the shaft torque is T
(Nm), then work done on each revolution and work done per
minute of the DC motor can be calculated from Equations
(17) and (18). Also, useful horsepower can be obtained using
Equation (19).

— M0 _Fx2xmXxr=2xmXT (17
Revolution
W.D
———=2xNxT
minute (18)

Tsh

Ir P = 2= XNX————HP
seful P,,, T 60 + 746 (19)

Therefore, the rheostat controls the speed of the motor
by using the resistance control method. It can overcome the
excess flow of the current when the vehicle is supposed to
stop or slow down [40], when the resistance increases in
series with the motor, that decreases the applied voltage,
which reduces the speed. In this way, a rheostat in series with
the armature is deployed to vary the resistance to vary the
speed ultimately.

3.7. Efficiency of the DC Motor

Like a DC generator, the efficiency of a DC motor is the
relation of output power to the input power, i.e., Equation
(20).

- (Gutput

—+ Lasses) * 100
Input

(20)

According to its datasheet, the motor used in this work
has 82% overall efficiency. The power stages in a DC motor
are characterized by copper losses between A-B and iron or
friction losses between B-C, as expressed in Figure 14.

\lcchamcal ()utput
Power Power

lnput

Power
F
+
2 g 17;
DC Power
Supply Armature Motor Shaft

Fig. 14. Power stages of the DC motor

Therefore, the mechanical and overall efficiency of the
DC motor can be evaluated by using Equations (21) and (22),
respectively.

B
= E + Cu Losses+ 100

Mmechanical

(1)

Noverall

C
= —+4 Losses =100
4 (22)

4. Model and Design

Mechanical design plays a vital role in components
adjustment fittings and customer’s choice for an efficient
vehicle. All electrical and mechanical components will only
work if adjusted adequately against appropriate dimensions.
A 250W monocrystalline PV panel can be installed on the
car’s roof using Very High Bond (VHB) double-sided instant
bonding tape for a smooth and clean visual appearance. The
back trunk of the car can be used as a battery bank in which a
CMC and two parallel-connected 130A batteries are placed
in a safe and secure position. A plug-in charging socket is
installed in a fuel injecting place for easy connectivity with
CMC to recharge the battery bank. The alternator’s output
power charges a 50A battery inside the car bonnet. This
power is utilized for all auxiliary components of the vehicle.
All the mechanical components, including ICE, radiator, air
filter, etc., are extracted for the DC series motor placement
with gear-box and wheels. The speed of the motor is
controlled using rheostat by limiting the applied current of
the DC motor, as stated in Figure 15.

DC motor in replacement of ICE engine coupled with an
automatic transmission gear-box of the car for smooth and
better torque-speed characteristics under load conditions.
Similarly, this model can also utilize the extracted radiator
fan and alternator for energy generation. This power is used
to charge the 50A battery and is also utilized for small
components such as headlights, indicators, horns, wipers, and
car fans. The back trunk of the car is used as a secured place
for the battery bank and other components. Both parallel-
connected 130A batteries and CMC are configured in the
vehicle’s trunk to maintain operating temperature and the
specification of the proposed model are presented in Table 7.
Additionally, the fuel injecting portion of the car is used to
charge externally using a plug-in charging socket, as shown
in Figure 15. The proposed model of the novel RES-based
plug-in EV’s top view is shown in Figure 15. The model
presented in [41] is deployed where the starting current is
reduced while our models consist of CMC. It improved the
charging infrastructure due to multi-sources such as PV and a
plug-in charging scheme. The SOC of the battery is
monitored, it declares some decisions to switch power
sources according to the requirement of the system and
considerations regarding battery lifetime. Although the
hardware specifications presented in [41] have high capacity
but our model is comparatively improved electrical
parameters as shown in table.7.

The proposed robust design of a novel solar-based plug-
in electric vehicle has efficiently improved the vehicle
performance as compared to existing solar vehicles like
[31,39,41] in terms of a better charge controller that
increases the battery life and charging time, mileage is high
if the model comparatively enhanced, supporting starting
current characteristics, and an upgraded SOC system.

1323



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

R. M. Asif et al., Vol.12, No.3, September 2022

Table 7. Specifications and dimensions of the proposed
model

Parameters Ratings
Vehicle size 3800 x 1650 x 1240 mm
Wheel track 2 feet
Wheelbase 1 foot 7 inches
Tyre size 130/60-10
Load bearing capacity ~ 450 Kg
Seat capacity 4
Mileage ~55Km
Vehicle maximum speed 60 Km/h
Brake type Mechanical (Disc)

Brake system

Both foot and hand

Battery 12V, 260 Ah
No. of batteries 2
Battery weight ~75Kg
PV module weight ~ 20 Kg
Motor type DC Brushless Series
DC motor weight 6 Kg
Motor horsepower 2hp
Plug-in charger 220V AC
Charging time ~6-8h
Vehicle weight ~1200 Kg

Sun
Light

Solar Panel

DC Series
Motor

Battery Bank

Plug-in Charging
Socket

Fig. 15. Components assembling position in EV

5. Conclusion

Integrating PV systems in EVs remarkably reduces
global warming, environmental impacts, and air pollution
risks. Furthermore, using EVs instead of conventional
vehicles provides more reliability and a much more
inexpensive means of transportation. The proposed design
presented in this article is mathematically modelled for
simulations and hardware implementation. The FLC-based
MPPT methodology expressed efficient behaviour for power

extraction through the PV system. The configuration of the
CMC improved the charging infrastructure due to multi-
sources such as PV and a plug-in charging scheme. Based on
the SOC of the battery, it declares some decisions to switch
power sources according to the requirement of the system
and considerations regarding battery lifetime. The feasibility
and suitability of the DC series motor are also considered in
the realistic model of the proposed vehicle. To employ an
appropriate braking system, a rheostat is configured on the
motor drive to stop or slow down the vehicle’s speed.
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