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Abstract In this paper, a PEM fuel cell hybrid vehicle

performance is studied. Main components of this hybrid

vehicle are: fuel cell power system, DC–DC converter,

battery, electric motor and transmission system. The fuel

cell power system which is comprised of fuel cell stack and

auxiliary components are modeled and simulated in a

previous paper by the authors. The fuel cell is controlled so

that it operates at its peak net power. Depending on driving

condition, the stack temperature changes during the vehicle

performance. To prevent the temperature from exceeding a

limit, which is 80 �C, a PID controller is employed. The

results of the power system modeling are validated using a

previous study on a polymer electrolyte membrane fuel cell

power system in K.N. Toosi University of Technology. The

hybrid configuration of the vehicle improves its perfor-

mance in acceleration, slope climbing, extending the

driving range and fuel consumption. The battery state of

charge (SOC) should always remain in a prescribed range.

In this study, the battery SOC is controlled within its

defined range during vehicle performance using two con-

trollers. Finally, fuel consumption and vehicle performance

are investigated during two driving cycles.

Keywords PEM fuel cell � Hybrid vehicle �
Temperature � Battery state of charge � Fuel consumption

List of symbols

A Vehicle frontal area/m2

a Acceleration/m s-2

c Drag coefficient, air specific heat/J mol-1 K-1,

capacitance/J K-1

E Open circuit voltage/V, equilibrium potential/V

F Force/kN, Faraday number/Coulombs

f Friction coefficient

g Gravity acceleration/m s-2

H Heat flow rate/J s-1

h Hydrogen enthalpy/J kg-1, heat transfer

coefficient/W m-2 K-1

I Current/Amp

J Inertia/kg m2

k Conversion factor

LHV Lower heating value/kJ kg-1

m Mass/kg

n Number of stack cells, number of battery cells

p Pressure/Pa

P Power/kW

Q Flow rate/kg s-1

q Capacity/Ah

r Radius/m

R Gas constant/J kg-1 K-1, battery internal

resistance/X
SOC State of charge

T Temperature/K

u Control input/V

V Volume/m3

v Voltage/V

vel Velocity/km h-1
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Greek letters

U Gear ratio

a Path slope/rad, current compensation coefficient for

the discharge curve

b Temperature compensation coefficient for the battery

curve

c Air specific heat ratio

D Variation

g Efficiency

k Temperature compensation coefficient

l Power converter coefficient

q Density/kg m-3

s Torque/kN m, Time delay constant/s

x Rotational speed/rad s-1

Subscripts

0 Initial

a Air

accel Acceleration

act Activation

an Anode

atm Atmospheric

batt Battery

bus, DC DC BUS

c Converter

ca Cathode

cu Current

cm Compressor motor

conc Concentration

cool Cooling system

cool_water Cooling water

cp Compressor

d Drag

dc DC–DC converter

elec Electrical load

fc Fuel cell

fm Feed manifold

g Generator

gr Gradient

in Inlet

loss Loss through stack surface, losses

m Electric motor

net Net

ohm Ohmic

p Pressure

roll Rolling

st Stack

t Thermal

tot Total

tr Traction

v Vapor

veh Vehicle

w Wheel

1 Introduction

Internal combustion engines are one of the major sources

of fuel consumption and pollutant emission. In recent

years, hybrid vehicle technology has developed due to

rising fuel prices and environmental problems. Although

hybrid vehicles have less fuel consumption and greenhouse

gas production, they still have the problem of fossil fuel

consumption. Therefore, the importance of study on new

energy sources and investment on electric and fuel cell

vehicles is obvious [1]. FCs are currently one of the focus

points of automotive industries as an alternative to con-

ventional internal combustion engines. Among all FC

types, the polymer electrolyte membrane fuel cell (PEM-

FC) has proved to be a prime candidate and the most

appropriate technology in vehicle applications due to sat-

isfactory efficiency and low operating temperature

(25–90 �C). This low operating temperature reduces the

start-up time and transience [2–4]. Moreover, they have

high power density, low corrosion, less sediment, relatively

long cell and stack life and solid electrolyte [5–8]. Appli-

cation of energy storage systems (ESS) to optimize Power

usage is usual in fuel cell vehicles [9]. These sources are

capable of storing the energy produced by regenerative

braking and providing a division of power required as a

supporting system for fuel cell when needed. Since tran-

sient loads decrease the fuel cell stack life considerably,

taking advantage of these sources is a helpful solution to

prolong the cell durability. The division of the load

between the fuel cell and the storage source is the task of a

controller. When the state of charge (SOC) of the storage

source is low, the fuel cell is responsible for both providing

the required load and charging the storage source. On the

other hand, when the SOC of the storage source is high

enough and the vehicle is accelerating or slope climbing,

this source must support fuel cell. Two common energy

storage devices are batteries and ultracapacitors. In this

study, a Li-ion battery is used as the energy storage source.

These types of batteries are considered as one of the best

rechargeable batteries and their use in electric vehicles is

very successful [10].

The configuration of the hybrid vehicle in this study is

depicted in Figs. 1 and 2. The fuel cell power system

used here is totally modeled and simulated. Major ele-

ments are air compressor, fuel cell stack (comprised of

cathode, anode and membrane) and stack cooling system

[11]. In this system, hydrogen (which is stored in a high-

pressure tank) is injected to anode. On the other side, the

compressed air (which is cooled and humidified due to its

high temperature) is injected to cathode. In the stack,

chemical reactions take place and electrical current as

main product and heat and water as byproducts are pro-

duced [12–15].
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The variation of stack temperature is an important issue

which must be controlled properly. The desired limit of

temperature of the PEMFC in this model is considered to

be 80 �C. The cooling system is made up of a heat

exchanger with coolant. The input of this system is cooling

system voltage. While the current drawn from cell

increases, the temperature increases; so two inputs play the

role in altering system temperature: (1) fuel cell current

and (2) cooling system voltage.

The variations of electric current drawn from fuel cell

affect its terminal voltage. This characteristic is illustrated

as fuel cell polarization curve. It demonstrates fuel cell

voltage versus cell current density (which is defined as

current per unit cell active area). In Fig. 3, a polarization

curve of a specific PEM fuel cell is depicted. The large

variation of cell terminal voltage and consequently BUS

voltage is not desired and leads to perturbation in the

performance of the electric motor; hence, the use of a DC–

Fig. 1 A schematic view of the

hybrid fuel cell electric vehicle

components

Fig. 2 A schematic view of fuel cell power system model
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DC converter (which is an electrical circuit converting the

voltage of a direct current source to another level of volt-

age) seems inevitable.

As mentioned, battery is used both as an auxiliary and

storage source. Battery assists fuel cell when it is unable to

produce required traction power of the electric motor and

stores energy of the regenerative braking. Battery life

imposes restrictions for its available energy and its SOC

must remain in a confined range. When SOC is almost

zero, the number of cycles of charge/discharge is dramat-

ically reduced [17]. Batteries have three important SOC

levels which are:

• Maximum SOC which is generally considered as

100 %

• Desired SOC

• Minimum SOC

As shown in Fig. 4, the minimum SOC is 50 % and the

desired level of SOC is 75 %. The SOC desired band

includes three percents higher and lower than the desired

level and depends on the driving cycle and the ability of the

control system of battery charge. At SOCs higher than the

desired level, the battery is never charged by the command

of the control system and this band is allocated to regen-

erative braking. At SOCs between the desired range and the

restricted band, the battery can either be charged up to the

desired level or discharge to SOC of 50 %. In this range,

the battery assists fuel cell and supplies a division of the

traction motor demanded power.

The paper is organized as follows: in Sect. 2, modeling of

the elements of the hybrid vehicle is presented; Sect. 3 deals

with simulating, validating and controlling of the FC power

system; in Sect. 4, the hybrid fuel cell vehicle is simulated

and battery SOC is controlled. Also, in this section, vehicle

performance during two driving cycles is studied and the

results, in terms of fuel consumption, are presented in a

table. Finally, in Sect. 5, the conclusions are discussed.

2 Modeling of the hybrid fuel cell electric vehicle

In this section, all components of the vehicle power train

system are modeled. The fuel cell power system is com-

pletely modeled and simulated in [11]. Here, the most

important relationships are brought.

2.1 Fuel cell power system submodel

The air supply subsystem inputs are temperature and

pressure of ambient air, compressor voltage and cathode

pressure. Compressor speed and pressure at each stage are

the only state variables. The air compressor dynamics can

be described by the following equation:

Pcp ¼
cpTatm

gcpgm

pfm

patm

� �c�1
c

�1

" #
Qcp ð1Þ

The stack voltage can be obtained by the following

equations:

vst ¼ nstvfc ð2Þ
vfc ¼ E � vact � vohm � vconc ð3Þ

Obtained voltage from Eq. (4) is theoretical and it is

about 1.2 V for a cell operating below 100 �C. The open

circuit voltage is a little less than theoretical voltage. In this

Fig. 3 Polarization curve of a

specific PEM fuel cell at 70 �C

[16]

Fig. 4 Different bands of battery state of charge (SOC)
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study, we consider three main losses which cause signifi-

cant voltage drop.

(i) The ohmic membrane loss arises from polymer

membrane resistance to the proton transfer and

the ohmic resistance of the external circuit.

(ii) Concentration loss, caused by back diffusion of

reactants of cathode. The reason of sudden

voltage drop at high current density is concen-

tration loss.

(iii) Activation loss arises from the energy needed to

break and form new bonds in the anode and

cathode side [11]. This part of energy is used to

drive the chemical reactions.

E ¼ 1:032þ 4:3085� 10�5Tst � ½ln pH2
ð Þ

þ 1

2
ln pO2
ð Þ � lnðpv;caÞ� ð4Þ

The heat management is one of the significant factors in

fuel cell stack which guarantees the temperature to be at

the desired value. It is directly related to the fuel cell

performance. The stack cooling system can be modeled by

the following equations:

Transient energy balance is expressed by the Eq. (5).

Hst ¼ ct

dTst

dt
¼ Ptot � Pelec � Hcool � Hloss ð5Þ

The heat removal rate by the cooling water can be cal-

culated by Eq. (6).

Hcool ¼ Qcool water:cp:DTst ð6Þ

The rate of heat loss by the stack surface can be obtained

from Eq. (7).

Hloss ¼ hAst: Tst � Tatmð Þ ð7Þ

2.2 DC–DC converter submodel

Due to driving cycle or battery needed to be charged,

current drawn from fuel cell may change frequently. As

stated before, these variations affect the terminal voltage of

the cell, BUS voltage and traction motor performance

which is not favorable; as a result, since the current gen-

erated by fuel cell is DC, a DC–DC converter is employed.

Because of converter fast dynamics, it is assumed to be

static and described by the following model [18]:

Pdc ¼ gdc � Pfc ð8Þ

So, the following equation holds in vehicle power

system:

Pdesired ¼ Pdc þ Pbatt ð9Þ

2.3 Battery submodel

One type of common batteries in electric vehicles is Li-ion

battery. In this study, a Li-ion battery model available in

Matlab/Simulink is employed. The battery parameters are

presented in simulation section.

A model of Li-ion battery is given here [19]:

Ibatt tð Þ ¼ PbattðtÞ
vbattðtÞ � nbatt

ð10Þ

E tð Þ ¼ vbattðtÞ � Rbatt � IbattðtÞ ð11Þ

vbatt ¼ nbatt �
Xn

k¼0

Ck � 1� SOCk tð Þ
� �

þ k Tbatt tð Þð Þ ð12Þ

SOC tð Þ ¼ 1� SOC0

þ 1

qbatt

Z t

0

acu Ibatt tð Þð Þ � b Tbatt tð Þð Þ � Ibatt tð Þdt

ð13Þ

2.4 Vehicle system submodel

In this section, vehicle dynamics and its force balance are

modeled to calculate the demanded traction power during

driving cycle. The output of this model is demanded trac-

tion power and the input is driving cycle (speed profile);

driving cycle is defined as vehicle speed, acceleration and

the slope of the road. Speed profile data are acquired from

Advisor� software library which includes many driving

cycles with velocity values as arrays. These arrays then can

be introduced in Simulink as an input. Acceleration profile

is calculated from speed profile by the following equation:

a ¼ dvel

dt
ð14Þ

The vehicle force balance equation is [20]:

Ftr ¼ mveh � aþ Fair þ Froll þ Fgr ð15Þ

where, Ftr is the vehicle traction force (N), mveh is the

vehicle mass, Fair is air resistance, Froll is the friction force

and Fgr is the gravity force.

Traction torque and rotational speed of the wheel are

determined by:

sw ¼ Ftr � rw ð16Þ

xw ¼
vel

rw

ð17Þ

2.5 Electric traction motor and transmission submodel

In this study, the electric traction motor is a permanent

magnet synchronous motor (PMSM). A single-ratio gear-

box and a differential gear with the ratio of 1.0, transfer the

motor torque to the rear wheels. This motor acts as a

generator during regenerative braking. Transmission sys-

tem equations are:

xm ¼ xw � C ð18Þ
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sm ¼
sw

C
ð19Þ

The electric traction motor is modeled by following

equations:

Pm;net ¼ sm � xm ð20Þ

Pm;loss ¼
0:016 � s2

m þ 8:2 � 10�3 � x1:5
m if xm [ 210

4:05 � 10�9 � s2
m � x2

m þ 8:2 � 10�3 � x1:5
m ifxm� 210

(

ð21Þ

Pm ¼
Pm;net � gg if Pm;net� 0

Pm;net þ Pm;loss if Pm;net [ 0

�
ð22Þ

The fuel cell and the battery generate direct current and

since the electric motor is a PMSM, a DC–AC converter is

employed to convert direct current of the BUS to alterna-

tive current which is fed to the motor. Due to having fast

dynamics, this converter is assumed to be static and

modeled by the following equation:

Pbus;DC ¼
Pm

lc

ð23Þ

3 Simulation results and control of the fuel cell power

system

In this section, the FC power system simulation results are

given. Also, fuel cell temperature and net system power are

controlled. At the end, simulation results are validated. All

the simulation results are generated by Matlab/Simulink

software.

3.1 Fuel cell power system simulation

By applying three inputs to the model, variations of many

parameters in the fuel cell system can be monitored. These

inputs are: fuel cell current, compressor voltage and cool-

ing system voltage (the values of these inputs are different

from those presented in [11]). These inputs are shown in

Figs. 5, 6 and 7, respectively.

By applying these inputs to the model, Figs. 8, 9, 10, 11,

which are the most significant outputs, are obtained. In

Fig. 7, fuel cell stack temperature variations, during sim-

ulation, are illustrated. Two main factors affecting the

temperature, are cooling system voltage and current drawn

from stack. In this figure, until almost 35th s, the cooling

system is off but since the current is increasing, the tem-

perature rises too. On the other hand, at 90th s, the current

is constant but due to a large increase in cooling system

voltage, the temperature tends to reduce.

Figure 9 shows fuel cell power, system net power and

compressor consumed power. System net power is defined

as the difference between fuel cell power (gross power) and

compressor consumed power (Eq. 24).

Pnet ¼ Pgross � Pcp ð24Þ

At the end of the simulation, where the compressor

consumed power is maximum, almost a difference of

13 kWs exists between fuel cell power and system net

power.

Variations in fuel cell efficiency are demonstrated in

Fig. 10; efficiency is defined as follows:

g ¼ P

QH2;an;inLHVH2

ð25Þ

Although FC power increases, after 50th s, unexpect-

edly, system efficiency does not improve much. This is

because of high ohmic, concentration and activation losses

in the fuel cell stack. At high currents, compressor con-

sumed power increases dramatically. For this reason, it is

preferred that the system operates at low currents and high

voltages to minimize system losses and efficiency drop.

But in a vehicle in motion, that the current drawn from

power system is subject to frequent changes, practically, it

is impossible for the system to operate at low currents. As a

result, awareness of the performance of fuel cell and uti-

lizing the information available in polarization curve can

be beneficial in designing a vehicle power system.

Fig. 5 Fuel cell current
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In Fig. 11, the fuel cell net power versus compressor

voltage, at different currents, is shown. This figure also

indicates that, at a constant current, by increasing com-

pressor voltage, system net power first improves due to

oxygen partial pressure increase in cathode; however, it

drops from a specific voltage because of compressor

excessive consumed power. This deficiency is dealt with in

fuel cell power control section.

3.2 Fuel cell power control

As mentioned before, at a constant current, by increasing

compressor voltage, system net power improves first but

then drops; so the net power curve has a maximum value at

each current. The target of control system here is selecting

the compressor voltage so that the net power is maximized.

In addition, based on Eq. (25), at a constant current and

Fig. 6 Compressor voltage

Fig. 7 Cooling system voltage

Fig. 8 Fuel cell stack

temperature variations
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compressor voltage, when the net power is maximized, the

system net efficiency has its maximum value.

Here, considering Fig. 11, for each current from 100 to

300 amp, the compressor voltages which make the system

net power maximum, are selected and arranged a look-up

table which is in fact a static controller. Figure 12 displays

this controller.

Fig. 9 Fuel cell, compressor

and system net powers

variations

Fig. 10 Fuel cell and system

efficiencies variations

Fig. 11 Variations of system

net power versus compressor

voltage at different currents

Fig. 12 Look-up table schematic
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Now, by employing this look-up table in the model and

applying two inputs of current and cooling system voltage

(Figs. 5 and 7, respectively), system net power variation

can be monitored. The system performance using this

controller and using compressor voltage input (depicted in

Fig. 6), are simulated separately and are illustrated in

Fig. 13.

Figure 13 shows that in the time period between 27 and

70th s, using the controller leads to more system net power.

At instants that the two powers, with controller and without

controller, turn out to be exactly equal, the compressor

voltage in Fig. 6 is accidentally equal to the voltage

obtained from look-up table.

As a result, obtained compressor voltage from look-up

table is optimized as a function of maximum FC system

net power. So, hereafter this look-up table is always uti-

lized to assign compressor voltage for each fuel cell

current.

3.3 Fuel cell temperature control

Temperatures higher than 80 �C may damage fuel cell

stack membrane, so the purpose of temperature control is

to prevent from these damages. Two parameters play a

major role in changing cell temperature: fuel cell current

and cooling system voltage. Stack temperature dynamic

has a greater time constant than other dynamics in the

system; therefore, using a local controller can be useful.

Here, a PID controller is employed, the coefficients of

which are calculated with trial and error method so that the

temperature does not exceed 80 �C. The controller input is

the deviation of the stack temperature from the reference

value (80 �C). Its output is cooling system voltage. This

voltage is limited between 0 and 10 V which is the allowed

range for cooling pump.

The stack temperature may have a value lower than

80 �C, depending on fuel cell current and heat loss through

stack surface (in the beginning of simulation, stack tem-

perature is equal to ambient temperature). Cooling system

starts working just when the temperature exceeds the limit.

Figure 14 shows a schematic view of stack temperature

controller.

By applying the inputs of current and compressor volt-

age (Figs. 5 and 6, respectively), stack temperature varia-

tions are compared separately; once with the PID controller

and once without it (with the cooling system voltage input

in Fig. 7). The results are illustrated in Fig. 15. In this

figure, it is noticed that from almost 45th s the controller

has maintained the temperature on 80 �C level. Without

this controller, the temperature increases to 88 �C which is

not favorable.

The controller output which is the cooling system

voltage is depicted in Fig. 16.

In this figure, it is noticed that until 42th s, that the

temperature is lower than 80 �C, the voltage applied to the

cooling pump by the controller is zero and then it reaches

its top allowable value of 10 V.

Now, by utilizing these two controllers (power and

temperature), the polarization curve of this fuel cell is

obtained and shown in Fig. 17. As mentioned before, this

curve plots stack voltage versus cell current density; cur-

rent density is current per unit cell active area. It is seen in

Fig. 17 that increase in current and in turn, cell current

density, causes decrease in stack voltage.

Fig. 13 Comparison between

fuel cell system net power with

and without controller

Fig. 14 A schematic view of fuel cell stack temperature controller

J Braz. Soc. Mech. Sci. Eng. (2015) 37:375–396 383

123



This decrease in stack voltage is because of concentra-

tion loss and leads to fuel cell power and efficiency drop as

it can be seen in Fig. 18.

As shown in Fig. 18, in current densities higher than 0.9,

a drop in FC efficiency happens. Therefore, to maintain

appropriate efficiency and reduce fuel consumption, the

current must be confined to this allowable limit which, for

the fuel cell under study, is equal to 252 amp. In the hybrid

vehicle, at high traction motor currents, auxiliary source

such as battery compensates for this restriction in fuel cell

operation.

3.4 Simulation results validation

Because no data of the fuel cell system modeled are

available for validation, this model is adapted for a Nexa

PEM 1.2 kW fuel cell power module as much as possible.

This module is accessible in the power laboratory in

electrical engineering faculty of K.N. Toosi University of

Technology. This fuel cell is composed of 47 cells and its

experimental results are proposed in [21]. The model is

calibrated with the temperature profile and the calibration

is done with stack drawn current of 25.5 (A). The

Fig. 15 Comparison between

fuel cell stack temperature with

and without controller

Fig. 16 Cooling system voltage

during the simulation (controller

output)

Fig. 17 Fuel cell polarization

curve
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comparison between experimental and simulation results is

demonstrated in Fig. 19.

As noticed in Fig. 19, temperature response at stack

currents of 17.6 and 8.5 amp has good compatibility with

experimental results.

By applying the step in current proposed in [21], the

simulated results for temperature response and stack ter-

minal voltage are depicted in Figs. 20 and 21.

Figure 20 shows good harmony between simulation and

experimental results. The maximum difference in results

takes place in almost 2,000th s which leads to 6 % error.

The simulated and experimental terminal voltage of fuel

cell stack is illustrated in Fig. 21. At lower stack voltages

(high stack drawn current), there is good agreement in

results. But, at some instants, the value of the error

increases to 9.8 % which can be justified by this fact that

Fig. 18 Fuel cell efficiency

versus current density

Fig. 19 Comparison between

stack simulated and

experimental temperatures at

different currents

Fig. 20 Comparison between

experimental and simulation

results of stack temperature

J Braz. Soc. Mech. Sci. Eng. (2015) 37:375–396 385

123



the auxiliary components such as air compressor are dif-

ferent in the model and the experiment setup. Better results

would be obtained if clear information was available about

the components of the Nexa power system.

4 Simulation results and control of the hybrid fuel cell

vehicle

4.1 Hybrid fuel cell vehicle simulation

This section presents the simulation results of the hybrid

fuel cell vehicle model using Matlab/Simulink software.

Vehicle simulation parameters used in this model are listed

in Table 1.

In this simulation, the initial values of hydrogen mass in

the tank and battery SOC are assumed 1.5 kg and 60 %,

respectively. Since the battery SOC is not controlled yet,

the battery is only charged by regenerative braking.

The inputs to this model are road slope and vehicle

speed and acceleration. The acceleration is calculated from

vehicle speed, so two inputs of road slope and vehicle

speed are applied to the model and the hybrid vehicle

performance is investigated. The road slope is assumed to

be constant and equal to 15 % during this simulation.

Figure 22 shows the vehicle speed input.

Figure 23 shows traction motor power and Fig. 24

illustrates DC–DC converter and battery powers.

In fig. 24, the electric power of two sources for pro-

viding vehicle traction power (which are DC-DC converter,

Fig. 21 Comparison between

experimental and simulation

results of stack terminal voltage

Table 1 Parameters used in

hybrid fuel cell vehicle

simulation

Parameter Value Parameter Value Parameter Value

qair 1.199 kg m-3 froll 0.0124 Tire 185/65 R15

cd 0.26 mveh 1,500 kg Vbatt 288 V

Aveh 2.7 m2 C 7.2 Qbatt 12.57 Ah

Vehicle track 1,720 mm Vehicle length 4,527 mm Fuel cell 320 cells 80 W

Wheelbase 2,671 mm Vehicle height 1,460 mm Electric motor 80 kw 288 V

Fig. 22 Vehicle speed input
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with the input current delivered by fuel cell, and battery)

are displayed. The converter power is always non-negative,

whereas battery power is positive during discharge and

negative while the battery is being charged. In this figure,

the battery is charged by regenerative braking; at the final

instants of the simulation, regenerative braking makes the

SOC rise, as it can be seen in Fig. 25. Except the instants

that battery power is negative, it is apparent that, at any

time, the sum of battery and converter powers is equal to

the electric motor required traction power.

In Fig. 25, at t = 80 s, the SOC drops lower than 50 %

and is increased slightly due to regenerative braking and

remains by the level of 50 %. In this condition, in case

more current is drawn from battery, the SOC will be in the

restricted band, which was mentioned previously, and will

not recover significantly. In the following section, by

Fig. 23 Electric motor

demanded power

Fig. 24 DC–DC converter and

battery power

Fig. 25 Battery SOC variations
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employing a controller, battery SOC will be governed in a

favorable range.

In Fig. 26, current drawn from fuel cell is depicted. As it

was mentioned in previous section, fuel cell current must not

exceed an allowable range; otherwise the losses will rise dra-

matically. In this figure, it can be seen that the limit of252 amp,

specific for this fuel cell, is the maximum allowable current.

Fuel cell terminal voltage is displayed in Fig. 26. It is

apparently seen that, at some instants, the voltage variation

is very large which is not desirable; for this reason the DC–

DC converter is used in the circuit (Fig. 27). In Fig. 28, the

voltage of this converter, which is equal to the DC current

BUS voltage, is illustrated. It is obvious that at the instants

where the fuel cell terminal voltage has large variations

(for example between t = 30 and 40 s), the BUS voltage

changes slightly.

Hydrogen fuel consumption during the simulation is

shown in Fig. 29. At the instants that the current drawn from

fuel cell stack has the lowest possible values, due to vehicle

speed and road slope, hydrogen mass does not change

Fig. 26 Current drawn from

fuel cell

Fig. 27 Fuel cell terminal

voltage

Fig. 28 DC current BUS

voltage
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Fig. 29 Hydrogen mass in the

fuel tank

Fig. 30 Battery SOC variations

by employing controller #1

Fig. 31 Schematic of fuzzy

interface system (FIS) designed

in Matlab fuzzy toolbox
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significantly (for instance, at the final seconds of the simu-

lation). At the end of the simulation, without the battery

charged, approximately 5 % of the fuel is consumed.

4.2 Battery state of charge control

In Sect. 4.1, battery SOC was not controlled and at the

end of the simulation, battery SOC approached the

restricted band and remained in that level without the

battery being charged. To prevent this unfavorable case,

a controller is employed.

In this section, two controllers that are separately used in

the model are utilized; therefore, the simulation is per-

formed twice with the same inputs and initial conditions

and their deployment results, in terms of SOC variations

and fuel consumption, will be stated.

4.2.1 Controller #1

The input of this controller is battery SOC and its output is

charging command with battery nominal power. This is an

on–off controller and operates so that when the SOC

Fig. 32 Rule sets in FIS design

Fig. 33 Battery SOC variations

by employing controller #2
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reached the restricted area (50 % and below), it commands

the fuel cell to charge the battery with its nominal power;

in this case, fuel cell (DC–DC converter), both charges the

battery and provides the power to the traction motor. When

the SOC reached the desired level (75 %), battery charging

stops. In this case, if fuel cell (DC–DC converter) power is

less than required traction power, the battery compensates

for the power shortage and when its SOC reached the

restricted area, it is charged again. This type of battery

SOC controller is used in Honda FCX Clarity vehicle.

In Fig. 30, simulation result using this controller is

depicted. It is noted that, at almost t = 80 s, the SOC

reaches 50 % and then the battery is charged.

4.2.2 Controller #2

This controller is selected from fuzzy logic toolbox in

Simulink software. The fuzzy interface system (FIS) is of

mamdani type with triangular membership functions. The

controller input is battery SOC and its output is battery

Fig. 34 Fuel consumption

when employing two controllers

of battery SOC

Fig. 35 US06 city driving

cycle

Fig. 36 Battery SOC variations

by employing controller #1

during US06 city driving cycle
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charge power command. The FIS system is designed in

such a way that when the SOC becomes 50 %, the battery

is charged, with the nominal power, to 75 %. When it

reached 75 %, the controller does not command any more

charging. In this case, the battery attempts to provide a

proportion of the required traction power in the following

manner:

• If the SOC is higher than 65 %, the battery provides

40 % of the traction power (it must be mentioned here

that the SOCs higher than 75 % are only achievable by

regenerative braking);

• If the SOC is between 65 and 55 %, the battery

provides 20 % of required traction power; and

• If the SOC is between 55 and 50 %, the provided power

by battery is 5 % of the required traction power.

This discharging process proceeds until the SOC reaches

50 %, and as mentioned before, the battery is again

charged to the desired level (75 %). The purpose of

Fig. 37 Battery SOC variations

by employing controller #2

during US06 city driving cycle

Fig. 38 Hydrogen consumption

by employing controller #1

during US06 city driving cycle

Fig. 39 Hydrogen consumption

by employing controller #2

during US06 city driving cycle
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designing this controller is that the battery, while having

sufficient SOC, supports the fuel cell and contributes to

providing required traction power (Figs. 31, 32).

Figure 33 shows the simulation result of using this

controller.

It is noticed that between t = 70 and 80 s, the SOC

drops under 50 % and after t = 80 s the battery is charged.

This happening can be justified by the current drawn from

fuel cell in Fig. 26. In this figure, it is seen that almost until

t = 83 s, the drawn current from fuel cell is maximum (due

to vehicle speed and road slope). This situation in driving

cycle also existed for controller #1, but since using con-

troller #2, the battery assists the fuel cell in providing

traction power, the SOC, at any instant, is lower than the

case of using controller #1; therefore, this drop in SOC can

be justified. Controller #2 tends to discharge the battery in

Fig. 40 US06 highway driving

cycle

Fig. 41 Battery SOC variations

by employing controller #1

during US06 highway driving

cycle

Fig. 42 Battery SOC variations

by employing controller #2

during US06 highway driving

cycle
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this simulation (with initial SOC of 60 %), while with

controller #1 the battery is discharged only when the fuel

cell current is maximum and fuel cell fails to provide more

power for traction. It is seen in Fig. 33 that the battery is

charged after the current drawn from fuel cell goes less

than the maximum amount.

Figure 34 illustrates vehicle fuel consumption using

these two controllers. It can be noticed that by employing

controller #2, less fuel is consumed.

4.3 Vehicle performance simulation during driving

cycle

In this section, two driving cycles are used as input to

investigate vehicle performance in terms of battery SOC

and hydrogen consumption. These cycles are US06 city

and US06 highway and are chosen from Advisor software.

The road slope input, in fuel cell vehicle model, is

selected to be zero. Initial hydrogen mass is again assumed

to be 1.5 kg. The initial SOC is selected 49.9 % so that the

performance of controllers is better studied.

Figure 35 shows vehicle speed in US06 city driving

cycle and Figs. 36, 37, 38, 39 illustrate battery SOC vari-

ations and hydrogen consumption with controllers #1 and

#2 during this cycle.

In figures above, it is obvious that the fuel cell hybrid

vehicle consumes less hydrogen by employing controller

#2. This can be accounted for by the fact that with con-

troller #1, first the battery is charged to the desired level

and then is discharged only when the fuel cell current

exceeds the maximum allowable current and the traction

motor requires more power than the power provided by

fuel cell. In this condition, battery is discharged to com-

pensate for power shortage; but using controller #2, the

battery is first charged to the desired level and then is

discharged; hence, fuel current decreases and as a result

hydrogen consumption reduces.

Figure 40 displays vehicle speed during US06 highway

driving cycle.

Fig. 43 Hydrogen consumption

by employing controller #1

during US06 highway driving

cycle

Fig. 44 Hydrogen consumption

by employing controller #2

during US06 highway driving

cycle

Table 2 Fuel consumption comparison during two driving cycles

with the two battery SOC controllers

Hydrogen consumption

percentage during US06

city driving cycle

Hydrogen consumption

percentage during US06

highway driving cycle

Controller #1 15.3 12.6

Controller #2 12.7 11.1
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Figures 41, 42, 43, 44 illustrate battery SOC variations

and hydrogen consumption with controllers #1 and #2

during this cycle.

It is clear that fuel consumption using controller #2 is

less than the one with controller #1.

In Table 2, the results in terms of fuel consumption

percentage, during these two driving cycles and with the

two controllers are shown.

5 Conclusions

In this paper, a FC hybrid vehicle model was proposed and

simulated in Matlab/Simulink environment. Fuel cell sys-

tem was modeled and simulated in an earlier publication by

the authors. It is comprised of: cathode air supply system

model, anode hydrogen supply system model, fuel cell

stack model, water and heat management models. In this

model, water management system is not considered and is

assumed to be well controlled and the system is maintained

in our desired conditions. Other elements in the vehicle

which are modeled and simulated are: DC–DC converter,

electric motor, transmission and vehicle. The electric motor

has the capability of energy storage from regenerative

braking. A model for Li-ion battery, as the auxiliary power

source, is proposed in this paper, but a model of Simulink

software is used.

Subsequently, using a static controller, the fuel cell

power system is set to function with its maximum effi-

ciency. Stack temperature is also controlled by a PID

controller. The results suggest that these controllers work

well and satisfactory performance of the system is guar-

anteed. Fuel cell polarization curve and system efficiency

versus current density are obtained. The outcomes of these

two curves suggest that current density must not exceed the

value of 0.9 to prevent system losses. Considering this fuel

cell specifications, it is concluded that fuel cell current

must have a maximum limit of 252 amp. Following that,

the proposed FC model is adapted for a Nexa fuel cell

power module and simulation results are validated with

experimental results leading to satisfactory outcomes.

Finally, the whole fuel cell hybrid vehicle is simulated.

Traction motor required power, fuel cell current and ter-

minal voltage, DC–DC converter output voltage, battery

SOC and hydrogen consumption are obtained for two

inputs of vehicle velocity and road slope. The results

illustrate that a DC–DC converter is a vital element utilized

in the circuit, which helps in avoiding large BUS voltage

variations that are unfavorable for the electric traction

motor. To control battery SOC, two controllers are pro-

posed and the simulation results are acquired for each of

them that are separately used. These results approve that

each of two controllers is capable of keeping the SOC out

of the restricted band; but controller #2 (a fuzzy controller)

makes the fuel cell consume less hydrogen. Following that,

to obtain comparable results, the performance of these two

controllers is tested during two driving cycles. Controller

#2 again proves to be capable of reducing vehicle fuel

consumption during both cycles and this can be justified by

this fact that the less current is drawn from fuel cell, the

less hydrogen is consumed. Controller #2 is designed to

benefit from this fact. Here, the battery makes vehicle

performance and hydrogen consumption improve; a fact

that could be predicted beforehand.
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