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The use of green energy has increased day by day. Environmentally friendly hybrid electric vehicles with low CO, emissions have
gained public attention. However, most battery electric vehicles are still having range problems, and emission values of hybrid
electric vehicles are still not at the desired levels. Thus, fuel cell vehicles have gained some attention as good alternatives. The
primary energy source for these vehicles is fuel cells, which are used in conjunction with batteries and supercapacitors to
increase system performance. The combination of fuel cell + battery, fuel cell + supercapacitor, and fuel cell + battery +
supercapacitor systems are currently the most popular topologies in this technology. The performance of these topologies is
related to the overall energy efficiency and exergy efficiency of the vehicle model. Energy and exergy are two basic
terminologies used to determine system performance and quality. Exergy determines the thermodynamic losses that cannot be
determined using energy formulations alone. Thereby, it is very important to use both terminologies together to examine the
performance of topologies and to determine any system losses. For this purpose, in this study, fuel cell + battery, fuel cell +
supercapacitor, and fuel cell + battery + supercapacitor topologies were prepared and applied for Urban Dynamometer Driving
Schedule (UDDS), Highway Fuel Economy Test Cycle (HWFET), New European Driving Cycle (NEDC), and Federal Test
Procedure (FTP) driving cycles. Comparisons of these topologies in fuel consumption, power performance, and energy and
exergy efficiencies were performed for the driving cycles. Also, energy flow, during the driving cycle, has showed and
interpreted for the fuel cell vehicle that is designed and analyzed.

the orientation towards sustainable and clean energy sources
is increasing with each passing day. Scientists and researchers

Growing societies and developing technology result in
increased energy demand, and when this demand is fulfilled
using primarily fossil fuels, environmental pollution ensues.
The use of fossil fuels results in the release of harmful gases
like carbon dioxide and methane [1]. These are polluting
gases, which are also known as greenhouse gases as they
cause global warming.

Transportation is a major part of human civilization and
unfortunately, it is also the part where the most amount of
fossil fuels is consumed. Combustion engine vehicles release
harmful emissions such as carbon dioxide (CO2), carbon
monoxide (CO), and hydrocarbon (HC) [2]. These toxic
gases threaten human health and nature. For this reason,

have presented hybrid electric vehicles (HEA) and electric
vehicles (EA) as a solution to this issue.

Hybrid electric (HE) vehicles consist of an electric motor
and an internal combustion engine, representing a transition
vehicle between today’s internal combustion engine vehicles
and future battery electric vehicles. A hybrid electric vehicle
still uses fossil fuels such as gasoline and diesel. Although
these vehicles have reduced greenhouse gas emissions, as of
this study, they are still far from the target emission rates.

Electric vehicles (EVs), on the other hand, consist of one
or more electric motors and some arrangement of batteries.
These have zero emissions as they do not use fossil fuels.
While the Lithium ion (Li-ion) batteries used in these
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vehicles have many advantages—such as long shelf life, wide
operating range, and high power and energy density—they
also have certain disadvantages such as long charging times,
low range, and limited charging possibilities.

As an alternative to HE and EV, the automotive industry
has developed a new technology called fuel cell electric vehi-
cles (FCEV), which can charge in a shorter time, have a lon-
ger range, and have zero emissions.

The energy carrier of FCEVs is hydrogen. Hydrogen is
preferred in vehicle applications due to its small comparative
volume while still having the highest content of fuel by
weight. An FCEV feeds the electric motor with energy from
the fuel cell. However, since the fuel cells have low energy
density and approximately 60% efficiency, they cannot pro-
vide the fast starting and acceleration advantages of tradi-
tional internal combustion engine vehicles [3]. To solve
this issue, fuel cells are integrated with batteries and superca-
pacitors in new FCEV vehicles [4]. By using fuel cells
together with batteries and supercapacitors, the size of the
fuel cell is reduced, which reduces the overall system weight
as well. At the same time, with the additional energy pro-
vided by the battery and supercapacitor, hydrogen con-
sumption is minimized, and the running costs are reduced.
With such a dual energy system, the overall durability is also
increased as the physical constraints of the fuel cells are
reduced as well.

FCEVss are generally classified into three different topol-
ogies as fuel cell + battery, fuel cell + supercapacitor, and fuel
cell + battery + supercapacitor vehicles. The fuel cell + bat-
tery configuration is a popular topology that meets the rapid
acceleration expectations of internal combustion engine
vehicle users by providing extra power to the fuel cell with
the regenerative braking of the battery. Pioneering automo-
bile brands such as Toyota, Honda, and Hyundai have
started to produce vehicles that utilize fuel cell + battery
hybrid systems [5]. The fuel cell + supercapacitor topology
creates an ideal hybridization with the slow dynamics of
the fuel cells and the high power density and fast response
of a supercapacitor. In fuel cell + battery + supercapacitor
topology, the battery and the supercapacitor work together
to help the vehicle climb and accelerate. At the same time,
thanks to the supercapacitor power density, the battery life
is extended as the batteries require less charge/discharge.

In literature, many studies were performed on FCEV
with different angles of approach. Optimization and cost
analysis of fuel cell-based vehicles in FC+B, FC+SC, and
FC+B+SC topologies were performed, and their perfor-
mance were compared by Bauman et al. [5]. The importance
of hybridization degree in FC+ SC topology in vehicle per-
formance and fuel economy has been examined by Feroldi
et al., and fuel cells and supercapacitor hybridization were
found to be performance-meaningful [6]. In the FC+B
and FC+SC topologies, the performance comparison was
made by changing the module numbers and vehicle weights
of the energy storage systems. According to the results, when
the number of battery modules in the FC+B Topology is
increased, the fuel economy decreases while the performance
increases. In FC+SC topology, fuel economy and perfor-
mance increased when the number of modules is increases
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[7]. Fuel cell-based hybrid vehicles require a complex con-
trol system as they are integrated with different power
sources. How the power flow is divided between different
sources and how the appropriate operating modes are deter-
mined depends on the energy management system (EMS).
The main purpose of EMS is to share power between the
powertrains by selecting the appropriate operating mode. It
is also one of the objectives of ensuring the lowest fuel con-
sumption, reducing emissions, and extending the lifetime of
the components by selecting modes that meet their charging
state capacities. There are various EMSs designed and opti-
mized for hybrid control systems [8-11] in the literature.
Linear programming and PID controller [12-14], state flow
algorithms and multimode control [15-17], dynamic pro-
gramming techniques [18], fuzzy logic control [19] model
predictive control, and optimal control theory [20] are some
of the applied strategies. Wu et al. aimed to increase battery
efficiency and minimize hydrogen consumption with the
ROEMS (robust energy management system) they applied
to FC+B topology [21]. Wang et al. reduced fuel consump-
tion by 21% and 36%, respectively, in two different driving
cycles in the FC+ SC topology [22]. Valdez-Resendiz et al.
showed that they reduced energy waste by 14% by control-
ling the charge and discharge of the supercapacitor bank
with the FLC (fuzzy logic control) energy management strat-
egy in the FC + B+ SC topology [23].

In fuel cell vehicles, besides energy efficiency, exergy effi-
ciency is also very important. Energy and exergy are two
interrelated terminologies that are used to measure the qual-
ity of a given system. Energy analysis cannot provide the real
performance values of a system and cannot identify the fac-
tors that cause losses. However, exergy analysis does not
have these shortcomings, and it can determine the actual
performance of a given system while identifying the parts
where losses occur.

In this study, fuel cell+battery, fuel cell+supercapacitor,
and fuel cell+battery+supercapacitor topologies are modeled
with the Matlab-ADVISOR program in order to compare
important topologies of fuel cell vehicles. UDDS, HWFET,
NEDC, and FTP driving cycles are applied to the modeled
topologies. In addition to the energy efliciency of the entire
system in each topology and in each driving cycle, exergy
analysis was also performed, which shows the real perfor-
mance value of the systems. Because of sustainability and
exergy, which have a superior side of energy, exergy analysis
is very important in this study. In addition, with fuel econ-
omy vehicle, performances in the driving cycles of the
designed vehicles were compared. The power sharing
between the energy storage systems in the three topologies
is shown, and the energy flow in the optimal performing
topology is examined.

2. Fuel Cell Hybrid Vehicles

Fuel cells convert the chemical energy in the fuel into electri-
cal energy by electrochemical means. Since there is no com-
bustion during this process, fuel cells only evacuate heat and
water. Vehicles that use fuel cells as primary power sources
are considered environmentally friendly, and many people
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FIGURE 1: Fuel cell+ battery topology.

believe that they are the vehicles of the future since they do
not use fossil fuels and have no harmful emissions [24].

Fuel cell vehicles are currently at the forefront as they
have advantages such as short refueling time, long driving
distances, and environmental safety. However, fuel cells can-
not recover braking energy because they have a slow
dynamic response [2]. They also cause gas starvation at fast
power transitions. For this reason, batteries and supercapaci-
tors are used in conjunction with fuel cells’ compensation
energy. The main purposes of using fuel cells with batteries
and supercapacitors are to reduce fuel cell size, hydrogen
consumption, and cost [4].

2.1. Fuel Cell + Battery Topology. With the increasing inter-
est in fuel cell-based vehicles, these vehicles are expected to
have a similar power density and fast start-up to today’s
internal combustion engine vehicles. Additional power
required for this target is provided by connecting a battery
to the fuel cell system. The battery contains regenerative
braking energy, and it provides extra power based on the
driver’s acceleration demand, allowing the fuel cell to oper-
ate in its efficient region. Figure 1 shows the fuel cell battery

topology.

2.2. Fuel Cell + Supercapacitor Topology. Supercapacitors are
preferred in fuel cell vehicle applications because they are
energy storage devices with a high power density and a short
response time. The slow dynamics of the fuel cell and the
fast response of the supercapacitor make an ideal duo and
can efficiently meet the driver’s power and speed demands.
Figure 2 shows the fuel cell supercapacitor topology.

2.3. Fuel Cell+ Battery+ Supercapacitor Topology. In this
topology, the demands for fast transient power, including
acceleration, climbing, and braking of the vehicle, are cov-
ered by the supercapacitor. This ensures that the life of the
battery is extended without being exposed to too much
charge and discharge. By gaining braking energy, the super-
capacitor relieves the load of the battery and fuel cell system
with the highest power. Figure 3 shows the fuel cell, battery,
and supercapacitor topology.

3. Materials and Method

3.1. ADVISOR- (Advanced Vehicle Simulator-)MATLAB.
The Advanced Vehicle Simulator (ADVISOR) was pro-
grammed and developed by the US National Renewable
Energy Laboratory (NREL) in the late 1990s. It was origi-
nally developed to support the US Department of Energy
in the research of hybrid propulsion systems. ADVISOR is
widely used by automobile manufacturers and university
and institute researchers around the world. ADVISOR has
a user-friendly interface and was built with Matlab/Simu-
link, the module of the Matlab program that can perform
modeling, simulation, and analysis of dynamic systems.
The program has been developed to support time-
dependent and instantaneous, linear, and nonlinear systems
and hybrid systems over time [6, 25].

3.2. Vehicle Models. Figure 4 shows the simulation block dia-
gram of the fuel cell vehicle.

The block diagram in Figure 4 includes the driving cycle,
fuel cell system, power bus, electric motor, gearbox, differen-
tial, energy storage system, wheels, and auxiliary systems. In
this system, the speed demand of the driver or the driving
cycle is transmitted to the wheel/axles, and the wheels con-
vert the speed demand into torque. The torque demand is
transmitted to the electric motor and transferred to the
power bus for conversion to power demand. The power
bus is the core of all vehicle control. The power bus receives
power demand from each subsystem and the power capacity
it can handle. In line with this information, it makes the
sharing between power systems.

The primary power source of the designed vehicle is the
fuel cell system. The fuel cell system first receives the signal
of the power demanded by the electric motor and calculates
the power that can be supplied by its system. The calculated
power is transferred to the power bus. The power bus deter-
mines how much power it should demand from the energy
storage system (battery or supercapacitor). The energy stor-
age system calculates the power it will obtain with the signal
it receives from the power bus and sends it to the power bus.
The demanded power and the power from the energy stor-
age systems are refed to the power bus.
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FIGURE 2: Fuel cell+ supercapacitor topology.
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FIGURE 4: Fuel cell vehicle simulation block diagram.

In FC+B and FC+SC topologies, the fuel cell system
determines whether to turn on according to the battery or
supercapacitor state of charge and the power demanded. If
the state of charge of the battery or supercapacitor is sufficient,
itis expected that all power energy storage systems will be pro-
vided. If the state of charge is not sufficient, the fuel cell must
provide all the power. If the state of charge is within the spec-
ified range, it is expected that the battery or supercapacitor will
provide additional power to the fuel cell system.

In the FC+B+SC topology, in the power distribution
strategy, fast power demands are required to be provided
by the supercapacitor. Because if the vehicle performs regen-
erative braking when the battery charge state is close to full,

overcharging of the battery may occur and shorten the life of
the battery. Taking advantage of the high power density fea-
ture of the supercapacitor, it is desired that the sudden
power demands are provided by the supercapacitor. There-
fore, the demand power of the supercapacitor on the power
bus is set to 0. In this strategy, it is expected that the power
demanded by the engine will be provided by the battery and
supercapacitor in addition to the primary energy source fuel
cell. When the demand power is greater than 0, it means that
the energy storage system is discharged. In this case, if the
charge state of the supercapacitor is not sufficient or the
demand power is low, the battery assumes all the power. If
the supercapacitor state of charge is sufficient, it provides
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additional power to the battery. When the demand power is
less than 0, it means that the energy storage system is charg-
ing. In this case, the supercapacitor starts charging the bat-
tery. If the supercapacitor is not at a sufficient charge level,
the supercapacitor is charged first, and the battery is charged
with the remaining power.

3.3. Fuel Cell Model. The fuel cell system modeled in the
simulation program as part of this study is shown in
Figure 5. The fuel cell system first receives the power signal
according to the speed requested by the driver. According
to the power signal, the lower block calculates the amount
of fuel to be sent from the system. However, this fuel is
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FiGurek 8: (a) UDDS, (b) HWFET, (c) NEDC, and (d) FTP driving cycle speed time graph.

consumed not only for power needs but also for thermal
emissions and system losses.

In this configuration, the voltage of the fuel cell can drop
because of losses that occur due to certain irreversibilities in
the system. These losses are activation loss, ohmic loss, and
concentration loss.

The activation loss is found by the Tafel equation. The
Tafel equation represents the voltage drop on the surface
as a result of the reaction of electrons with different electro-
chemical reactions. It is expressed by the following equation:

AV, =Aln (i> (1)

)

Here, i, (A.cm™?) represents the changing current den-
sity at the cathode, i (A.cm™) represents the internal current
density, and A represents the Tafel coefficient.

Membrane resistance is induced during the passage of
electrons and protons, resulting in a voltage drop linearly
dependent on the current. Ohmic loss is expressed by the
following equation:

AVohm = ( ele T Rmem>I =RI. (2)

Here, R, (Qcm?) represents the specific resistance of
the electrodes, R, (Qcm?) represents the specific resis-
tance of the proton membrane, and R (Qcm?) represents
the total specific resistance.
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The decrease in concentration causes a voltage drop. At
large current densities, the voltage drop due to concentration
loss is greater. This voltage drop is expressed by the follow-
ing equation:

o 3)

Here, ¢ is a constant representing the voltage drop due to
loss of concentration, and i;(A.cm™2) represents limiting
current density.

3.4. Fuel Cell Control Strategies. The power follower control
system determines the torque and speed of the engine con-
sidering the conditions of the energy storage system, engine,
and fuel cell. This strategy is used to minimize fuel usage and
emissions. The main purpose of this control strategy is to
add flexibility to the fuel cell system. The strategy aimed at
low fuel consumption limits the output power of the fuel cell
to certain ranges. As the fuel cell tends to follow the power
needed by the power bus, the FC turns on if the power
demanded by the power bus increases. It can be turned off
again when the demanded power decreases, and the power
and SOC of the energy storage system are sufficient.

3.5. Battery Model. The battery model is an equivalent circuit
model consisting of an internal resistance and an open-
circuit voltage source connected in series. The battery model
consists of five submodels like the open circuit voltage and
internal resistance model, power limiter, current calculation,
charge state capacity, and thermal model. The battery model
is shown in Figure 6.

Interpolated lookup tables are available for the open cir-
cuit voltage and the charge-discharge internal resistance
values. Thanks to these parameters and lookup tables, the
charge state capacity of the battery and thermal models can
easily be created. Internal resistance and open circuit voltage
values are scaled according to the number of modules in the
battery series. The internal resistance is determined to be suit-
able for the charge and discharge cycles of the battery.

Meanwhile, the total power supplied by the battery is
limited to the allowable ranges. Since the power demand is
limited to zero, power cannot be drawn from a dead battery.

The state of charge (SOC) is an important parameter
that shows the remaining energy of the battery and protects
it from overcharging and discharging. SOC is calculated by
the following equation:

Remaining Charge (Ah)

SOC= .
Capacity of the Battery (Ah)

(4)

3.6. Supercapacitor Model. The supercapacitor circuit model
is shown in Figure 7. The supercapacitor model consists of 4
submodels, which belong to supercapacitor voltage reading,
calculation of current value, calculation of charge state
capacity value, and thermal models.

This system limits the supercapacitor voltage according
to its lower and upper limits. Supercapacitor voltage and
SOC relationship are calculated as follows:

7
TaBLE 1: Vehicle and energy storage system parameters.
Parameter Value
Vehicle mass (kg) 1191
Wheel rolling radius (m) 0.282
Wheelbase (m) 2.6
Vehicle Frontal area (m?) 2
Coeflicient of rolling drag 0.009
AC
Motor type induction
Electric motor/ Max power (kW) 75
controller Maximum speed (rpm) 6283
Total mass (kg) 91
Average efficiency (%) 90
Type PEM fuel
cell
Fuel cell Total mass (kg) 223
Max net power (kW) 50
Average efficiency (%) 56
Module number 25
Module mass (kg) 11
Battery .
Capacity (Ah) 25
Rated voltage (V) 12
Module number 155
. Module mass (kg) 0.71
Supercapacitor
Max voltage (V) 2.5
Capacity (F) 2500
SOC = Cx (Voc=Vuw) _ Voc = Vw (5)

C* (Vpax = Vmin) - Viax = Vi

Here, C(F) represents the capacitor value, V(V)
represents the open circuit voltage, and Vy;,x (V) and
Vun (V) represent the limited maximum and minimum
voltage values.

The capacitor value is calculated as follows:

_I*t

C= 3 (©

where I (A) represents the current, ¢ (s) is the time, and
Vi (V) is the operating voltage.

3.7. Driving Cycles and Vehicle Parameters. UDDS driving
cycle is short for Urban Dynamometer Driving Program.
Used by the United States Environmental Protection
Agency, it refers to the mandatory dynamometer test that
represents city driving conditions for light vehicle testing
on driving cycle fuel economy. The velocity-time graph of
the cycle is shown in Figure 8(a). The driving cycle with a
time of 1369 seconds represents a distance of 11.99 km.
The driving cycle with an average speed of 31.51 km/h has
17 stops.
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FIGURE 9: Power-time graph of (a) UDDS, (b) HWFET, (c) NEDC, and (d) FTP driving cycle of FC + B topology.

The Highway Fuel Economy Test (HWFET) cycle is the
driving cycle developed by the US EPA for determining the fuel
economy of light-duty vehicles. The velocity-time graph of the

cycle is shown in Figure 8(b). The driving cycle with a time of
765 seconds consists of a distance of 16.51km. The average
speed of this driving cycle is 77.57 km/h, and it has only 1 stop.
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FIGURE 10: Power-time graph of (a) UDDS, (b) HWEFET, (c) NEDC, and (d) FTP driving cycle of FC + SC topology.

The new European Driving Cycle (NEDC) is the driving
cycle developed to measure emissions and fuel economy in
cars. The velocity-time graph of the cycle is shown in
Figure 8(c). The driving cycle with a time of 1184 seconds
has a distance of 10.93km. It has an average speed of
33.21 km/h, and it has 13 stops.

The Federal Test Procedure (FIP) used by the US Envi-
ronmental Protection Agency is a set of tests defined to mea-
sure exhaust gas emissions and fuel economy of passenger
vehicles for the urban driving cycle. The velocity-time graph
of the cycle is shown in Figure 8(d). The driving cycle with a
time of 2477 seconds has a distance of 17.77km. It has an
average speed of 91.25km/h and 22 stops.

The vehicle and energy storage system parameters used
in the modeling studies are shown in Table 1.

3.8. Energy and Exergy Analyses

3.8.1. Exergy Analysis. Although the first law of thermody-
namics is mandatory to evaluate energy efliciency in the
analyses, it does not give a complete conclusion about the
potentials and usage limitations of the various components
of an energy system analyzed by this law [26]. Instead, the
first law of thermodynamics mainly deals with the amount
of energy in a thermodynamic system. It is the second law
of thermodynamics that deals with the performance and
quality of the systems and gives better results about these
aspects. Exergy analysis shows the maximum work potential
of a given system by using the first and second laws together.

In this context, exergy is a measure of the system’s potential
to do work for a given environmental state [27]. Exergy anal-
ysis has gained great importance in the evaluation and
design of systems. Exergy is lost, not conserved, due to the
irreversibilities in the system. In light of these, a general
exergy analysis reveals how much energy loss occurs in the
system, as well as where it occurs [28].

Exergy, like energy, is broken down into its different
components. Exergy E is expressed as in Equation (7) when
electricity and surface tension, magnetism, and nuclear
effects are ignored.

E=E +E, +E,, +Eg,. (7)

Here, E; represents kinetic exergy, E, is the potential
exergy, E,, is the physical exergy, and E, chemical exergy.
It is not included in the kinetic and potential exergy
calculations.

Physical exergy is defined as the maximum work achieved
by a substance at a given temperature and pressure in a stream,
reaching the reference state by physical processes involving
heat processes. Physical exergy is defined in Equation (8).
Chemical exergy is due to the difference between the content
of the current and the reference state [29].

Ephy =(H, = ToS;) —Hy — TS (8)

Egy =EQ+) (xIn (x)). (9)



International Journal of Energy Research

x104

Power (W)

-3 T T T T T T
0 200 400 600 800 1000 1200 1400
Time (s)
— Required motor power
— Fuel cell system output power
— Battery output power
— Supercapacitor output power
(@
x10%
3
g
]
2
o
A~
-3
-4 T T T T T T T
0 100 200 300 400 500 600 700 800

Time (s)
— Required motor power

— Fuel cell system output power
— Battery output power
— Supercapacitor output power

(b)

Figure 11: Continued.

11



12 International Journal of Energy Research

x104
3
z
o}
E
o
=9
[
-3 T T T T T
0 200 400 600 800 1000 1200
Time (s)
— Required motor power
— Fuel cell system output power
— Battery output power
— Supercapacitor output power
(©
4
4 x10
3
2
= i (M
= i (11
: 1L (Lt A I
z 0 \rll [_ H Ik '.l‘(llm,m “.1 L,l "\-i“ L
or UL 1O T .‘ 1 |
1 Il Il

0 500 1000 1500 2000 2500
Time (s)
— Required motor power

— Fuel cell system output power
— Battery output power

— Supercapacitor output power
(d)
FI1GURE 11: Power-time graph of (a) UDDS, (b) HWEFET, (c) NEDC, and (d) FTP driving cycle of FC+ B + SC topology.

In Equations (8) and (9), H (J.mol ') represents enthalpy, g . Aerodynamic Force (k]) + Rolling Resistance(k])

= x 100.

S (J.mol™") represents entropy, T (K) represents temperature, eff YE (KJ)

and x represents mole fraction. (10)
The exergy efficiency of the entire system in fuel cell

vehicles was calculated by dividing the total aerodynamic

force and rolling resistance by the total exergy. The calcula-  3.8.2. Energy Analysis. A fuel cell vehicle consists of a power
tion of exergy efficiency is shown in the following equation:  bus, electric motor, gearbox, differential, wheels, and auxiliary
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systems. The energy transferred from the hydrogen tank to the
wheels loses energy according to the efficiency of each compo-
nent on the path. Therefore, not all of the hydrogen energy can
be transferred to the wheels. Some of the energy is transferred
back to the energy storage system (battery, supercapacitor) by
recovering some of it with regenerative braking which also
affects the aerodynamic friction and rolling resistance. This
affects the energy efficiency and performance of the entire sys-
tem. The overall energy efficiency of the entire system realized
at the end of the cycle is calculated by the following equation:

Aerodynamic Force (kJ) + Rolling Resistance (kJ)
Fuelin (k]) — Energy Storage (kJ)

EN; = x 100.

(11)

4. Simulation Results

4.1. Fuel Cell + Battery Topology Results. FC/B, FC/SC, and
FC/B/SC topologies were designed in the ADVISOR pro-
gram in the Matlab/Simulink environment and applied in
four different driving cycles and compared in terms of per-
formance. Figure 9 shows the power-time graphs in the
FC/B topology of the four driving cycles.

The durations vary according to the working times of the
driving cycles. Here, the primary power source is the fuel
cell. Looking at the power-time graphs, the battery provides
the initial power required for starting and accelerating the
vehicle, since it takes time to start the fuel cell. It has been
observed that the fuel cell works at optimum points and
sometimes works without load depending on the driving
cycles. A large part of the vehicle’s power demand is pro-
vided by the fuel cell, and in sudden and negative power
demands, some of the power need is met by the battery. This
energy is gained by the regenerative braking property of the
system.

4.2. Fuel Cell + Supercapacitor Topology Results. In
Figure 10, the power-time graphs in the FC+SC topology
of the four driving cycles are shown.

It has been observed that the power demand in the FC/
SC topology, the primary power source of which is the fuel
cell, is mostly met by the fuel cell system. The varying power
trends throughout the engine, fuel cell, and supercapacitor
driving cycle coincide. Most of the instantaneous fluctuations
are seen to be covered by the high power density supercapaci-
tor. The supercapacitor plays an important role in providing
extra power and can recover all the braking energy to provide
temporary high power for the acceleration and climb phase.

4.3. Fuel Cell + Battery + Supercapacitor Topology Results. In
Figure 11, the power-time graphs in the FC/B/SC topology
of the four driving cycles are shown.

In this topology, the demand power of the motor is pro-
vided together by the FC system, the LIB package, and the
supercapacitor. Due to the late commissioning of the fuel
cell, the battery and supercapacitor provide the vehicle to
start and accelerate in the first seconds. At the same time,
battery and supercapacitor systems help to provide the
power demanded by the driver by providing the necessary
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TaBLE 2: Performance summaries by driving cycles of all
topologies.

Total Overall Overall
Driving Fuel cell- hydrogen energy exergy
cycle based \ieh1cle consumption efficiency  efliciency

opeosy ® (%) (%)

UDDS FC+B 157.46 14.30 12.45
UDDS FC+SC 174.10 11.00 11.20
UDDS FC+B+SC 108.43 17.90 17.92
HWFET FC+B 121.55 33.90 32.97
HWFET FC+SC 136.70 31.50 31.90
HWFET FC+B+SC 113.52 38.40 38.53
NEDC FC+B 149.52 18.20 15.56
NEDC FC+SC 157.98 14.50 14.69
NEDC FC+B+SC 100.53 23.20 23.14
FTP FC+B 204.71 16.70 15.28
FTP FC+SC 243.09 12.70 12.79
FTP FC+B+SC 150.97 19.90 19.82

energy in cases where the fuel cell is idle according to the
driving cycles.

4.4. Hydrogen Consumption, Energy, and Exergy Analysis
Results. The total hydrogen consumption, energy, and
exergy efficiency percentages of the overall system in the
UDDS, HWEFET, NEDC, and FTP driving cycles of the FC
+B, FC+SC, and FC+B+SC topologies are summarized
in Table 2.

When the hydrogen consumption table of the three con-
figurations is examined according to the four different driv-
ing cycles, it becomes apparent that the FTP driving cycle
has the highest fuel consumption while the HWFET driving
cycle has the least fuel consumption. This is because the FTP
driving cycle has the highest distance at 17.77km and the
highest number of stops with 22 stops. The HWFET, on
the other hand, has only 1 stop.

When the table examined in view of the three configura-
tions, it is seen that the FC/B/SC topology has the least fuel
consumption. The advantage of this topology is that the
supercapacitor works at high power density, relieving the
load of the battery and fuel cell, and at the same time, pre-
venting continuous charging and discharging, thus prolong-
ing their life. It helps the fuel cell to consume less fuel by not
continuously charging and discharging. While FC/B and FC/
B/SC have close fuel consumption values, FC/SC consumes
more fuel compared to these two.

In the FC/B/SC topology, it has been observed that when
the three powertrains work together, there is better energy
and exergy efficiencies in all driving cycles. When the battery
and supercapacitor state of charge is below the specified
threshold, it helps to charge the energy storage system by
operating the fuel cell at the maximum efficiency point.
When the state of charge reaches the upper level, the fuel cell
stops working. Therefore, the efficient use of the fuel cell in
this topology has increased the energy and exergy efficiencies
of the entire system.
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FIGURE 12: The energy flow of the vehicle system designed with HWFET drive in FC/B topology.

An energy flow diagram including the energy consump-
tion and gains of the vehicle system designed with the
HWFET drive in the FC/B topology is shown in Figure 12.

Figure 12 represents the energy flow from the hydrogen
tank of the fuel cell vehicle to the wheels through the power
bus, electric motor, gearbox, and the final drive. Arrows
between components show energies transferred and lost
from components. Since every component other than the
power bus has energy loss, the initial energy from the hydro-
gen cannot be transferred directly to the wheels as a whole.
At the same time, some of this energy is used for aerody-
namic force and rolling resistance. Energy is transferred
from the wheels to the energy storage system by regenerative
braking. In this case, most of the energy loss occurs in the
components. Since the fuel cell system alone has an effi-
ciency of 53%, it is accepted to be more efficient when com-
pared to conventional engines. 14571 k] of energy is supplied
to the fuel cell system from the hydrogen tank, and 5665k]
of this energy can be transferred to the wheels. With regen-
erative braking, 498KkJ was transferred to the wheels, but
only 203 kJ of this energy could be transferred to the energy
storage system after component losses. While 1311k] of
energy is transferred from the energy storage system to the
vehicle components, at the end of the drive cycle, 656 k] of
energy has been removed from the storage system according
to the initial charging state.

5. Conclusions

In this study, fuel cell + battery, fuel cell + supercapacitor,
and fuel cell + battery + supercapacitor topologies are
designed and modeled with the help of ADVISOR. Four dif-

ferent driving cycles UDDS, HWFET, NEDC, and FTP were
applied to these topologies, and the fuel economy, energy
efficiency, energy flow, exergy efficiency, and power analyses
were made and compared according to the four driving
cycles of the three topologies.

The power analysis shows that the battery helps the fuel
cell to start and accelerate the vehicle in fuel cell + battery
topologies, and it meets the power need thanks to regenera-
tive braking, especially in sudden power demands. In the
fuel cell + supercapacitor topology, it has been observed that
the supercapacitor, thanks to its high power density, can
meet the instantaneous fluctuations and transient high
power. In the fuel cell + battery + supercapacitor topology,
it has been determined that the battery and the supercapaci-
tor work together to meet the power demand of the driver
when the fuel cell is idle according to the driving cycle.

According to the hydrogen consumption results of the
driving cycles, it has been observed that the FTP driving
cycle is the most fuel-consuming since it has the highest dis-
tance at 17.77km and the highest number of stops with 22
stops. The HWFET drive cycle with 1 stop was found to be
the least fuel-consuming driving cycle. When the topologies
are examined among themselves, it is seen that the FC/B/SC
topology has the least fuel consumption, and the FC/SC
topology consumes the most fuel. In the UDDS driving
cycle, 9.557% less hydrogen consumption was achieved in
FC/B and 37.72% less in FC/B/SC, respectively, compared
to the FC/SC driving cycle. For the HWFET driving cycle,
on the other hand, 11.082% and 16.96% less hydrogen were
used in the FC/B and FC/B/SC topologies, respectively. In
the NEDC driving cycle, 5.36% less fuel was used in the
FC/B and 36.36% less in the FC/B/SC topology. Finally, in
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the FTP driving cycle, there has been 15.79% and 37.90%
lower hydrogen use in the FC/B and FC/B/SC topologies,
respectively.

FC/B/SC topology has shown the best energy and exergy
efficiencies in all four driving cycles. The highest energy and
exergy efficiencies have been observed in the HWFET driv-
ing cycle. In this driving cycle, the FC/B/SC topology has
4.5% better energy efficiency than the FC/B topology and
6.9% better than the FC/SC driving cycle. At the same time,
it is seen that FC/B/SC topology has 5.56% better exergy effi-
ciency than FC/B topology and 6.63% better than FC/SC
driving cycle.

The energy flow graph analysis of the HWFET drive
cycle, which is one of the driving cycles with the best energy
efficiency, was examined. The energy flow diagram from the
fuel tank to the wheels and from the wheels to the energy
storage system with regenerative braking is shown. The
energy transferred according to the efficiency of each com-
ponent affects the energy efficiency of the entire system. At
the same time, the energy storage system in which the fuel
cell operates at high efficiency and which supports the fuel
cell with regenerative braking is also shown in this graphic.

Fuel cell-based hybrid vehicles are good environmentally
friendly vehicle candidates with zero emissions and less fuel
consumption. The production of FC/B topology models by
leading car brands increases the interest and trust in FCEVs.
The detailed study of fuel cell vehicle topologies and designs
in the present study shows that FC/B/SC topology provides
the best fuel consumption and the highest efficiency values
amongst the candidate topologies.
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