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Power Management Strategy of a PEM Fuel
Cell-Battery Powered Electric Vehicle

Susanta K. Das, Jinsu Kim

Summary — A MATLAB-Simulink based mathematical vehicle
simulation model is developed in this investigation to analyze power
management strategy of a proton exchange membrane (PEM) fuel cell
and battery powered electric vehicle. The vehicle simulation model
incorporated a real- world commercial passenger vehicle operator’s
drive cycle inputs and associated vehicle dynamics to determine accu-
rate estimation of total onboard power requirements and withdrawal
of power from the fuel cell and battery sources to meet the demand.
The power management strategy is designed to meet the vehicle’s
onboard power demand based on the availability of hybrid combi-
nation of fuel cell and battery power sources. The fuel cell stack is
the primary power source of the vehicle. Battery is used as a supple-
mental power source for meeting the vehicle’s peak power demands.
The fuel cell is also charging the battery with excess power produ-
ced onboard and hence controls the state-of-charge of the battery.
All the important physical parameters are optimized to implement
the power management strategy by considering the battery state-of-
the charge, the drive torque and the vehicle drive performance. The
model simulation results with optimized parameters showed that the
power requirement of the electric vehicle was significantly affected by
the combination of fuel cell and battery power management system as
well as the vehicle operating behaviors of the end user (driver).

Keywords — power management, fuel cell, battery, electric vehicle,
model simulation.

[. INTRODUCTION

tion around the world have raised lot of concerns about the

usage of fossil fuels based internal combustion engine (ICE)
technology in transportation and other utilityvehicles[1]. Fuel cell
and battery powered electric vehicles, as an alternative of ICE ve-
hicles, have shown the most promising among others for zero to
low greenhouse gas emission, high efficiency and long operational
life[2].To improve the dynamics and uninterrupted power supply
issues for the smooth operation of electric vehicles, a hybridization
of fuel cell system (FCS) with an energy storage device such as
lithium-ion battery pack can be a beneficial system. Hybridizati-
on is also helpful to achieve better fuel economy and performance
by the optimization of fuel-cell and battery power sharing system.
Through a power management strategy (PMS) based on the ve

S erious health problems for human life and environment pollu-
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hicle operating behaviors of the end users i.e. drivers, the optimiza-
tion of this hybrid system is accomplished by distributing the load
power between the fuel cell stack and batterypack. The design of
such a PMS should be made by ensuring that each energy source
operates within its limits to achieve an optimal fuel economy. The
primary objectives of this investigation are to evaluate a power
management strategy through implementation in a fuel cell and
battery electric vehicle simulation model.

Even though fuel cell and battery powered electric vehicles
(FCBPEVs) have not yet entered into the nationwide commercia-
lization phase in large scale, fuel cell and battery powered electric
vehicles have a great potential to be the most efficient environment
friendly vehicles in the transition of the transportation sector [3].
FCBPEVs are characterized where a fuel cell stack acts as the main
power source and a battery as an auxiliary energy storage device
(AESD) to supplement the electric vehicle’s peak powerdemandas
needed [4]. Instead of a full fuel cell stack based powertrains, to
form a hybrid powertrain mode by adding anAESD is advantageo-
us: (1) since initially the FCS requires a little bit long start-up times
due its slow electro-kinetics; hence an AESD is needed to starting
up and also to improve the responsiveness of the peakpower de-
mand during vehicle acceleration; (2) in the hybrid fuel cell and
battery system, the fuel cell stack needs to be sized according to
the cruising demand only since the AESD helps meet the peak
power demands; (3) the AESD is also significantly improve the
fuel economy by restricting the FCS to operate at a high-efficiency
operating point and also leave the option open for the possibility
of adding a regenerative braking system. For electric vehicles
application, the hybrid fuel cell and battery system are required to
achieve a minimum operational life time of 5000h [5] in orderto
be comparable with the current internal combustion engine (ICE)
based automotive powertrains.

Because of differences in their characteristics, multiple power-
sources involved in the hybrid powertrain affect electric vehicle
performance considerably [6-7]. In the FCS, load changing charac-
teristic leads to many degradations such as membrane dehydration,
flooding of the porous electrodes’ media and gas starvation causes
the loss in the catalyst layer [8]. Hence, to increase the FCS life-
time, the FCS load dynamics need to be adjusted accordingly. On
the other hand, battery lifetime depends on the depth-of-discharge
as well as the charge-discharge rate of the battery. The discharge
capacity of the battery usually decreases due to increase in the in-
ternal resistance as the battery aging [9]. Also, the battery operating
conditions contribute significantly in cycle life of the battery.

Hence, to achieve optimal performanceand maximum fuel eco-
nomy for FCBPEVs, power management strategy must be de-
termined to accurately sizing the fuel cell stack and battery pack.
Inthis study, we analyze the powermanagement strategy of a fuel
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cell-battery powered electric vehicle by employing MATLAB and
Simulink model. A mathematical FCBPEV simulation model was
designed and using MATLAB and Simulink we optimized various
physical model parameters to understand the power management
strategy.

1. SIMULATION MODEL DESCRIPTION AND METHODS

In this study, a mathematical FCBPEV simulation model is desi-
gned by considering the actual real-world vehicleo peration point
of view. Figure 1 shows an overall vehicle simulation model dia-
gram. The complete vehicle simulation model is comprised of six
parts: drive cycle source, driver block,energy management system
(EMS) block, electrical subsystem block, driveline block, and ve-
hicle dynamics block. Using the MATLAB and Simulink softwa-
re package [10], major vehicle components and control strategies
were designed in each individual subsystem block and connected
to each other to form a complete vehicle simulation model. The
mathematical model equations used for the fuel cell stack in this
study are given in our earlier publication [11] and the battery pack
model equations provided in the publications [12-13] were used in
the present Matlab-Simulink model simulation study.

The simulation model starts with a driver block that determines
the acceleration required to achieve desired vehicle speed from the
drive cycle source and provides it to the EMS block in the form of
pedal position. The EMS block then calculates the reference torque
of the electric motor and the reference current of the fuel cell ba-
sed on an implemented control strategy [14]. With the reference
torque values, the hybrid power train in the electrical subsystem
block determines the actual motor torque and calculates required
power based on the reference current load from the fuel cell stack.
The vehicle’s tractive force is then determined through the drive-
line block and the actual vehicle speed is calculated from the rela-
tionship between the road load force and the tractive force in the
vehicle dynamics block.

The vehicle simulation model was optimized by implementing
the power management mechanism and different operating con-
ditions to understand the effect of various parameters on the ove-
rall vehicle performance. The designed vehicle simulation model
was simulated by employing two types of driving cycles that are
commonly used in the United States (U. S.) - the Urban Dynamo-
meter Driving Schedule (UDDS) and the Highway Fuel Economy
Test (HWFET) Driving Schedule to understand the power sharing
mechanism of a FCBPEV. These two driving schedules, UDDS
and HWFET, are parts of various drive cycles established by the
U.S. Environmental ProtectionAgency(EPA) [15]. The U.S. EPA
has published fuel economy test data of millions of new vehicles
sold in the U. S. since late 1970s. UDDS describes a standard city
driving pattern represented by frequent stops and go’s. Whereas,
unlike the city test, HWFET keeps the vehicle speed consistently
in the range of 45 to 70 mph with the minimum usage of brakes.

A fuel cell-battery electric vehicle usually utilizes a fuelcell system
as the main power source and a battery pack as the auxiliary power
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Fig. 2. EMS Block and electrical subsystem block for a fuel cell-
battery hybrid powertrain system

source because the fuel cell alone may not be enough to satisfy
all dynamic load demands in real-time vehicular applications [16].
Thelithium-ion batterypack in the model acts as an auxiliary power
source to assistthe PEM fuel cell stack power supply as well as it
also acts as an energy storage system to store produced surplus fuel
cell energy or even restore the energy from regenerative braking
as every time vehicle stops and start, it turns kinetic energy into
electricity that is used to charge the battery and improve the system
efficiency. Since the fuel cell stack voltage is higher than the dc
bus voltage, a step-down DC/DC converter (or sometimes called
a buck converter) was connected to the fuel cellsystem. One of the
main challenges for the development of a hybrid electric vehicle is
the management of multiple power sources and converters [17-18].
For a vehicle with hybrid power train, therefore, a power manage-
ment strategy is required to accurately distribute the power betwe-
en different power sources.Theenergymanagementsystem(EMS)
blockcontains the power management strategy as well as the drive
torque/power calculation block. In this study, The Energy Manage-
ment Subsystem (EMS) block and the Electrical Subsystemblock
were adapted from MATLAB/Simulink Sim-Power Systems li-
brary [10]. A diagram of the fuel cell-battery hybrid power train
implemented in the EMSblock and electrical subsystem block is
provided in Fig. 2.

In this study, the EMS and electrical subsystem shown in Fig. 2
consists of [10, 14]:

* A 100-kW permanent magnet synchronous motor (PMSM)
with maximum torque of 256 N.m and maximum speed of
12,500 Ipm.

o A25kW, 288Vdc ,86.8Ah lithium-ion battery pack.

* A 100kW, 288Vdc proton exchange membrane(PEM) fuel
cell stack.

e Astep-down DC/DC converter.

It is noted that, in this study, an electric motor has been treated as
the power source (i.e. heat engine) that is the closest to the ideal
power plant because of the constant power output over the high-
speed range and the constant torque output over the low-speed ran-
ge [1]. Unlike the conventional gasoline engine, the electric motor
used in the fuel cell-battery electric vehicle can produce torque
at zero speed and efficiency of power plant is less dependent on
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Fig. 1. MatLab-Simulink based fuel cell-battery powered electric vehicle (FCBPEV) simulation model
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its operating points. Due to this ideal torque-speed profile, a sin-
gle-gear transmission is commonly used for the vehicle with the
electric motor.

The battery management system shown in Fig.2 determines the
battery State of Charge (SOC) limit and the battery power limit as
well as the battery recharged power based on the measured volta-
ge and SOC. The power management system then determines the
reference motor torque and the reference fuel cell current based on
the battery recharge power and the batterylimits calculated from
the battery management system.

The model simulation starts with the torque calculation block,
shown in Fig. 1, that calculates the drive torque and drive power
using the pedal position and motor torque-speed relationship. In
order to convert the motor speed to motor torque, peak performan-
ce curve of the motor was generated using the maximum torque,
speed, and power demand values of the motor. The reference fuel
cell power is calculated by adding the battery recharge power to
drive power. The drive power is described as a subtraction in the
block (see Fig. 1) because the recharge power is usually expressed
as negative value by convention. The reference fuel cell stack cu-
rrent is then determined using the polarization curve of the fuel cell
stack. The reference Battery Power block determines the behavior
of the battery using the reference fuel cell power, measured fuel
cell power, battery recharge power, and the battery power limit.
The battery power block commands the battery to help the fuel cell
when the fuel cell alone cannot provide the required drive power to
the motor. Since the fuel cell system cannot react quickly, due to its
long response time at pre-start, the switch block is used to ensure
that the battery power kicks in while the fuel cell system heats up at
the time of start of the vehicle.

The driveline block, shown in Fig. 1, converts the motor torque
produced by the electric motor considering the tractive effort on
the wheels. The torque of the power plant such as an engine or an
electric motor is, in general, transmitted to the wheels through a
clutch in manual transmission or a torque converter in automatic
transmission, gearbox, final drive, differential, and drive shaft. The
driveline block is also considered the traction limit. When the tracti-
ve resistance of a vehicle exceeds the limit of the maximum tractive
force due to the friction between the tire and the ground, the vehicle
cannot go forward and the wheels will spin on the ground. For the
accuracy of the simulation, therefore, the tractive limit due to the
friction has been taken into consideration. The vehicle dynamics
block calculates the vehicle speed using the tractive force estimated
from the vehicle dynamics block, see Fig. 1. Using the tractive for-
ce, the power required from the motor to propel the vehicle moving
forward at a specific speed can be determined.III.

II1. RESULTS AND DISCUSSIONS

To verify the power management strategy embodied in the Energy
Management System (EMS) block, first, the vehicle model was
simulated with a series of step input signals to verify the pedal
position at different scenarios. The baseline vehicle model is then
validated by running the simulation with the two drive cycles
(UDDS and HWFET) and analyses the results in terms of power
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Fig. 3. Pedal position step input signal validation

sharing mechanism with a certain amount of vehicle driving
distance.

In order to understand the power sharing mechanism, the vehicle
model is simulated with a series of step input signals, after verifi-
cation of pedal position, that describes different modes of operati-
on such as fast acceleration, gentle acceleration, and braking [14]
to verify that the power management strategy implemented in the
EMS block properly controls the power sources at different sce-
narios. Fig. 3 represent a series of four step input signal for power
control strategy validation describes the following operational
management strategy implemented in the EMS block properly
controls the power sources at different scenarios. Fig. 3 represent a
series of four step input signal for power control strategy validation
describes the following operational behaviors: (a) the accelerator
pedal is pushed to 80% (fast acceleration), (b) the accelerator pedal
is released to 20% (gentle acceleration), (c) the accelerator pedal
is pushed again to 60% (fast acceleration), (d) the brake pedal is
pushed to 50% (deceleration).

For the baseline vehicle model, the values of vehicle dynamics and
driveline parameters have been estimated based on the generalized
use of the vehicle as shown in Table I.

TABLE I
VEHICLE DYNAMICS PARAMETERS OF THE BASELINE VEHICLE.

Parameter Value
Vehicle mass, m 1800 kg
Width of vehicle, W 1.85m
Height of vehicle, H 1.50m
weight distribution, i, f/ by 0.52/0.48
Tire dynamic radius, 0.315m
Single gearset ratio, ig.i 0 81
Driveline efficiency, 7, 0.90
Friction coefficient (dryroads), u 0.75

Tire dynamic radius, 0.315m
Drag coefficient, C, 0.3
Rolling resistance coefficient, f 0.015
Incline angle, 0 o (level ground)
Mass factor, k| 1.05

After validation of pedal position with the step input signal, as
shown in Fig. 3, the driver block and drive cycle block from
the vehicle simulation model, as shown in Fig. 1, were replaced
with the pedal position signal block and hence the signal input was
regarded as the pedal position and directly connected to the EMS
block [14]. Hence, it makes the vehicle simulation mode more ro-
bust and forged coupling of vehicle speed, battery SOC, and power
distribution between battery and fuel cell depending on the pedal
position input.
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Fig. 4. Vehicle speed, battery SOC and power distribution curves of fuel
cell and battery based on the pedal position

Fig. 4 shows the vehicle model simulation results of vehicle speed,
battery SOC, and power distribution curves of battery and fuel cell
depending on the corresponding pedal position input. The pedal
position signal consists of a series of four step inputs: 80% at o
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Fig. 5. Vehicle speed, drive torque and power distribution curves of fuel
cell and battery on City driving test

s, 20% at 2 s, 60% at 4 s, and -50% at 6s. the negative accelerator
input is regarded as the brake pedal position. From Fig. 4, it can be
seen that at time t = o, the vehicle is at idle (stopped) position and
the driver pushes the accelerator pedal to 80% (fast acceleration).
At this situation, the battery alone provides the power to the motor
until the fuel cell starts to provide the power. The vehicle speed
steadily goes up and the battery power is also depleted rapidly as
can be seen from Fig. 4. At 0.7 seconds, the fuel cell starts to pro-
vide power to the motor as a main power source while the battery
continues to provide power as an auxiliary power source to meet
the motor power demands. At 2 seconds, the accelerator pedal is
released to 20% (gentle acceleration). Now, the fuel cell solely pro-
vides the power and battery power goes to zero. As the accelerator
pedal is pushed hard to 60% (fast acceleration) at 4 seconds, the
battery kicks in again and start to help the fuel cell stack to reali-
ze the power demand. Then the driver pushes the brake pedal to
50% at 6 seconds. The motor acts as a generator now and restore
the fuel cell excess energy into the battery by charging it through
regenerative braking system. The battery SOC starts to increase as
the battery energy is restored. It can be concluded from the results
presented in Fig. 4 that the power was successfully distributed and
shared between the battery and the fuel cell as initially intended by
the energy management system (EMS) block. Hence, the power
management strategy applied in the EMS block was validated and
found to be worked properly.

The vehicle simulation model was run with UDDS (city) sche-
dules for 1400 seconds and HWFET (highway) driving schedu-
les for 800 seconds to understand the power sharing mechanism
between power providing sources - fuel cell and battery during the
city driving and highway driving conditions.

Fig. 5 represents the vehicle speed, drive torque and power
sharing curves during the city driving using city driving schedu-
le. From Fig. 5, it can be found that the maximum drive torque is
measured as around 180 Nm during the city driving test. Since the
torque was maintained below the maximum torque of the motor
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Fig. 6. Vehicle speed, drive torque and power distribution curves of fuel
cell and battery on Highway driving test
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of 256 Nm during the whole cycle, the fuel cell only provided the
required power to the motor for most of the time and the battery
mainly acts as an energy storage during this test. As can be seen
from Fig. 5, the negative torque profile appears a lot because of
frequent stops in the city test. This leads to a frequent battery
charging due to regenerative braking. The maximum fuel cell
power was measured as 52 kW while the maximum battery
power was only measured as 3 kW. From Fig. 5, it can also be
seen that since the city driving is limited mostly within 50 km/h,
the fuel cell power source was provided the required power most
of the times and the battery storage the excess power produced
by the fuel cell as indicated by the negative spike of power cu-
rves for the battery during the city driving. For an instance of
high vehicle speed during the city driving between 200-350 se-
conds, as shown in Fig. 5, it can be seen that the battery power
supplemented the power to the fuel cell power in order to meet
the additional power needed for high speed city driving. This can
be clearly seen from Fig. 5 as the negative power spikes diminished
for battery power curve during the high-speed city driving between
200-350 seconds. It clearly demonstrated the power sharing and
power saving mechanism during the city driving as the power ma-
nagement strategy incorporated nicely in the developed vehicle
simulation model in this study.

Fig. 6 represents the vehicle speed, drive torque and power sharing
curves during the highway driving using the highway driving sche-
dule. From Fig. 6, it can be seen that the maximum drive torque
was measured as around 150 Nm during the highway driving test.
Similar to the city driving test, the torque stayed below the maxi-
mum torque of the motor of 256 Nm during the entire highway
driving cycle. From Fig. 6, it can be seen that the fuel cell power
source was mostly provided the power to the motor and the battery
power supplemented to meet the peak power demand only and
the battery was acted as an energy storage very less frequently as
very few negative power spikes displayed by the battery power
curves during the highway driving test. The maximum fuel cell
power was measured as 45 kW while the maximum battery power
was measured as 2.3 kW. From Fig. 6, it is also seen that there
are very few negative torque spike curves due to the fact that the
vehicle is driven most of the times above the speed of sokm/h and
less frequent stops because of no traffic light at the highway. From
Fig. 6, it was found that when the vehicle speed was very high,
for instance, highway driving time between 300-600 seconds, the
required motor power was supplied by the fuel cell system and the
battery as can be seen from Fig. 6, During this time, 300-600 secon-
ds, the battery power curves show almost no negative spike inste-
ad it shows frequent small positive spikes. It indicated that during
the high vehicle speed at the highway driving, the battery mostly
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Fig. 7. Amount of hydrogen consumption during City driving test of fuel
cell-battery electric vehicle

supplemented the power with fuel cell power to fulfill the peak
power demand of motor to maintain the same high speed during
300-600 seconds as can be seen from Fig. 6, It also found that the
vehicle’s drive torques were almost remained the same during the
highway driving periods 300-600 seconds. Overall, from Fig. 6, it
can be seen that the vehicle speed, drive torque and power sharing
between the fuel cell and battery power sources were correlated
excellently as expected in the developed vehicle simulation model.

Fig. 7 represents the amount of hydrogen consumption during the
city driving test. The hydrogen consumption amount is calculated
using the developed Mathlab-Simulink model of fuel cell-battery
electric vehicle while used the city driving schedule. In the model,
the hydrogen consumption rate of the fuel cell stack was calculated
using the equation (1) give as [2]:

i~ RTN
fe (1)

Hydrogen consumption rate = —"————
ZFPfuelx%
where i, is the fuel cell current, R is the ideal gas constant
(83145

mol K
absolute supply pressure of fuel, N is the number of cells, F is
the Faraday’s constant (96,485 %), x is the hydrogen

composition in the fuel.

), T is the operating temperature, Pr,e is the
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From Fig. 7, it can be seen that the total hydrogen consumption
during the city driving cycle was about 0.148 kg during the total
city driving time of 1370 seconds i.e. around 23 minutes. The ave-
rage city driving speed was calculated at around 32 mile per hour.
The total distance travel with the city driving schedule was around
12 miles and hence the city fuel economy rating was calculated as
around 81 miles per kilogram of hydrogen used.

Fig. 8 shows the amount of hydrogen consumption during the
Highway driving test of fuel cell-battery electric vehicle. The
hydrogen consumption amount was calculated using equation (1)
and employing the Matlab-Simulink model parameter values whi-
le using the Highway driving schedule. From Fig. 8, it is observed
that the total hydrogen consumption during the total 765 seconds
i.e. about 13 minutes of highway driving test using the Highway
driving schedule was about 0.1986 kg. Total distance travel during
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the Highway driving schedule test was about 14 miles with around
65 miles per hour vehicle speed. Based on the collected data using
the Highway driving schedule and driving test, the highway fuel
economy rating was calculated as around 71 miles per kilogram of
hydrogen used.

Comparing Figs. 7 and 8, it can be seen that the fuel economy
rating is higher at the city driving than highway driving of the fuel
cell-battery electric vehicle. The results show the usual trend for an
electric vehicle compared to an internal combustion engine-based
gasoline/diesel vehicle. Since the fuel cell-battery electric vehicle
utilize regenerative braking system to recover lost energy due to
frequent braking for traffic stops during city driving and hence the
fuel economy rating is higher at city driving compared to highway
driving due to no to less traffic stop on the highway driving. The
conventional gasoline vehicles have higher highway fuel economy
ratings than the city ratings because of large kinetic energy loss due
to frequent braking for traffic stops during city driving. Based on
the results presented in this study, it can be seen that unlike the con-
ventional vehicles, fuel cell-battery electric vehicles have higher
city fuel economy rating than the highway rating because of the
braking energy is recovered through regenerative braking system.

IV. CONCLUSIONS

A Matlab-Simulink based complete vehicle simulation model of a
fuel cell-battery powered electric vehicle was designed and simu-
lated to understand the power management strategy of fuel cell and
battery power supply sources. The developed vehicle simulation
model was tested with two U.S. standard driving cycles such as
city driving cycle (UDDS) and highway driving cycle (HWFET)
to understand the underlying physics of fuel cell-battery electric
vehicle’s power management system. In the model simulation, it
was assumed that the rechargeable battery pack was maintained
appropriately to prevent over-heating and no loss of storage ca-
pacity degradation. It is also assumed that the water management
system was put in place for the fuel cell stack to maintain the humi-
dity inside the fuel cell at an appropriate level to prevent membra-
ne dehydration. The results obatined in this study showed that the
power management strategy implemented in the vehicle simulati-
on model successfully distributed the power between the fuel cell
and battery in both the city driving and highway driving conditi-
ons. The simulation results also showed that there is a strong corre-
lation among vehicle speed, driving torque and power distribution
mechanism in the fuel cell and battery powered electric vehicle.
The results clearly showed that, unlike the conventional vehicles,
fuel cell-battery electric vehicles have higher city fuel economy
rating than the highway rating because of the lost braking energy
for frequent traffic stops is recovered through regenerative braking
system. The model simulation results provided an important insi-
ght and improved understanding in power management mechani-
sm of a fuel cell and battery power electric vehicle. The knowled-
ge gained in this investigation will definitely be useful for further
exploration in a future study.
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