4 —
AUTOMOTIVE
ENPERIENCES
I

JGUELAL Automotive Experiences

Vol. 7 No. 2 (2024) pp. 252-269
p-ISSN: 2615-6202

-OUninmA

e-ISSN: 2615-6636

Modeling of a PEM Fuel Cell Electric Bus with MATLAB/Simulink

John Evans Dakurah'd, Hamit Solmaz'd, Tolga Kocakulak?

Department of Automotive Engineering, Gazi University, Ankara, 06560, Turkey
2High School of Technical Sciences, Burdur Mehmet Akif Ersoy University, Burdur, 15030, Turkey

U johnevansdakurah@gmail.com (J.E.D), hsolmaz@gazi.edu.tr (H.S)
@ https://doi.org/10.31603/ae.11471

Published by Automotive Laboratory of Universitas Muhammadiyah Magelang

Abstract

Article Info There have been great strides in recent years in the shift from conventional Internal
Submitted: Combustion Engine Vehicles (ICEVs) because of the deteriorating effects the fossil fuels they
31/05/2024 use have on the environment. Although lithium-ion battery electric vehicles (EVs) address
Revised: some of these environmental problems, they do not appear to be a promising alternative
11/07/2024 because of their limited range, long charging duration, and the negative effects resulting from
Accepted: the production and disposal of their batteries. Demand for hydrogen vehicles has therefore
25/07/2024 increased over the years. This is because, since they use hydrogen as a fuel, they offer longer
Online first: ranges, shorter refueling durations, and zero emissions. In this paper, a 70 kW PEM Fuel Cell
18/09/2024 Electric Bus (PEMFCEB) which has a 50 kWh buffer battery, and a total hydrogen capacity of

38 kg is modeled using MATLAB/Simulink. In the study, two hybrid energy management
systems — fuzzy logic and conventional on-off using a ‘Relay” block — are integrated into the
model. By simulating several repeated NEDC (New European Driving Cycle) and WLTP
(Worldwide Harmonized Light Vehicle Test Procedure) cycles, the overall performance of the
bus including its total range, consumption of hydrogen and oxygen, and fuel cell efficiency
under each energy management system is analyzed and compared. For instance, during the
NEDC cycle, the bus achieves a total range of 492.02 km with Fuzzy Logic compared to 448.85
km with the traditional on-off system. Similarly, under the WLTP cycle, the bus exhibits a total
range of 407.61 km and 362.33 km with Fuzzy Logic and on-off techniques respectively.

Keywords: Electric vehicle; Hydrogen vehicle; Matlab/Simulink; Modeling; PEM fuel cell;
Simulation

1. Introduction

The urgency for more eco-friendly and cleaner
options to internal combustion engine vehicles
and lithium-ion battery powered electric vehicles
underlines the necessity of PEM Fuel Cell Electric
Vehicles (PEMFCEVs), which use hydrogen as a
fuel to generate power, giving out solely water
vapor and heat. They are easy and fast to refuel
and cover relatively longer ranges [1]-[6].

Internal combustion engine vehicles (ICEVs)
burn fuels such as gasoline and diesel in order to
produce needed power for propulsion. This
results in the release of several harmful emissions
such as carbon dioxide (CO2), carbon monoxide
(CO), nitrogen oxides (NOx) and particulate
matter (PM) which can have detrimental effects on

both the environment and the health of living
things including humans [7], [8].

Compared to ICEVs, electric vehicles (EVs) are
much cleaner because they do not produce
tailpipe emissions. the processes
involved in the production of lithium-ion
batteries, which EVs contribute
significantly to increasing carbon footprint [9].
Moreover, EVs have limited ranges and can
require considerable amount of time to charge
[10]. Based on this, EVs do not appear to be
replacing ICEVs any time soon.

PEMFCEVs address most of the drawbacks
that both ICEVs and EVs come with. First, they are
powered by hydrogen which can be obtained
from renewable sources [1]. The hydrogen reacts

However,

require,
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with oxygen in a fuel cell with no emissions [6].
Plus, PEMFCEVs have long ranges with quick and
easy refueling features [11].

Several studies have been conducted on the
modeling of PEM Fuel cells and electric vehicles.
Schaltz designed and modeled an electric vehicle.
He found that the vehicle consumed 148.3 Wh/km
energy over 14 NEDC drive cycles [12]. Kiyakli
and Solmaz also developed a model of an Electric
Vehicle using MATLAB/Simulink. Their results
showed that under the NEDC drive cycle the
vehicle had a range of 177.7 km with an energy
consumption of 13.8 kWh/100 km when compared
to the WLTP cycle where it has a range of 157.7 km
with an energy consumption of 15.49 kWh/100 km
[13]. Likewise, Thallapalli, Kiyakli, and Kocakulak
created a model of an electric tractor so they could
calculate the amount of energy consumed under
different duties. The results from their study
showed that when the reduction ratio was 50 the
rotary harrow, atomizer, and shredder duties
consumed 3.985 kWh, 1.266 kWh, and 3.787 kWh
energy respectively. Results also showed that
when the reduction ratio was increased to 100, the
energy consumption in the rotary harrow,
atomizer, and shredder duties decreased by
9.56%, 9.55%, and 6.65% respectively [14].
Similarly, Karakas, Seker, and Solmaz developed
a model of an electric bus using
MATLAB/Simulink in order to ascertain how
much money could be saved on a real urban bus
route. They found that the bus had a total range of
335.2 km when the battery was fully charged, and
that it consumed 73.09 kWh over 100 km. They
also found that the electric bus was more
economical relative to diesel and CNG buses over
a 100 km distance [15]. Furthermore, Hemi,
Ghouili, and Cheriti implemented a fuzzy logic
power control mechanism for a fuel cell powered
vehicle under different
configurations. Their results indicated that the

power  source
amount of hydrogen consumed was less in the FC
(Fuel Cell)/B (Battery) and FC (Fuel Cell)/B
(Battery)/SC (Super Capacitor) setup than in the
FC/SC setup. They also showed that the FC/B/SC
combination improved the longevity of the
battery by allowing fast charging and draining
[16]. Additionally, Mebarki, T. Rekioua, Mokrani,
D. Rekioua, and Bacha modeled a PEM fuel cell
and battery hybrid

system using
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MATLAB/Simulink where they demonstrate the
practicality of this system when applied in an
electric vehicle [17].

Despite the extensive research into electric
vehicles and fuel cell technologies, there still
remains a significant gap in the application of
PEM fuel cells in electric vehicles especially the
massive role hybrid energy management systems
play in the overall performance of the vehicle. In
this study, therefore, a comprehensive model of a
PEM Fuel Cell Electric Bus (PEMFCEB) with two
hybrid energy management systems is presented
using MATLAB/Simulink.

2. Method

Fuel cell electric vehicles combine the features
of a typical electric vehicle and a fuel cell stack into
one system. This section is thus divided into three
sub sections including the modeling of an Electric
Drive System and Vehicle Dynamics, the
modeling of a Fuel Cell Stack and the modeling of
Hybrid Energy Management systems.

2.1. Electric Drive System and Vehicle Dynamics
Model

2.1.1. Electric Motor Model

Fuel cell buses rely on electric motors to
convert electrical energy from fuel cells and
battery packs into mechanical energy so as to
move the vehicle. In this study, the speed-torque
values of an electric motor “SUMO HD HV3500”
were used for the electric motor model. The
features of this electric motor are given in Table 1
and its speed-torque curve is shown in Figure 1.
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Figure 1. Electric motor speed-torque curve
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Table 1. Characteristics of SUMO HD HV3500 electric motor [18]

Feature Value
Inverter CO300-HV

Peak power (kW) 370
Continuous power (kW) 260

Operating speed (RPM) 0-3400
Continuous torque (NM) 1970
Peak torque (NM) 3445
Mass (kg) 376

In the Simulink model of the electric motor, the  molecules as it moves through the air.

torque and speed values of the motor were put
into a “1-D Lookup Table”. The lookup table
determines the motor torque according to the
angular velocity of the vehicle which it takes as an
input. The output is the motor torque at that given
angular velocity. In this study, the electric motor
is assumed to be 90% efficient. Figure 2 shows the
Simulink model of the electric motor.

2.1.2. Vehicle Resistance Forces Model

Fuel cell electric buses like other vehicles
encounter resistance during motion. These
resistance forces retard motion increasing the
consumption of hydrogen and thus reducing the
overall range of the vehicle. Vehicles generally
encounter four different resistance forces during
motion. These include aerodynamic or air
resistance, tire rolling resistance, acceleration
resistance and gradient resistance forces [19], [20].
Figure 3 shows the resistance forces acting on a
bus.

Aerodynamic resistance force also known as
air or drag resistance counteracts the movement of
the vehicle as it goes through air. This usually
results from the interaction of the vehicle with air

Aerodynamic resistance force usually becomes
pronounced  at The
expression for calculating aerodynamic resistance
force is given by Eq. (1) [14], [21].

very high velocities.

+ 2

= PCdAf(ZV V) (1)

Tire rolling resistance force acts on the wheels

of a vehicle as it rolls over the road surface. This
force depends on factors like the tire construction,

tread design, and the type of road. The formula for
calculating this force is given by Eq. (2) [19], [21]:

F,ou = mgC,.cosO (2)
Electric Motor Model

b 18

rad/s to rpm

[Motor_w}

Motor Angular
Velocity

» Torque_out

Motor Torque
Diagram

Figure 2. Simulink model of electric motor

Figure 3. Resistance forces acting on a bus
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A vehicle accelerating or decelerating often
experiences a resistance force in an opposite
direction. This force is known as acceleration force
and is the product of the mass and acceleration of
the vehicle as shown in Eq. (3) [21].

Ficc = ma (3)

Gradient resistance is a type of force that acts
on the vehicle when it is moving up or down a hill
on a slope. This force is given by Eq. (4) [21].

F, =mgsind 4)

The total retarding force on the vehicle is given
by the sum of the aerodynamic, tire rolling,
acceleration and gradient resistance forces as
shown in Eq. (5) [14].

Ftotaled+Froll+Facc+F:q (5)

The resistance torque due to the total resistance
force is equally calculated as a product of the total
resistance force and radius of the wheel as shown
in Eq. (6).

Tresis = Frotal X Tw (6)
Figure 4 shows a Simulink model of the total

resistive torque which acts on the vehicle. In the
model, the resistance torque due to the resistance

© John Evans Dakurah, Hamit Solmaz, Tolga Kocakulak

forces and the brake torque give the total
resistance torque acting on the vehicle.

2.1.3. Driving Cycles

Driving cycles are a set of data points that
show the speed of a vehicle against time. They are
helpful in different  vehicle
performance metrics such as fuel consumption
and exhaust gas emissions. In order to compare
the performance of the model under different

measuring

conditions, two driving cycles are used in this
study: NEDC (New European Driving Cycle) and
WLTP (Worldwide Harmonized Light Vehicles
Test Procedure). The NEDC driving cycle is made
up of two main sections: four repeating Urban
Driving Cycle (UDC) which last for 780 seconds
and one Extra-Urban Driving Cycle (EUDC)
which lasts for 400 seconds. The WLTP driving
cycle on the other hand is made up of four
sections: low, medium, high, and extra-high speed
phases with the entire cycle spanning 1800
seconds. The features of these driving cycles are
summarized in Table 2 and their speed profiles are
given in Figure 5 and Figure 6.

Table 2. Features of NEDC and WLTP drive cycles

Feature NEDC WLTP
Time (s) 1180 1800
Average speed (km/h) 33.63 46.50
Maximum speed (km/h) 120 131
Total distance (km) 11.02 23.25

Total Resistance Torque Model
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Figure 4. Total resistance forces and torque model
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Figure 6. WLTP speed profile

2.1.4. PID Speed Controller Model

This section shows the implementation of a
speed controller model that equates the velocity of
the bus to the reference drive cycle velocities —
NEDC and WLTP. To do this, a PID controller
block was used. The block which takes the
reference and vehicle velocities as inputs, outputs
values between "-1" and "1". Values between "0"
and "1" indicate the accelerator pedal position
whereas those between "-1" and "0" indicate the
brake pedal position. The Ziegler-Nichols
approach was used to determine the values of the
parameters within the PID block. The integral (I)
and derivative (D) values were kept at 0 while the
proportional value (P) was increased. Afterward,
the "PID Tuner" was used to modify the values of
the parameters. Figure 7 illustrates the PID
controller model.

2.1.5. Vehicle Powertrain System Model

To obtain a vehicle dynamics model within
Simulink, a “transfer function” of the powertrain
system must first be determined. As seen in Figure
8, a fuel cell stack, battery pack and an electric
motor make up the powertrain of a typical fuel cell
vehicle.

© John Evans Dakurah, Hamit Solmaz, Tolga Kocakulak

PID Controller Model
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Figure 7. PID controller model
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Figure 8. Powertrain system diagram of a typical
FCEV

The “transfer function” of a powertrain system
— which relates the angular acceleration to the
torque and the shaft’'s moment of inertia — is

shown in Eq. (7) [13], [22]-[24].
dw  Mye
— = 7
dt Jtotal ( )

By simplifying Eq. (7) the velocity of the motor
is obtained as shown in the following equations.

M
dw = —Ldt (8)
Jtotal
M
w= f 1 dt )
Jtotal
Ndiff
Mmotor X Nmotor — Mresis X i
diff

(10)

-

The angular velocity of the motor obtained in
Equation 10 was divided by the efficiency of the
differential and the result was multiplied by the
wheel’s radius to determine the vehicle velocity.
The derivative and integral of the velocity equally
give the acceleration and total distance traveled by
the vehicle respectively as illustrated in Figure 9.

6 X Jwheel +2 X Jaxle
Clgifp)? x Naiff

2.1.6. Regenerative Braking Model

Electric and hydrogen vehicles undergo a
mechanism called Regenerative Braking. During
this mechanism, their electric motors convert
kinetic energy to electrical energy and store it for
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Powertrain Model (Vehicle Dynamics Model)
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Figure 9. Vehicle powertrain and dynamics model
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Figure 10. Regenerative braking model

later use. This improves the overall efficiency and
driving range of the vehicle [25]. In this model,
regenerative braking was integrated with a brake
gain of 30%. Figure 10 shows the regenerative
braking model.

2.2. Fuel Cell Stack Model
2.2.1. PEM Fuel Cell Electrochemical Model

This section presents an electrochemical-based
model of the PEM fuel cell. This model introduced
by Corréa, Farret, Canha, and Simoes [26], has
been used in many studies. In this paper also, it is

used to model the fuel cell stack. Eq. 11 provides
the overall output voltage Vstck of a PEM cell stack
which has a total of N cells.

- Vcon)

Where Enemstrepresents the reversible potential
of each cell and is obtained using the expression
(Eq. (12)).

Vaut is the drop in voltage resulting from the
activation between the electrodes of the cathode
and anode. It is given by the expression (Eq. (13)).

Vohmic is the loss in voltage resulting from the
flow of protons and electrons and is expressed as
(Eq. (14)).

Veon is the drop in voltage when there is a fall
in hydrogen and oxygen concentrations and can
be calculated as (Eq. (15)).

Co, in Eq. (13) and Rm in Eq. (14) can be
calculated as Eq. (16) and Eq. (17).

pm in Eq. (17) can be calculated as Eq. (18).

Vstack = N(Enerst = Vace — Vormic (11)

1
Enerst = 1.229 — 8.5x107*. (T — 298.15) + 4.3085x107°.T [1n(PH2) + E111(1)(,2)] (12)
Vact = _[fl +&T + 65T ln(Coz) + &,T. ln(iFC)] (13)
Vonmic = irc- (R + Re) (14)
_ J
Veon = —B.In (15)
]max
Co, = Fo,
02 — _(%® 16
" [5.08x100.e7()] e)
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p

The mathematical model of the PEM fuel cell
requires that some parameters be set. Table 3
shows the base parameter values based on
literature data [27]-[29] and some adjustments
that were made to meet the needs of the model.

After running the mathematical model of the
PEM fuel cell in MATLAB, a Current Density —
Voltage curve was obtained as shown in Figure 11.

To find the power (Prc), current (irc) was
multiplied by cell voltage (Vstac) [30]-[32].

Ppc = ipc-Vstack (19)

Figure 12 shows the fuel cell power density
curve.

To obtain the instantaneous fuel cell power
generation model in Simulink, the current and
power density values of the cell were putintoa ‘1-
D Lookup Table’. The total power generated by
the cell is calculated by multiplying the power
density by the cell area and number of cells. The
power produced was integrated over time to give
the energy (kWh) of the cell as shown in Equation
20. In this study, each fuel cell has a total area of
250 cm?, and the entire stack comprises of a total
of 300 cells. This configuration was chosen so as to
achieve a maximum power output of
approximately 70 kW.

Figure 13 shows the instantaneous power
generation model of the fuel cell in Simulink.

"o e fon 2]
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_ (Pdensit A N)
F= f 1030 20)
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T T
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-
o
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Figure 11. Curve of current density — voltage
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Figure 12. Curve of current density — power density

Table 3. Fuel cell parameters and simulation data

Parameter Value Adjusted Value
T 333K 333 k
P2 1.0 atm 5 atm
Po2 0.2095 atm 3.5 atm
& -0.948 -0.948
& 0.00286+0.0002 ¢log(Acell)+(4.3910~ 5 0.00286+0.0002 elog(Acell)+(4.3210 5
(log(CH2))) (log(CH2)))
& 7.6x1075 7.6x1075
& -1.93¢107* -1.93¢107*
In 3 mA/cm? 3 mA/cm?2
Jmax 469 mA/cm? 1.50 A/cm?
Rc 0.0003 Q 0.0003 Q
B 0.016 V 0.016 V
P 23 23
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Fuel Cell Power Generation Model
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\ 7o.esi]<

Figure 13. Power generation model of fuel cell

2.2.2. Fuel Cell Efficiency Model

PEM Fuel Cells have electrical efficiencies
generally ranging between 40-60% [33]. The
formula for calculating the efficiency of a fuel cell
is given in Eq. (21) [31], [34].

N.F Vsack

1
ATl x 100

Nrc = (21)

Figure 14 gives the Simulink model of the
efficiency of the fuel cell using Eq. (21). In the
figure, for example, the cell is 49.53% efficient at
0.80 A/cm?.

2.3. Energy Management Systems Model
Choosing the
technique for the bus is very important because it

right energy management

can optimize the efficiency and operation of the
fuel cell allowing the bus to reach longer ranges.
In this paper, two of such techniques - fuzzy logic
and conventional one-off — are used.

2.3.1. Energy Control
Technique
Fuzzy Logic is a common energy management

with Fuzzy Logic

system. It is a way of dealing with uncertainty by
using linguistic variables to mimic the way
humans think [35]. To do this, input data sets and

their membership functions are often defined and
put into "if-else" statements to obtain output
variables [36]-[39]. In the Simulink model of the
fuzzy logic controller, there are two input
variables and one output variable. The power
demand (Power_demand) of the bus and the State
of Charge (SOC) of the battery were set as the
input variables, while the current density
(Current_density) of the fuel cell was set as the
output variable. Using the MATLAB ‘Fuzzy Logic
Designer’ toolbox a design of the Fuzzy Logic
technique was obtained as shown in Figure 15.

The  membership  functions of  the
“Power_demand” input variable were configured
as very low (VL), low (L), moderately low (ML),
moderate (M), moderately high (MH), high (H),
very high (VH), and extremely high (EH) as
shown in Figure 16.
the “SOC” input
membership functions were configured as very
low (VL), low (L), medium (M), high (H), and very
high (VH) as illustrated in Figure 17.

In a similar fashion, the membership functions
for the “Current_density” output variable were
set as very low (VL), low (L), moderately low
(ML), low to medium (L2M), medium (M),
medium to high (M2H), high (H), very high (VH),
and extremely high (EH) as shown in Figure 18.

Similarly, variable

Fuel Cell Efficiency Model

1-D T(u)
0.80 > I >\'>
Current moles of
Density Voltage density electrons

transfered

o e e oo

Faraday's JtokJ 1/AH Fuel Cell
constant Efficiency

Figure 14. Simulink model of fuel cell efficiency
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Figure 18. Membership functions for current density
output variable

In all, a total of 40 fuzzy logic rules were
formulated as seen in Table 4.

In summary, the fuzzy logic determines the
current density taking into account the power
need and the SOC. If the power need is high and
the SOC of the battery is low, for instance, the fuel
cell will raise its power production to meet the
demands of the vehicle and also recharge the
battery. Conversely, if the SOC is high and the
power need is low, the fuel cell reduces its power
production while the battery meets most of the

© John Evans Dakurah, Hamit Solmaz, Tolga Kocakulak

power demands. Figure 19 gives the Simulink
model of the Fuzzy Logic energy management
strategy.

2.3.2. Energy Control with Traditional On-Off
Technique

Under this simple energy management
technique, a ‘Relay’ block is used to switch the
current density between two values depending on
only the value of the SOC. The Simulink model of
this technique is shown in Figure 20.

In this model, the fuel cell was made to operate
at a current density of 0.50 A/cm? till the SOC of
the battery falls below 30%. Whenever this
happens, the current density switches to 1.20
Afcm? until the SOC reaches 90% where the
current density switches again to 0.50 A/cm?.

2.3.3. State of Charge (SOC) Model

Having implemented the two hybrid energy
management systems, the Simulink model of the
battery SOC is presented in this section. The SOC
generally depends on the total energy demand of
the vehicle as well as the total energy that the fuel
cell produces. Also during regenerative braking,
the battery is charged with a gain of 30%. Figure 21
shows the Simulink model of the power demand
of the bus and Figure 22 gives the overall model of
the SOC for the battery.

Fuzzy Logic Power Control Model

H2_Level >
[Power_demad]
4.| Voltage Density

soc

»_[I_density]

[P_density]

# _density

»H2_Level
‘ |_density

1-0}(9)

LS
Power Density

Figure 19. Simulink model of fuzzy logic energy
management system

On-Off Power Control Model

[1DT(u)
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»{H2_Level
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—»} I_density o

On-Off

[I_density]

1-D T(u) i
» J »_[P_density].
N\

Power Density

Figure 20. Simulink model of traditional on-off energy
management system
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Table 4. Fuzzy logic rules

Current Densi S0¢€
ty VL L M H VH
VL L2M ML L VL VL
L M L2M ML L VL
ML M2H M L2M ML L
Power Demand M H M2H M L2M ML
MH H H M2H M L2M
H VH H H M2H M
VH EH VH H H M2H
EH EH EH VH H H
Vehicle Power Demand Model
> <=0
S| e
SEls
[Motor_w] > x _>[:>—>]—‘ i
Invertter
eff.
900 —»}-K- ~| -K- »{ [Power_demad]
Motor_eff Low Converter Watts to kilo W
/ Acc. eff.
1200
High
Acc.

Figure 21. Simulink model of power demand of vehicle

State of Charge (SOC) Model

[P_density] b p b %—»< [FC_KWh]

A_cell  Numberof wattto kw stoh
cells
. e ‘
. DC/DC Converter
Battery Capacity off
kWh
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Figure 22. Simulink model of state of charge (SOC)
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2.3.4. Consumption of Hydrogen and Oxygen
Model

The rate of hydrogen consumption in mol/s

and in g/s are given by Eq. (22) and Eq. (23) [40],

[41].
Ty, = (;F—;) My, (23)

From the reaction between hydrogen and
oxygen, two moles of hydrogen react with one
mole of oxygen to give water as shown in Eq. (24)
[30]:

© John Evans Dakurah, Hamit Solmaz, Tolga Kocakulak

2H, + 0, - 2H,0 (24)

The rate of oxygen consumption can therefore
be calculated using the following equations:

n
fto, = % (25)
. ke (26)
noz - E
. i
i, = (25) Mo, 27)

The transformations of Eq. (23) and Eq. (27)
into Simulink models are given in Figure 23 and
Figure 24.

Hydrogen Consumption Model

[I_density] b b X
Current Density ~ Area_cell  Number of ) _—_
Colls Molar Mass of oW
> Mass Flow
’_' [FC_instant_eff] >— Rate of H2
96485
Faraday's ‘
Const. ’@ [H2_Consumed]
grams to kg I
38.0

Total Mass of H2
in Tank (kg)

to percentage

H2_Level

Figure 23. Simulink model of hydrogen consumption

Oxygen Consumption Model

Current density A_cell No. of
Cells | ),
4 e o
g Molar Mass ||
X
o of02 - »(Flow_02
P O
Mass Flow
HOAER [FC_instant_eff] > Rate of 02
Faraday's
Constant

Figure 24. Simulink model of oxygen consumption
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3. Results and Discussion

Results from the simulations showed that the
velocity of the bus follows the reference drive
cycle velocities — NEDC and WLTP. This shows
that the PID speed controller model works.
Results of the vehicle velocity versus reference
drive cycle velocity for each drive cycle are given
in Figure 25.

Other results from the simulation including
vehicle acceleration, motor torque and motor
speed for each reference drive cycle are given in
the following Figure 26 to Figure 28.

iy a.NEDC
E15° Vehicle T
2100 |- -Reference
2
£ sof
<]
o 0 L
> 0 200 400 600 800 1000
Time (s)
= b. WLTP
£
g 130 Vehicle |’ ! T T T T \ v
=100} |- -Reference ~n I/ v \‘.
2 % N
£ 50 N PN AT \| _/
8 7 [ W Wy wJ WY .’ 1 "‘.’ " 'y il
s 0 | M | RY |
> 0 200 400 600 aoo 1000 1200 1400 1600 1800

Time (s)
Figure 25. Graph of reference drive cycles versus
vehicle velocity (a) NEDC (b) WLTP
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2 3 -

(1] 200 400 600 80O 1000
Time (s)
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o
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Figure 26. Graph of vehicle acceleration (a) NEDC and
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Figure 28. Graph of motor speed (a) NEDC and (b)

WLTP

Under the Fuzzy Logic energy management
strategy, simulations were carried out for the
entire operational range of the bus, that is, close to
45 repeated NEDC cycles corresponding to 492.02
km and over 18 repeated WLTP cycles
corresponding to 407.61 km. It was observed that
under the NEDC cycle, the bus run on both the
fuel cell and the battery for a total of 452.93 km
(48631 seconds) until the total hydrogen capacity
of 38 kg was depleted. Subsequently, it was
observed that the SOC of the battery quickly
declined to zero as the battery alone could not
sustain the vehicle for an extended range.
Similarly, in the WLTP cycle, the hydrogen was
entirely consumed after 38593 km (30167
seconds), leading to a rapid decline of the SOC to
zero. The fuel cell exhibited an average efficiency
of 52.56% under NEDC, and 50.05% under WLTP.
The results of simulations under Fuzzy Logic for
both NEDC and WLTP cycles are given in the

(b) WLTP accompanying Figure 29 to Figure 32.

a. NEDC
g w0 T T ] T T 150f |—NEDC Speed (km/h)—H, Level (%) —soc (%)| ]
% 2000
g 0
§ -2000 100
o
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""
3 4q
g ] IIII (A
= 50 I I i If| 1
T 2000 | | ‘ | | ‘ ‘
E o
e
= 4000 " M " " M M " 4
0 200 400 600 800 1000 1200 1400 1600 1800

Time (s) Time (s) x1 04

Figure 27. Graph of motor torque (a) NEDC and (b) Figure 29. Speed, Hz level and SOC under fuzzy logic
WLTP (NEDC)
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Figure 30. Hydrogen and oxygen flow, fuel cell power
and fuel cell efficiency under fuzzy logic (NEDC)
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Figure 32. Hydrogen and oxygen flow, fuel cell power
and fuel cell efficiency under fuzzy logic (WLTP)

When the energy management strategy was
switched to Conventional On-Off, the analysis
covered over 41 repeated NEDC cycles,
corresponding to a total range of 448.85 km and 16
repeated WLTP cycles corresponding to 362.33
km. During the NEDC cycle, the hydrogen supply
was exhausted after 410.67 km (44250 seconds),
leading to a sharp decline in the SOC of the battery
to zero. Similarly, under the WLTP cycle, the
hydrogen supply was depleted after 331.19 km
(26052 seconds), again resulting in a quick decline
of the SOC to zero. The Fuel Cell was on average
51.55% efficient under NEDC and 49.08% under
WLTP. The results of simulations under
traditional On-Off for both NEDC and WLTP
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cycles are given in the accompanying Figure 33 to
Figure 36.
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Figure 33. Speed, Hz level and SOC under on-off
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Figure 34. Hydrogen and oxygen flow, fuel cell power
and fuel cell efficiency under on-off (NEDC)
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Figure 36. Hydrogen and oxygen flow, fuel cell power
and fuel cell efficiency under on-off (WLTP)
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In summary, results from the simulation show
that the Fuzzy Logic energy management
technique increased the range of the bus by 9.62%
under NEDC and 12.50% under WLTP cycles
when compared to the Conventional On-Off.

In this study, also, simulations were carried
out under different vehicle parameters including
vehicle mass, aerodynamic drag coefficient and
rolling resistance coefficient. Variations in the
values of these parameters
consumption were examined over one NEDC and

on hydrogen
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WLTP reference drive cycles. The results show
that under fuzzy logic an increase in the value of
these parameters increased the consumption of
hydrogen as compared to the on-off system which
maintained a constant rate of hydrogen
consumption as a result of being operated
between two constant current density values. The
results are shown in Table 5 to Table 7.

Similarly, the effects of regenerative braking —
when on and off — on the total range of the bus
were examined as shown in Table 8.

Table 5. Effects of vehicle mass on hydrogen consumption

Vehicle Mass (kg) Drive Cycle Energy Technique Hydrogen Consumed (kg)
Fuzzy 0.5970
00 NEPC On/Ot 0.8893
WLTP Fuzzy 1.2460
On/Off 1.3570
Fuzzy 0.6732
16000 NEDC On/Off 0.8893
WLTP Fuzzy 1.3820
On/Off 1.3570
Fuzzy 0.7556
19500 NEDC On/Off 0.8893
WLTP Fuzzy 1.5240
On/Off 1.3570
Table 6. Effects of aerodynamic drag coefficient on hydrogen consumption
Drag Coefficient (Ca) Drive Cycle Energy Technique Hydrogen Consumed (kg)
Fuzzy 0.5908
ED
0.60 NEDC On/Off 0.8893
' WLTP Fuzzy 1.2310
On/Off 1.3570
Fuzzy 0.5970
0.65 NEDC On/Off 0.8893
WLTP Fuzzy 1.2460
On/Off 1.3570
Fuzzy 0.6025
NED
070 c On/Off 0.8893
’ Fuzzy 1.2610
WLTP
On/Off 1.3570
Table 7. Effects of rolling resistance coefficient on hydrogen consumption
Rolling Resistance . .
Coefficient (Crr) Drive Cycle Energy Technique Hydrogen Consumed (kg)
Fuzzy 0.5673
0.012 NEDC On/Off 0.8893
’ LT Fuzzy 1.1920
On/Off 1.3570
Fuzzy 0.5970
ED
0.015 NEDC On/Off 0.8893
’ . Fuzzy 1.2460
On/Off 1.3570
NEDC Fuzzy 0.6449
On/Off 0.8893
0.020
WLTP Fuzzy 1.3430
On/Off 1.3570
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Table 8. Effects of rolling resistance coefficient on hydrogen consumption

State of Regenerative Braking Drive Cycle Energy Technique Vehicle Range (km)
Fuzzy 492.02
NEDC
On On/Off 448.85
Fuzzy 407.61
LTP
W On/Off 362.33
Fuzzy 455.40
NEDC
Off On/Off 400.40
WLTP Fuzzy 376.90
On/Off 332.06

4. Conclusion

In this study, a PEM fuel cell electric bus which
has two energy management techniques -
traditional on-off and fuzzy logic — was created in
MATLAB/Simulink. The performance of the bus
under each of these energy management
strategies was studied. Also, the consumption of
hydrogen under different vehicle parameters
including mass and resistance coefficients was
investigated. Finally, the effects of regenerative
braking on the total range of the bus were
examined. It was observed that under the fuzzy
logic energy management technique, the bus
reaches relatively longer ranges with higher fuel
cell efficiencies as compared to the on-off system.
Also, increases in values of vehicle parameters like
mass, drag coefficient and rolling resistance
coefficient decreased the fuel cell efficiency
increasing the rate of hydrogen consumption.
Furthermore, the bus was able to reach longer
ranges with regenerative braking. Future works
can focus on comparing the fuzzy logic energy
management strategy to more advanced energy
control techniques such as reinforcement learning
to further increase fuel cell efficiency and the
range of PEM Fuel Cell Electric Vehicles.
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Nomenclature

a acceleration (m/s2)

A active area of fuel cell (cm?)

Ar frontal area of vehicle (m?)

B constant that depends on the nature of the
fuel cell and how it operates (V)

Cq aerodynamic drag coefficient

Co, concentration of oxygen (mol/cm?)

Crr coefficient of rolling resistance

CNG compressed natural gas

E energy of fuel cell (kWh)

F Faraday’s constant (C/mol)

Face acceleration resistance (N)

Fy aerodynamic resistance (N)

E gradient resistance (N)

Fron rolling resistance (N)

Frotal total resistance force (N)

FC fuel cell

FCEV fuel cell electric vehicle

g acceleration due to gravity (m/s?)

Laiff gear ratio of differential

lpc operating current of fuel cell (A)

] actual fuel cell current density (A/cm?)

Jaxie moment of inertia of axle (kgm?)

Jmax maximum fuel cell current density (A/cm?)

Jeotar total moment of inertia (kgm?)

Jwheet moment of inertia of wheel (kgm?)

In current density when there is no load
(A/cm?)

1 thickness of membrane (um)

My, flow of hydrogen (g/s)

My, flow of oxygen (g/s)

m mass of vehicle (kg)

My, mass of hydrogen (g/mol)

Mrmotor torque of motor (Nm)

Mgt net motor torque (Nm)

Mo, mass of oxygen (g/mol)

Myesis torque due to resistance forces (Nm)

Ny, flow of hydrogen (mol/s)

g, flow of oxygen (mol/s)

N number of cells

NEDC new european driving cycle

Prc fuel cell power (W)

Py, pressure of hydrogen (atm)

Po, pressure of oxygen (atm)
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Nomenclature

PEM proton exchange membrane

Tw wheel radius (m)

R¢ contact resistance owing to electron flow (2)

Rp membrane resistance due to the exchange of
protons (€2)

T operating temperature of fuel cell (K)

Tresis torque due to resistance forces (Nm)

\Y% vehicle velocity (m/s)

Vstack voltage of fuel cell stack (V)

Vo velocity of wind (m/s)

WLTP worldwide harmonized light vehicle test
procedure

P density of air (kg/m?3)

Pm specific resistivity of membrane (Qcm)

Naiff efficiency of differential (%)

Nrc efficiency of fuel cell (%)

Nmotor efficiency of motor (%)

§i(i=1..4) adjustable parametric coefficients of cell
model

AH enthalpy change for fuel cell reaction
(kJ/mol)

Y adjustable parametric coefficient of cell
model

0 angle of slope
angular velocity (rad/s)
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