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Abstract—Since the advent of the Industrial Revolution, fossil
fuels and internal combustion engines have played a fundamental
role in meeting transportation and energy needs. However, the
extensive reliance on fossil fuels over the past two centuries
has resulted in dire consequences, such as global warming,
environmental disruption, glacier melting, rising sea levels, and
droughts. Consequently, scientists have been actively exploring
alternative solutions to replace fossil fuel-based transportation
systems. Electric vehicles (EVs) have emerged as a pivotal
solution to address the existing challenges in transportation
systems. Although the concept of EVs has existed for some
time, the widespread production and adoption of fully electric
cars was hindered until the early 21st century owing to the
unavailability of suitable batteries or energy storage systems. The
efficacy of EVs relies heavily on their energy storage systems. In
this article, we evaluate various battery types (including nickel
metal hydrate, zinc hybrid cathode, lead acid, and lithium-ion)
in the context of EV performance, using MATLAB Simulink. A
MATLAB Simulink-based electric vehicle model was employed to
assess battery performance. Our analysis reveals that lithium-ion
batteries demonstrate superior performance metrics, including a
specific energy ranging from 100-275 WH/kg, energy density of
200-235 Wh/L, specific power of 350-3000 W/kg, cell voltage of
3.6V, and cycle durability of 500-3000. Furthermore, we consider
the typical cost of these batteries, noting that lead-acid batteries
are relatively more affordable than other options available in the
market.

Index Terms—Electric Vehicle, Fuel Cell, Ni-MH, Li-ion,
PMSM, Green Transportation System, HEV, FECV.

I. INTRODUCTION

Over the last few years, we have been witnessing a growing
shift in the transportation sector towards green energy [1]. EV
plays the most important role in this change. It is expected
that the total share of BEV will rise from 2% in 2016 to
30% in 2030 [2]. As of 2020, the total sales share of BEV
stands at 9% with a total figure of around 16.5 million cars
on the road [3]. Among many models available in the market
Tesla Model 3 and Toyota Leaf are the most popular models
[4]. BEV will significantly take part both in developed and
developing countries within the next couple of years towards
the greener transportation trend [5]. However, BEV has some
limitations like Low production rate [6], Price and other
factors [7], Low range, Long charging speed [8], Not being
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completely green [9], Possible battery shortage and so on.
These limitations are pushing scientists for a better solution
in the transportation industry. Some are thinking fuel cells
might be the solution in this case [10]. FCVs fuelled by
pure hydrogen release no toxic emissions, which contribute
to smog and dangerous particles in the United States. Some
pollutants are produced when hydrogen is produced from
fossil fuels, although they are far fewer than those produced
by conventional cars [11].

Previously, the majority of researchers worked on BEVs while
very few worked on FCEVs. Author Thanh Anh Huynh et al.
investigated the electromagnetic and thermal characteristics of
a few traction motors for EVs in 2018. The engines are tested
using two separate driving cycles, one for highway driving
and one for city driving [12]. A research group, Swaraj Jape
and Archana Thosar et al. (2017) consider various types
of electric motors based on specific factors that should be
considered before selecting a specific motor composition for
EV application. A few parameters have been used to classify
the examination [13]. 2017’s Gagandeep Luthra et. al. has
highlighted the importance of electric motor drives, which
are essential components of electric vehicles. Here, an effort
is planned to examine various types and characteristics of
electric motor drives used in electric vehicles [14]. In a case
study using a Brushless DC motor for an electric car, T.
Porselvi et al. (2017) [15] showed the method for selecting
the right rating for electric motors. In this study, factors
related to the vehicle are taken into account while selecting
the optimal electric motor to provide the necessary torque
and power for traction. In addition, making a wise rating
choice helps to ensure that you use an electric motor of the
right size. Ahmed A. AbdElhafez et al., 2017 consider several
machine approaches for High-Speed Traction applications,
including traditional techniques such as induction machines,
permanent magnets, and SR and DC machine techniques.
The correlation tends to different HST zone plan parameters
such as cost, quality, competency, fault torque, non-critical
failure capacity, and power density [16], [17]. There are
various reasons why you would choose to conduct your
research in a fuel cell-based electric vehicle (FCEV). Zero



emissions, increased range, faster refueling, versatility,
scalability, energy security, and technological advancements.
It’s also worth noting that FCEVs face significant hurdles,
such as limited hydrogen refueling infrastructure, greater
upfront costs than conventional vehicles, and the necessity
for sustainable hydrogen production technologies. However,
by undertaking research in this field, you can help to address
these issues and promote the wider use of FCEVs in the future.

The primary goals of this research are to investigate fuel
cell-powered electric vehicles, as well as to investigate various
electric vehicle motors. To create an FCEV system based on
PMDC and PMSM. To examine the performance of the PMDC
and PMSM in FCEV.

II. FCEV SIMULINK MODEL

We have designed our proposed system in MATLAB
Simulink. The block diagram of an FCEV is shown in Fig.
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Fig. 1. Block diagram of an FCEV [18]

An FCEV is mostly similar to a BEV except for the fuel cell
chamber. A BEV uses power from the battery while FCEV
harnesses the power of the hydrogen fuel. The figure stated in
Fig. 1 depicts the key mechanism of an FCEV. In this figure,
submodels 1,3 and, 4 are the same as a traditional vehicle.
Sub-model 2 which represents drivetrain is the key difference.
In sub-model 2 we see that power is provided by the fuel cell
stacks which run primary and auxiliary loads. Primary loads
are the motors and braking system of the vehicle.

The important design parameters of the vehicle are given in
Table I. The modeled system works as follows

Here, It first takes the reference velocity as an input and
then generates the necessary acceleration and deceleration
commands. The motor controller receives the acc and dece
parameters. These parameters are used by the motor controller
to generate a PWM signal and thus control motor current.
The motor speed can be increased or decreased by controlling
the motor current. The motor is linked to a gear, which is

TABLE 1. FCEV Parameters

Parameter Specifications Parameters Specifications
Mass 600 kg Incline angel 0.05 rad
Motor power 40 kW Gear NF/NB 2
No of wheel 4 Controller PI
Wheels per axle 2 kp 1
CG height 0.5 m ki 30
Frontal area 2 m2 Fuel cell type SOFC
Drag coefficient 0.4 Power 3 kW
Air density 1.18 kg/m3 Vdc 100
Pitch not considered | No. of cells 119
Wheel radius 30 cm Top 600 C
Average wind speed 2-5m/s Fuel supply pressure | 1.35 (air): 1 (H2)

linked to the axle. The FCEV model is shown in Fig. 2.
The vehicle model consists of 7 sub-models namely. These
are:- Input arguments, Drivetrain, Motor control, DC motor,
Sensors, Vehicle body, and Fuel cell. The sub-models are
described below.

A. Input arguments

We have added 4 different ways to input reference velocity
‘v’ and used a multiport switch to switch between the input
values. The first way is to use a MATLAB predefined drive cy-
cle source. There are many available drive cycles in MATLAB
to choose from. The second way is to use a custom-defined
reference velocity which is built with a signal builder block.
This signal can also be generated using an Excel spreadsheet
or by importing any other supported form of data. The third
method is by using a slider gain, where the user defines
the velocity by moving the cursor in the slider. The fourth
format is by using simulation data from another simulation
data through the workspace.

The input arguments subsystem is shown in Fig.3.

B. Drivetrain

Fig. 4 illustrates the drivetrain subsystem. The drivetrain
basically simulates the situation of a driver who controls
acceleration, deceleration, and other controls of the car. This
subsystem takes reference and feedback velocity and produces
necessary acceleration and deceleration commands. In this
particular model, we can give the reference velocity in many
different ways as we have stated earlier. That reference ve-
locity is the main input of the drivetrain which is compared
with the feedback velocity. Then based on the errors in the
feedback a PI controller controls the vehicle by generating the
required acceleration and deceleration commands.

C. Motor control

The motor controlling subsystem is shown in Fig. 5. The
motor is basically controlled by the motor current. A pulse
width modulated signal is generated from the acceleration
and deceleration data which performs this controlling job.
Acceleration command from the drivetrain is used to control
the PWM generator. The deceleration command controls the
brake of the vehicle. Both these signals are fed to the H-Bridge
which ultimately produces motor current which controls the
motor.
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Fig. 5. Motror control mechanism of the designed vehicle

D. Fuel cell

The main component of the fuel cell subsystem is the fuel
cell block. The specification for the fuel cell is given in I. From

the mechanical data port, we get the different parameters of the
fuel cell (Fig. 6) such as cell current, voltage, stack efficiency,
flow rate, total stack consumption, and so on for analysis of
the system.
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Fig. 6. Fuel cell model of the designed vehicle

E. Sensors

The sensor subsystem contains two mechanical sensors
and the gear. The mechanical sensors are torque and motion
sensors respectively for measuring torque, angular velocity,
and angle of the system. It is shown in Fig. 7.
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Fig. 7. Necessary sensors to measure the mechanical output
of the designed vehicle

E Scopes

This subsystem deals with taking all the parameters and
visualizing and analyzing them in the report. All the variables
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Fig. 8. Scopes of this model

of Fig. 8 are given in Table II. We showed the physical,
mechanical, and electrical signals of different blocks. The
physical signals are velocity and reference. Mechanical signals
are the torque and speed of the motors. Electrical signals are
voltage, current, power, etc.

It can be mentioned that some parameters like revolution per

TABLE II. Scope signals and their meanings

Name Meaning Name Meaning
Reference Motor
A\ . p_m
velocity power
Velocity Motor energy
vfed feedback p_ml consumption
. " Motor Distance traveled
1_motor current s by the vehicle
ind Wind m m of the motor
Wi speed P P
- Incline angle
incline_angle of the road m_fuelcell Fuel cell outputs
w(omega) Angu!ar m_drivetrain | Drivetrain output
velocity
tq Torque

minute, energy consumption, power consumption, and distance
are calculated from the initial parameters.

e rpm — rpm is calculated from angular velocity. Since
angular velocity is the measure of speed in rad/s the
relation between them is to convert seconds into minutes
and radians into revolution which can be expressed as
follows -

rpm = X angular velocity (D
2xm
« motor power — motor power is the product of the angular
velocity and torque of the motor.

motor power = w X T )

where, w is the angular velocity and 7 is torque.

e energy consumption — we get the energy consumption
of the motor by integrating the power of the motor.

« distance — traveled distance can be derived by integrating
the feedback velocity of the vehicle.

G. Vehicle body

Vehicle body (Fig. 9) simulates mechanical forces, mass,
environment, and wheels of the vehicle. To say even simply

it is what we see while imagining a car. Incline angle refers
to the upward and downward angle of the road from a plain
expressed in radians.

Wind speed is another input given to the vehicle. It considers
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Fig. 9. Vehicle body of the FEV

the opposite wind speed to the vehicle velocity. We get the
velocity feedback from this block. A vehicle body can be
simulated with both 2 wheels and 4 wheels. We have taken
four wheels one.

H. PMSM model

The PMSM model of the vehicle is given in Fig. 10. In this
model, we have used a PMSM to simulate the same vehicle
with the same input parameters. The DC vehicle model used
reference velocity to control the vehicle by comparing it with
the feedback velocity.

It generated the necessary acceleration and deceleration

=

L Brk

Vehicle Controller
Drlve Controller

Scopes

E\ectrlc Drive

Vehicle Dynamlcs
Environment =

E

iéé

Gear Box

o

’;‘
=3

Fig. 10. Vehicle body of the FEV

command which then generated the motor current. But, in



the case of the PMSM, it uses torque control. It can directly
take the torque data from the DC vehicle simulation or take
the acceleration deceleration data to generate the necessary
torque request for the vehicle which is used as the input for
the PMSM model.

III. RESULT AND ANALYSIS
A. DC motor simulation results

The simulation starts with the reference velocity as shown
in Fig. 11. The vehicle starts at O m/s speed and gradually
reaches about 12 m/s within 100 seconds before starting to
reduce speed.

At about 170 seconds the velocity again starts to increase
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Fig. 11. Reference velocity for the vehicle
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Fig. 12. Acceleration and deceleration of vehicle as per
reference velocity

and reach a high amplitude of 17 m/s. Again it goes to an
instant stop. After this, the velocity rises mostly and reaches a
peak of about 35 m/s at 970 seconds. As per the the response
of the reference velocity acceleration and deceleration acts
which is shown in Fig. 12. From this figure, we see that
both acceleration and deceleration act perfectly as velocity
increases and decreases. We notice that deceleration happens
only at the occurrence of a rapid or instant break of the
vehicle. Most of the time because of the low rising and falling
rate of the velocity deceleration doesn’t need to act. Only
in case of rapid deceleration drivetrain actives deceleration
command. We see that rapid brake occurs at about 70s, 110s,

370s, 900s, and so on. So deceleration also acts at those
times only.

The motor current of the vehicle is shown in Fig.13. The
vehicle is controlled by the powertrain and block. It takes
reference velocity and feedback velocity and finds the error
between them. Then based on the error it uses the PI
controller to make corrections and generates the required
acceleration and deceleration signal which is fed to the PWM
generator and H-Bridge. Based on these the motor is supplied
with the required current to control its speed and the motor
runs.

One noticeable fact is that there are heavy fluctuations both
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Fig. 13. Motor current

in the acceleration and motor current of the vehicle. It’s
mainly because of the PI controller. For the perfect control
of the vehicle, we need to set the perfect tuning of the
pl controller. But unfortunately in this case we didn’t get
any perfect P and I value for this controller. We have tried
built-in PI controller tuning of MATLAB, but that didn’t
work because the system is not linear. So we applied and
checked a lot of values and found P=1, and I=30 somehow
workable. Although this tuning wasn’t perfect it was workable.

Fig. 14 compares reference velocity with the actual vehicle
velocity of the vehicle. We see that there are some deviations
between reference and actual velocity which means that the
controlling of the system works perfectly. But this deviation is
the cause of the fluctuation of motor current and acceleration
of the vehicle.

The mechanical outputs are depicted in Fig. 15.

The maximum torque of this vehicle is around 150 N-m and
the mechanical speed of the vehicle is presented both in rad/s.
The relation between angular velocity and rpm is

_ speed (rad/s) x 60
N 2m

3

rpm

B. PMSM simulation

3 phase AC motors are really complex to simulate and do
the right control strategy. In this section, we will discuss the
PMSM simulation of the same vehicle.
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Fig. 15. Motor mechanical output

It is clearly seen from Fig.16 that the torque is relatively lower
in PMSM which results in low current and power.
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Fig. 16. Torque comparison of DC vs PMSM motors

The maximum power of the motor is 40 kW. Here we see that
the maximum power the motor consumes is about 37000 w or
37 kW for DC motor and is around 30 kW for PMSM which
indicates that PMSM has higher efficiency. The power of the
motors is shown in Fig.17.

The total energy consumption of the DC motor is around
13.1x10° ws which will be around
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Fig. 17. Power consumption comparison of DC vs PMSM
motors
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Fig. 18. Energy consumption comparison of DC vs PMSM
motors

Hence it is seen that PMSM works more efficiently and
consumes less power. The energy consumption scenarios of
both motors are shown in Fig. 18.

The total traveled distance of the vehicle during the
simulation should be identical. Distance traveled during the
1000s simulation by both motors are compared in Fig. 19.
From the figure it is seen that there is a small deviation of
the total distance which is completely acceptable. With two
different motors, both vehicles traveled a distance of around
4500 m or 4.5 km.

In the first 600 seconds both vehicles traveled around 2000
m and in the 600 s to 1000 s both vehicles crossed 2500 m
because of the high velocity during this time as seen in Fig.19.
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IV. RESULT COMPARISON

TABLE III. Result comparison

Parameters DC motor PMSM

average torque higher lower compared to DC motor
max torque around 165 Nm | around 155 Nm

min torque around - 5 Nm around -10 Nm

rated motor power | 40 kW 40 kW

max power 37 kW 32 kW

energy consumed 3.63 kWh 3.3 kWh

distance travelled 4550 m 4450 m

Based on the data presented in Table III, we can say that
PMSM consumes less power, and energy and has higher
efficiency. Hence it is a better choice for EVs compared to
DC motors.

V. CONCLUSION

This article has presented a comparative study of DC and
PMSM-based FCEVs, analyzing their electrical and mechan-
ical properties. Through a MATLAB-based simulation, we
compared the performance of two fuel cell vehicles, one using
a DC motor and the other a PMSM motor. Our key findings
indicated that the PMSM vehicle is more energy efficient,
using less power while achieving the same reference velocity.
However, this study has its limitations, and further research
is needed to validate our results in real-world scenarios.
Nevertheless, Our work provides valuable insights for the de-
velopment of sustainable and efficient transport technologies,
contributing to a greener future.
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