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Abstract: Hybrid electric vehicles are new technologies that will be used in future transportation networks in response to
the need for sustainable development of environmentally friendly processes. Some of the energy sources used to
develop these vehicles are batteries and proton exchange membrane (PEM) fuel cells (FCs), which cannot guarantee
the energy required for life in the long term. Electricity storage systems (ESSs) such as the Ultra Batteries (UBs) are
suitable candidates for solving the FC transient response issues. The combination of FCs and UBs in electric vehicles is
called Fuel Cell Batteries Electric Vehicles (FCBEVs). In this work, an energy consumption model is adopted to simulate
the performance of a FCBEV, by considering the power losses of various components, such as the FC, electric motor,
the state of charge (SOC) of the battery, and breaks as well as by implementing a reinforcement-learning energy
management strategy (EMS), pursuing this scope through the optimization of the hydrogen fuel consumption. In this
regard, the motor prototype, after a transient period of around 2.5 min, was able to reach a number of runs equal to 2000,

remaining stable for 10 min before coming down to zero.

Keywords: Fuel cell, Fuel cell battery electric vehicle modeling, Energy management, Hydrogen.

1. INTRODUCTION

The ever more pressing requests to pursue a
sustainable development, responding to the need of a
greener world [1], are involving a relevant attention to
an upgrade in transportation  technologies.
Researchers in both, Academia and Industry, grant
significant focus to the transportation system in terms
of energy. Up to date, there is no doubt that electric
motor driven vehicles, including all EV’s types, are the
promising solution that has helped to reduce the
environmental pollution due to the abatement of
greenhouse gases emission in the atmosphere [2].
Electric mobility goals consist of solving the issues
related to polluting technologies with a relevant social
impact. Electric vehicles (EVs) rely on an electric motor
that is sized according to the user [3].

EVs are known to be zero-carbon emission, efficient
and do not depend on conventional fuels such as
gasoline or petrol. However, still hours are needed to
recharge the EV’s battery: an issue that has to be
addressed. Regarding light of the above, different
battery types are still at the laboratory scale or at their
early commercial stage, so still the most advanced
solution focusses on using the Lithium-ion batteries,
thanks to their high-energy storage capacity, low
weight, and long lifespan. Battery Electric Vehicles
(BEVSs) are suffering from the long and balky recharging
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time. An alternative of BEVs is obviously the Fuel Cell
based Electric Vehicles (FCEVs) that need few minutes
to refuel the hydrogen tank, as simple as refueling
conventional fuels. Furthermore, EVs could use a
mixed power system made up of a fuel cell along with
back-up battery. Such type of EVs is the so called Fuel
Cell Battery Electric Vehicle (FCBEV) [4]. Rezzak and
Boudjerda [5] proposed another type of EVs based on
a super-capacitor (SC) combined to a FC. Likewise, a
hybrid system based on a FC, a battery and a SC has
been proposed in [6]. Within this paper, a theoretical
study of an enhanced efficiency FCBEV, is presented
for the first time During this study, and the simulation
results are discussed to highlight and analyze the drive
cycle under the so-called “Federal Test Procedure”
(FTP-75) of the proposed FCBEV, adopted by the
united States to determine the emissions and fuel
economy of light-duty vehicles [7]. Accordingly, an
Energy Management Strategy (EMS) is implemented to
maximize the system’s performance through handling
the ratio demand/delivery conducted in real-time.

2. METHODS

2.1. The FCBEV Model

The FCBEV presented in Figure 1 uses hybrid
electric sources; which are respectively a FC and a
battery. A FC is the primary source linked to an
unidirectional DC-DC converter to stabilize the output
current [8]. A processing system based on water
electrolysis is used to produce both, hydrogen and
oxygen. A battery, as a second energy source, is
connected to a bidirectional DC-DC converter too.

© 2022 Cosmos Scholars Publishing House
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Figure 1: Schematic of the FCBEV structure.
Meanwhile, all the energy sources powers are 2H,0 > 4H* + 4e™ + 0, (2)

controlled through an EMS to control the exact amount
of hydrogen and at the same time to distribute the
power.

2.2. Fuel cell Modeling

Proton exchange membrane fuel cells (PEMFCs)
are the most common alternative against batteries
within the transport sector and in EV’s embedded
systems too. The PEMFC consists of: a cathode, an
anode, and membrane acting as an electrolyte. The
PEMFC is integrated into the electric vehicle system
along with auxiliary components such as the electric
control unit and the cooling fan to ensure better
operations in terms of electricity generation [8,9]. At the
anode side, the hydrogen molecules are split into
electrons and protons, according to the hydrogen
oxidation reaction, presented next, equations (1) and

(2):

The hydrogen production of equation (2) is
implemented in Matlab/Simulink as shown in Figure 2.

Table 1 presents the electrolyser parameters used
in the model.

While Figure 3 shows the electrical model of a
battery; the vacuum voltage (E,.n:) iS dropped
through the activation (V,. ), the ohmic resistance
(Vorm), @nd the concentration (V,,,,), respectively. The
FC voltage is calculated by subtracting the losses from
the open-circuit voltage of the FC. The potential of the
FC, at any time, could be found using equation (3)
based on the parameters of Table 2.

{ Vstack = Neewr- Veeu (3)

Vstack = Neeur- (Enernst — Vact = Vorm — Vcom)

Where the energy (E) is expressed as:

RT PH,P0J*
2H, » 4H* + 4e” ¢Y) E=E4+—[n|—2"2_ 4
F PH,0 )
Table 1: Input Parameters for PEM Electrolysis Modeling [10]
Parameters Values
Partial pressure of oxygen P,,(atm) 1.0
Partial pressure of hydrogen P, (atm) 1.0
Activation energy at the anode E, , (KJ/mol) 76
Activation energy at the cathode E, ., (KJ/mol) 18
Water contents at the anode-membrane, 1, 14
Water contents at the cathode-membrane, 2. 20
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Figure 2: Schematic of the water electrolyser by Simulink.
However, the activation voltage depends on the  Table 2: PEM fuel Cell Parameters
kinetic phenomena and the oxygen concentration as
presented in equation (5) through (7). Parameter Value
Fuel cell area 280 cm®
Vaer = [&1 + &.T + &.T.Ln(Cp,) + &,. T. Ln(D)] :
p (5) Membrane typology Nafion115
— 02
Co, = 5.08+106¢498/T Membrane thickness 125 um
Exchange current density exp(-5.4) Alcm®
{Vohm =Rp.1 (6) - .
N Max current density 1.4 Alcm
R =P/ o @) -
Transfer coefficient 0.5
Enernst = 1.229 — 0.85 * 1073(T — 298.15) + Membrane dry density 2x10°® kg/em®
Membrane dry weight 1.1 kg/mol
-5
4.3085 * 107°T[In(Py,) + 0.5 * In(Py,)] (8)
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Figure 3: Equivalent Electrical model of a PEM Fuel Cell.

2.3. Battery Modeling

The complex electrochemical phenomena involved
in a battery make its modeling tricky. Detailed models
exist and take into account, for example, the
concentration of reagents or the influence of
temperature. These very detailed models are difficult to
be adopted in the energy context of interest. Other
types of models based on equivalent electrical
diagrams (ideal voltage generators, resistors,
capacitors, etc.) provide accurate account of the
battery’s electrical behavior [11], according to the
parameters illustrated in Table 3. The equivalent
electrical model of the battery retained during this work
is illustrated in Figure 4. The diagram consists of a
voltage generator and a resistance in series. The
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elements in this diagram (V,. vacuum voltage and R;,;
load and discharge internal resistance) depend on the
state of charge (SOC) of the battery.

R, AN
—_—a

Figure 4: Equivalent Battery model.

The current of the battery may be calculated as in
equation (10):

— V¢72c_4RintPactual
I = Voc - . (10)
2Rint

= Voc = IRin; (11)

Vterm

The new state of charge "SOC,.," is given by the
equation centered on the old “S0C,,;”, equation (12)

dEint
SOCnew = SOCoiq +100 (— (12)

The ideal power "P;.," may be calculated
following equation (13):
Pigear = Pactuar + Pross (13)
where
Pioss = I?Rin; (14)
Pigear = Voc (15)
Poctuar = Woc — IZRint (16)

Table 3: Battery Parameters

Parameter Value
Pack Voltage 2729V
Capacity 3.2 Ah
SOC 60%
Temperature 27C
SOC Bat max 90%
SOC Bat min 20%

2.4, Vehicle Modeling

This amount of energy needed to run a vehicle
(E,) can be calculated through the dynamic behavior of

the car, equation (17) [12], described by the classic
equations of mechanics, depending on the power (P,)
provided at the level of the wheels, whereas the related
parameters are presented in Table 4.

t
E, = f P, dt (17)
0

P, is expressed as a function of the total traction
torque, C;, and the wheel speed, Q,., as follows:

P,=Cr Q, (18)
v
Cp = Fo; O = = (19)

F,. represents the tractive force acting on the
vehicle at the contact level between the tires of the
driving wheels and the road surface, enabling the
vehicle to be propelled forward, v and r, the
vehicle’s-imposed speed and wheel radius,
respectively.

Thus, according to Newton’s second law, the
acceleration needed to overcome the inertia of the
vehicle and thus to allow the acceleration of the
vehicle, @, can be expressed by equation (20):

o = Ftr - (Faero :'anrade + Frr) (20)
i

The F,, value needed to overcome the resistance
to advance and accelerate the vehicle may be
calculated by equation (21):

Ftr=Fa6r0+Fi+Fgrade+Frr (21)

F,.ro IS the aerodynamic force, representing the
resistance of air depending on the direction of the
vehicle movement. It depends on the air density, the
frontal surface Ag, the air penetration coefficient, C,,
of the vehicle and the vehicle speed, V. It is
represented by equation (22):

1
Faero = E,DCdAfV2 (22)

E.. is the rolling force, which represents the rolling
resistance of the vehicle, acting at the level of the
contact between the tyres and the roadway and is
opposed to the free movement of the vehicle. This
force must be contrasted to push a vehicle out of fuel at
a constant speed. It is proportional to the mass of the
vehicle, M, the gravitational acceleration, g, and the
rolling resistance coefficient, C, as shown in equation
(23)

FTT = mgCTT' (23)

Fyrqqe 18 the gravity force of the vehicle, acting

directly on the vehicle on the slopes. It holds it uphill
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and pushes it downhill. This force is a function of the
slope inclination as well as the vehicle mass. The
expression of this force is given by equation (24):

Fgrade =mg sin(@) (24)

The sum of the above-mentioned forces leads to the
traction force, which is schematically illustrated in
Figure 5.

F aero :Aerodynamic force

Figure 5: Schematic of the tractive forces acting on a vehicle.

Table 4: Vehicle Parameters

Parameter Value
Vehicle’'s mass 1300 K,
Gravity 9.8 m/s®
Air density 1.18 kg/m®
Road angle 0.5°

2.5. Energy Management System

The energy management system (EMS) plays an
important and significant role in the ratio stored/needed
energy. Besides, it helps to harvest extra power during
breaking phases, especially within the city.

2.5.1. Type of Energy Management Systems

There are three principal methods of energy
optimization:

- The dynamic programming method; this EMS is
not particularly used due to its low efficiency [13]

- The Optimal control method; it shows higher
performance and operates on real-time [14]

- The Intelligent technique; it is a neural
network-based model, needing fast digital signal
processors (DSP) [15].

2.5.2. Energy Management System Proposed

Two algorithms make the proposed EMS within this
paper. One is used for the electrolysis by the battery
current and is called electrolysis battery EMS
(E.B.EMS). The second algorithm controls all the parts
of the vehicle model and is called Vehicle EMS
(V.EMS).

2.5.2.1. EB.EMS

The E.B.EMS receives two input parameters,
namely SOC and Vehicle Power (Pyehicie). The E.B.EMS
response in terms of desired amount of hydrogen
produced depends on the input parameters, Figure 6.

SOC 5 Hydrogen production

E.B.EMS |

Rehicle

———

Figure 6: Global structure of the electrolysis battery energy
management strategy (E.B.EMS) for hydrogen production by
battery assisted water electrolysis.

The operating modes, shown in Figure 7, denote
the possible position of a vehicle, namely the “stop”
and “hydrogen production” modes, respectively.

2.5.2.2. V.EMS

The V.EMS is based on five parameters, which are
provided as inputs to obtain the desired level of FC
power at the output side, Figure 8. The power to be

V=0 .
Acceleration

A4 Y

Braking

A 4

Mode: Stop

Mode: Hydrogen production

Mode: Stop

Figure 7: Schematic of the vehicle operating modes.
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supplied by the FC is determined on the cornerstone of
the power demanded by the vehicle as well as the
variation of the state of charge of the battery indicated
as S0Cgg;-

SOC e

soc [ Bt
B S
L VEMS ﬁ>
AV M~

DC =

\;)CJ:f >

Figure 8: Global structure of the algorithm used for the
Vehicle Energy Management Strategy (V.EMS).

The control has to monitor in real-time the SOCg,;
in order to be ready to respond in all times to the
vehicle's power demands, while avoiding full charge as
well as deep discharge. The equation (25) describes
the power transfer between the FC, the battery, and the
charge.

Pep, = Ppe + Ppar (25)

It is a common practice that the deep discharge and
overload situations could dramatically damage any
type of battery. Accordingly, equation (25) has been
taken into consideration within the proposed model to
avoid both situations for the sake of better reliability.
This is to say, the battery voltage is strictly between
Vgat min @NA Vpat max @S €xpressed in equation (26).

VBat?min < VBat < VBat?max (26)

3. RESULTS AND DISCUSSION

The EMS role is to control the system’s components.

The algorithm of the EMS shown in Figure 9 has been
implemented in Matlab Simulink in order to highlight its
efficiency and reliability.

| Acccleration

e
| Productien | e

Figure 9: Schematic of the Enery Management Strategy
(EMS) algorithm structure proposed.

The model was tested under the European driving
cycle ECE-15 for 200 seconds (it is one of the cycles
used to measure the performance degree of the
vehicles engines and energy economy in passengers
[12, 16]). The results obtained from the simulation
focused on the evaluation of the sources. The obtained
results of the vehicle speed are in full agreement with
the expected ones, as shown in Figure 10.

To describe as close as possible a vehicle under
real operation, many “stop mode” in the cycle were
considered as reported in the latter figure, such as: O -
15s, 25 - 50s, 95 - 115s, 190 - 200s. This approach
involved a clear vision for the current and the hydrogen
production in the model. However, the battery
response is faster than the FC, as clearly shown in
Figure 11.

In order to model the generation of hydrogen by
water electrolysis, the simulation of the vehicle
standing on “stop mode” is based on the electricity
utilization to develop the electrolysis process obtained
from the battery. When they are part of the stop in the
drive cycle, the EMS tests the hydrogen tank and, in
case its volume is less than 80%, the FC will create

60 T T

Speed (Kmhr)

y
T

120 140 160 180 200

Figure 10: Simulation results on the vehicle speed (km/hr) vs time (sec) according the European driving cycle ECE-15 tests for
measuring the performance degree of the vehicles; range time adopted during the simulations: 200 sec.
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Figure 11: Battery and FC current responses vs time.

more hydrogen. This is to say, when the vehicle is not
running (Stop mode) and the hydrogen quantity in the
vehicle’s tank is less than 80%, the FC becomes
supplied from the battery to produce hydrogen and fill
the missing amount. This approach has been
implemented in the Simulink model of the EMS and the
results are shown in Figure 12.

The ECE-15 is not known to be the most suitable in
terms of profitability tests. Therefore, the drive cycle

B
= Ralery Curremi
Pael Coll Curvent

! -

—

1 120 14 ([ 159 o
Thme (sec)

was changed to the FTP-75 with 1400 seconds in
duration. The EMS is simulated through the vehicle
speed variation, represented in Figure 13, which
allowed to obtain the simulation results shown in Figure
15, representing the FC and battery current as a
function of operation time.

Between almost 18 km driving distance and 34.1
km/h average speed, Figure 13 shows three phases of
cruise. Between Os and 505s, which consists of a cold

—

Partial Pressure (atm)
=
o

o

0 20 40 60 80

100 120 140 160 180 200
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Figure 12: Production of hydrogen by water electrolysis vs time (sec), during the simulation of the vehicle standing on “stop
mode”. The electrolysis process is developed using the electricity coming from the battery

Drive cyale
wenicks spaed

o 200 400 600

800 1000 1200
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Figure 13: The Energy Management Strategy is simulated through the vehicle speed variation (km/hr) vs time (sec).
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Figure 14: Power supply due to the FC and Battery currents (A) vs time (sec).

start transient phase, many variations between the
intermediate and the high speed are recorded. Then,
between 506s and 1372s, the speed becomes more
stable at an intermediate value and the restant speed
cycle is a stop mode.

Figure 14 illustrates the current of the two sources
according to the adopted strategy. The response of the
FC is slow; indeed, the battery takes the action since
the FC does not provide power when sudden demand
happens. Thus in Figure 14, the battery’s voltage
decreases or increases according to the sign of the
current given by the speed profile of Figure 13, in which
the SOC decreases from 60% to 48.5%, Figure 15. In
the figure, some recharging periods are considered in
the time ranges [303s, 310s], [490s, 503s] etc.

According to the simulation results, the proposed
energy management system (EMS) is efficiently
handling the following tasks:

0.6
0.58
0.56

0.54

sSoC

0.48

0.46
0 200 400 600

1. Check the drive cycle

2. During the acceleration phase, energy is being
absorbed from both sources, FC and battery

3. During the breaking phase, the FC is not
providing energy anymore; at the same time, the
battery is charging

4. Within the urban zone, when high acceleration is
not needed, the energy is totally provided by the
FC.

Such results are clearly shown in Figures 11 and 14.
In fact, when the vehicle is running, the FC provides
almost 85% of the needed current, while the battery is
providing rest. When the FC’s current (Red dashed
curve) is at zero, the battery’s current (Blue solid line) is
negative which means that the battery is receiving
current (Positive when it is delivering current).

I
800 1000 1200 1400

Time (sec)

Figure 15: State of Charge (SOC) of the Battery (ranging between 0 and 1) vs time (sec).
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Figure 16: Production of hydrogen and oxygen vs time during the vehicle standing under “stop mode”.

Figure 15 shows that the initial charge of the battery
was at 60%, at the end of the cycle, the battery
becomes at almost 49%. This means that 11.04 miles
(17.77 km), the battery has discharged by 11%.

According to the results sketched in Figures 13, 14,
the FC ensures the required energy as a primary
source because of the hydrogen consumption. Hence,
the vehicle does not consume much power from the
battery according to the SOC. Indeed, the vehicle
produces hydrogen each time when a stop mode is
considered, contributing to the economy of the whole
system, Figure 16.

In order to validate the EMS proposed, the FCBEV
mode was simulated and experimentally validated for a
fuel cell-based vehicle using a DC motor for a lab scale
prototype.

Table 5: Parameters used for the Fuel Cell Prototype

Element Parameter Value
Operating voltage 09V
Operating current 600 mA
Fuel cell
Rated power 300 mW
Hydrogen storage capacity 20 mL

Figure 17: Fuel cell prototype.

According to the parameters of Table 5, which are
those of the real FC of Figure 17, the FC prototype was
first simulated in order to generate hydrogen for a tank
of 20 ml, Figure 18. As shown in the latter figure, the
target hydrogen volume was produced at steady state
condition after around 120s.

After the production of hydrogen and according to
the parameters of Table 6, Figure 19 illustrates the
motor prototype performance in terms of number of
runs against the time. After a transient period of around
2.5 min, several runs equal to 2000 were reached,

Figure 18: Volume of produced hydrogen vs time.

120
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which remained stable for 10 min before coming down
to zero.

Table 6: Parameters of the Motor Prototype

Element Parameter Value
Voltage 1-3V
Motor current 1A
Tour number 2000 Tr/min
Voltage 3.7V
Battery
current 25A
b
2000
;£
£
S 1000
o)
<
Z
0
0 5 10

Min

Figure 19: Motor function in terms of number of runs as a
function of time.

5. CONCLUSIONS

This paper presented the energy management
systems fuel cell/battery electric vehicles. In particular,
the fuel cell/battery electric vehicles modeling was first
resumed, and then a monitoring and management
system was developed and analyzed in details by
highlighting the structure and performances. The
analysis of the fuel cell/battery electric vehicles focused
on hydrogen consumption and the need of recharging
the battery for maximizing the ‘charge sustaining’ and
cost reduction. The electrolysis battery energy
management system played a relevant role in the
production of hydrogen as the main source of the fuel
cell when the vehicle stops, contributing to the
performance enhancement of the electric vehicle. The
latter aspect could contribute also to better design the
new electric vehicles, declassing the importance
related to the presence of hydrogen filling stations, not
yet available everywhere.

The simulations presented in this work were
validated by adopting the energy management system,
which allowed to operate an electric motor prototype
efficiently and robustly under rapid changes in power
demand, and different levels of the state of charge. The
model was tested under the European driving cycle
ECE-15, representing one of the reference cycles used
to measure the performance degree of the vehicles

engines and energy economy in passengers, and the
obtained results of the vehicle speed resulted in full
agreement with the reference ones. In particular, the
motor prototype, after a transient period of around 2.5
min, was able to reach a number of runs equal to 2000,
remaining stable for 10 min before coming down to
zero. Last but not least, this study demonstrated that,
once the vehicle was running, the FC may provide
almost 85% of the necessary current, whereas the rest
may be provided by the battery, which initially showed
a status of charge equal to 60% and, at the end of the
cycle, was decreased to 49%.

In a future work, the theoretical analysis of the
performance of an electric vehicle realized by adopting
an energy management system will be substituted by
the fuzzy logic approach, implementing experiments to
validate a fuel cell/battery electric vehicle combined
with solar power.
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