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A  light  electric  vehicle  (LEV)  equipped  a  hybrid  power  system  has been  developed  in the  present  work.  The
hybrid  power  system  consisted  of a proton  exchange  membrane  (PEM)  fuel  cell and  a  lithium-ion  battery.
The  former  serves  the  major  propulsion  power,  while  the later takes  some  of  the peak  power  requirement
as  well  as  allows  regenerative  braking.  First,  major  components  of  the  hybrid  power  system  such  as a
fuel cell  stack,  a membrane  humidifier,  a lithium-ion  battery  pack,  a  microcontroller,  a  DC/DC  converter,
and hydrogen  storage  canisters  (HSCs)  are  developed  and  verified.  Special  attention  will be  placed  on  the
ight electric vehicle
ybrid power system
roton exchange membrane fuel cell
ithium-ion battery

implementation  of the  stack-humidifier  assembly  and  the  hydrogen  storage  canister.  Then,  a  breadboard
test to  assess  the  efficiency  of  the  hybrid  power  system  is provided.  Subsequently,  a driving  test  and
demonstration  of  the hybrid  LEV  is  carried  out.  Finally,  the  proportion  of  power  from  the  fuel cell  and
the  lithium-ion  battery  is analyzed  under  various  driving  conditions  such  as idle,  starting,  acceleration,

is  wo
and  braking.  Results  of th
most promising  way.

. Introduction

Security of energy supply, high oil prices, and growing emissions
f greenhouse gases (GHGs) continue to pose unresolved challenges
or the global economy and the climate of the planet [1–3]. The
ransport sector should be greatly responsible for these situations
ince current transportations primarily rely on the fossil-fuel-based
nternal combustion engines (ICEs). When the ICE is running on fos-
il fuels, it emits carbon dioxides and other exhaust gases, which
ead to harmful environmental problems such as the greenhouse
ffect, acid rain and air pollution. To wean off fossil fuels in our
orld, it is necessary to develop alternative fuel vehicles those pro-
uce less harmful impacts to the environment than conventional

CE vehicles [4,5].
Many kinds of alternative fuel vehicles are continuously being

eveloped for decades such as hybrid electric vehicles (HEVs), plug-
n hybrid electric vehicles (PHEVs), battery electric vehicles (BEVs),
uel cell vehicles (FCVs), natural gas vehicles, clean diesel vehicles,
nd vehicles using blends of biodiesel and ethanol fuel or gasohol
6,7]. Among them, the pure electric vehicles BEVs and FCVs are

ost promised since they are free of emissions. The electricity for

riving BEVs is stored in the on-board storage (battery), while the
lectricity for propelling FCVs is generated from the on-board gen-
rator (fuel cell engine). Both electric vehicles will provide a deep

∗ Corresponding author. Tel.: +886 62600321; fax: +886 62602251.
E-mail address: azaijj@mail.nutn.edu.tw (J.J. Hwang).

378-7753/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2012.02.008
rk  might  help  directing  future  studies  on the  hybrid  power  system  in the

© 2012 Elsevier B.V. All rights reserved.

change in how people transport goods and themselves by allowing
electricity to become the primary transportation energy instead of
petroleum.

Basically, fuel cells and batteries are complementary vehicle
technologies rather than competing with each other. Fuel cells
enable longer-range large vehicles and fast fueling. Batteries are
good for shorter-range urban vehicles and to capture and store
energy from braking, making the vehicle more efficient. Actually,
automakers have used both technologies to create a wider variety of
vehicles that can reduce GHGs more than by using batteries or fuel
cells alone. That is most fuel cell vehicles (e.g., Honda FCX Clarity
and Toyota FCV-R) feature a fuel cell-battery drivetrain, where the
battery can take some of the peak power needs, thereby reducing
the size of the fuel cell, and allow regenerative braking [8].

The object of this work is to develop a fuel cell/battery hybrid
power system that propels a light electric vehicle (LEV). First, the
availability of key components of the hybrid power system, such
as a fuel cell stack, a membrane humidifier, a lithium-ion battery
pack, a microcontroller, a DC/DC converter, and hydrogen stor-
age canisters (HSCs), were verified. Then, a breadboard test was
conducted to evaluate the efficiency of the hybrid power system.
Subsequently, a driving test and demonstration of the LEV equipped
the hybrid power system was carried out. Finally, the hybridiza-
tion level between the fuel cell and the lithium-ion battery of the

LEV was examined on various driving conditions such as idle, start-
ing, acceleration, and braking. The major contribution of this work
would be to successfully integrate a fuel cell stack and a mem-
brane humidifier into a compact unit that has the advantages in the

dx.doi.org/10.1016/j.jpowsour.2012.02.008
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:azaijj@mail.nutn.edu.tw
dx.doi.org/10.1016/j.jpowsour.2012.02.008
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Fig. 1. Schematic drawing of the

eduction of components and space saving. In addition, this work
as thermally coupled the fuel cell stack and the metal hydride
torage that recycles the thermal wastes from the fuel cell stack for
esorption of hydrogen. Consequently, the present hybrid power
ystem has a higher efficiency than the previous prototype [8].
he results obtained from this work feeding back for fundamen-
al research efforts could steer future studies on the hybrid power
ystem in the most promising direction [9–11].
. Key component developments

The proton exchange membrane (PEM) fuel cell appears best
uited for vehicular applications [8,12] and thus is employed in the

Fig. 2. Key components of th
ell/battery hybrid power system.

present work. There has been much research into hydrogen fuel cell
vehicles in the recent past such as optimal purification of fuel cell
grade hydrogen [13], optimal operating points and automatic con-
trol [14], cold start ability in low temperature conditions [15], and
many other operating characteristics [16,17].  Recently published
simulation tools will assist researchers in the future as they con-
tinue to bring fuel cell technology to maturity [18–24].  Component
degradation and durability is anticipated to be a critical issue for
the practical use of fuel cells [25].
Fig. 1 shows a scheme of the fuel cell/battery hybrid power sys-
tem for the light electric vehicle. The vehicle chassis together with
the electric motor, and the transmission system used in the present
work is Toyota AUTOBODY COMS, as shown in Fig. 2. The key

e light electric vehicle.
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Fig. 4. Effect of flow rate on the difference of dew point of two flows between the

ity condition of the cathode inlet stream has been well controlled.
This means that the present compact design in assembling the fuel

Table 1
Specification of the membrane humidifier.

Item Value

Fuel cell rated power 6 kW
Rated flow 500 SLPM
Membrane material Nafion® membrane
Rated continuous operating temperature 80 ◦C
Dew point approach temperature at rated flow, <8.5 ◦C
Fig. 3. Stack-humidifier assemblies.

omponents of the hybrid power system indexed in the figure
nclude a fuel cell stack, an air blower, a water pump, a lithium-
on battery pack, a fuel cell controller, a DC/DC converter, and
ydrogen storage canisters (HSC) together with passive heating
olders. Details of the development of the above key components
re described below.

.1. Stack-humidifier assembly

In order to reduce the redundant pipes and fitting and space
aving, the PEM fuel cell stack and the membrane humidifier are
ntegrated into a compact unit. As shown in Fig. 3, the stack-
umidifier assembly has a fuel cell stack of 74 cells in series and

 membrane-based humidifier (Table 1).
Before testing the polarization curve of the stack-humidifier

ssembly, it is important to identify the performance of the mem-
rane humidifier. Fig. 4 shows the performance of the membrane
umidifier. It is expressed as the airflow rate in relation to the
ressure drop and the dew-point approach temperature. The dew-
oint approach temperature is defined as the dew-point difference
etween the cathode exhaust stream entering the humidifier and

he humidified stream going to the stack. For example, if the cath-
de exhaust dew point entering the humidifier is 65 ◦C and the
umidifier generates a cathode inlet dew point of 58 ◦C, it would
ave been sized for a 7 ◦C dew-point approach temperature. In the
cathode outlet and inlet. (For interpretation of references to color in the text, the
reader is referred to the web version of this article.)

experiment, the primary flow (red arrow) simulates the cathode
exhaust stream while the secondary flow (blue arrow) simulates
the fresh air entering in the membrane humidifier. Both streams
have the same flow rate. The dew point of the primary stream is
controlled at 60 ◦C by passing the primary stream through a heated
bubble humidifier. The fresh air entering the membrane humid-
ifier has a temperature of 25 ◦C and a relative humidity of 40%
(i.e., dew point about 10 ◦C). It is seen from Fig. 3 that the dew-
point approach temperature is increased with increasing the flow
rate. In the range of the airflow rate investigated, the dew-point
approach temperature is less than 9 ◦C. Note also that the pressure
drop across the membrane humidifier is increased with the airflow
rate as well, meaning that the higher drag required more pumping
power driving the cathode stream under higher power conditions.

Fig. 5 shows the performance of the stack-humidifier assem-
bly under real operational conditions. Fresh air from the laboratory
enters the stack-humidifier assembly with a temperature of 25 ◦C
and a relative humidity of 40%. The air blower controls the stoi-
chiometry of the cathode airflow at 2.5. It is seen from Fig. 4 that the
present stack-humidifier assembly has a nominal power of 3.4 kW
at 48VDC and a maximum power of 6.0 kW at the cut-off voltage (40
VDC). The above results are largely similar to those obtained for the
stack alone on the commercial test standing, in which the humid-
temperature and pressure
Pressure drop across the humidifier <5 kPa
Maximum burst pressure 150 kPag
Power requirement 0 W
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Fig. 5. Polarization curve o

ell stack and the membrane humidifier is proper, and thus has the
enefits in reducing pipes and fittings as well as space saving.

.2. Metal hydride canister

Storage of hydrogen in metal hydrides is attractive due to their
igh volumetric capacity. They have the potential for reversible
n-board hydrogen storage for portable power and vehicular
pplications [26]. The metal hydrides release hydrogen at low
emperatures (25–120 ◦C) and low pressures (1–10 atm), which is
ompatible for the operating conditions of a PEM fuel cell. There-
ore, it is likely to use the waste heat dissipated by the PEM fuel cell
tack (less than 80 ◦C) to stimulus the hydrogen release from the
etal hydrides.
In the present design, the hydrogen is stored in an aluminum

anister containing AB5 (LaNi5H6) alloy powders. The specifica-
ion of the metal-hydride canister is given in Table 2. The internal
tructure of the canister has been designed for improvement of heat
ransfer inside the canister [27–29].  Fig. 6 shows the dynamics of
ydrogen discharge from the metal hydrides. During the experi-

ent, a water bath controlled the discharge temperature at 50 ◦C,
hile a mass flow controller (MFC) controlled the discharge flow

ate at 8.2 SLPM. It is clearly seen from Fig. 6 that the pressure in the
etal-hydride canister is gradually decreased during the hydrogen

able 2
pecifications of metal-hydride canister and canister holder.

Characteristics Specification

Canister Hydrogen storage capacity >45 gH2 per canister
Canister material Aluminum 6061-T6 alloy
Canister dimension Diameter: 76 mm;  length:

365 mm
Safety protection Over pressure relief valve

(580 psig)
Metal hydride material AB5 alloy
Hydrogen purity requirement >99.99%; O2, CO, S < 1 ppm
Recommended charging
condition

140 psig @ 10–20 ◦C

Hydrogen discharge rate a. >45 g/canister @ 7.5–8.2 slpm,
50 ◦C
b. >39 g/canister @ 15–16 slpm,
50 ◦C

Weight 4.4 ± 0.1 kg per canister

Holder Weight 1.23 kg
Dimension (L × W × H) 110 × 101 × 293 mm
Heat transfer ability, kcal h−1 ◦C 11.24 @ 1.9 L min−1
tack-humidifier assembly.

discharge process. The cut-off pressure is about 150 kPa, where the
hydrogen discharge flow rate dropped abruptly. This means that
the metal hydrides in the canister could last the hydrogen flow
rate of 8.2 SLPM over 55 min. By subtracting the canister weight of
discharged hydrogen from the refilled one, the amount of hydrogen
discharged from the canister is about 45.8 g.

2.3. Thermal canister holder

Desorption of hydrogen from metal hydrides is endothermic,
while the electrochemical reaction in fuel cells is exothermic.
Hence, it is very conceivable to couple thermally the fuel cell with
the metal hydride during the power extraction [30]. That is the
stack coolant to extract the waste heat from the fuel cell stack is
circulated through the metal hydrides to provide the heat required
for desorption of hydrogen from the metal hydrides.

As shown in Fig. 7, the present work has designed a thermal
holder to hold the metal-hydride canister [31]. The hot-water tubes
coiled the shell surface of the holder (Fig. 7(a)). Additional insu-

lation clothes covered the outside of the holder (Fig. 7(b)). The
metal-hydride canister is then pushed into the thermal holder to
connect the anode pipeline for hydrogen supply (Fig. 7(b))

Fig. 6. Pressure histories of the metal hydride for discharging hydrogen at the con-
stant flow rate of 8.2 SLPM.
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2.5. Microcontroller

The operation of the hybrid power system requires a smart
microcontroller together with the proper algorithm, which safely
Fig. 7. (a) Photo of the canister holder, (b) a

When the hydrogen is discharged from the metal hydride can-
ster, the metal hydrides inside the canister would reduce their
emperature. Meanwhile, the hot water from the stack coolant
utlet is circulated around the thermal holder that provides the
hermal energy to the metal hydride to maintain their dynamics of
ydrogen desorption.

The above design has the advantages in enhancing the system
fficiency due to the recovery of thermal energy from the stack
oolant and the reduction in the load on the radiator. According
o the measurements, the canister thermal holder has a thermal
apacity about 11.24 kcal h−1 K−1 at the water flow rate of 1.9 SLPM.

It is interested to note that the metal-hydride canister in the
resent work is designed with a quick plug in/pull out connector for
asy replacement of a used (depletion) canister with a new (filled)
ne. The exchange process takes only about 1–2 min. The current
asoline stations or retail stores can serve a good network for selling
nd exchange of the hydrogen canisters [32]. In combination with
he quick-replacement technique of the hydrogen canisters and the
xchange model of hydrogen canisters, the driving range of the LEV
an be largely extended.

.4. Secondary battery

Lithium-ion batteries serve as supplemental power sources for
ropulsion of the LEV in the present work. They have a higher
nergy density than most other types of rechargeable batteries. This
eans that for their size or weight they can store more energy than

ther rechargeable batteries. In addition, lithium-ion batteries have
 lower self-discharge rate than other types of rechargeable batter-
es. This means that once they are charged they will retain their
harge for a longer time than other types of rechargeable batter-
es. Therefore, lithium-ion batteries are growing in popularity for

lectric vehicle applications.

The present lithium-ion battery module consists four 12 V, 40Ah
acks connected in series, as shown in Fig. 8. The maximum power
utput from the lithium-ion battery was 2.7 kW.  In combination
ly of metal-hydride canister and its holder.

of  the maximum power delivered by the PEM fuel cell (6.0 kW),
the hybrid power system could deliver the power up to 8.7 kW.
Such power can reach the target performance of the LEV like the
maximum speed and acceleration. In the present work, an inte-
grated circuit component embedded in the microcontroller was
designed to monitor the state of charge (SOC) for controlling charg-
ing and discharging current to protect the battery. The SOC of the
lithium-ion battery is controlled between 30% and 80%, which will
be discussed later.
Fig. 8. Photo of lithium-ion battery package.
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tarts, monitors and shuts down the hybrid power system under
ll operational conditions. The present work uses an Intel 8051
icroprocessor as the head of the hybrid power system. The micro-

ontroller is capable of monitoring the sensor signals of voltage,
urrent, temperature, and pressure. It also takes proper actions to
rive the external actuators such as the air blower, the solenoid
alve, the water pump and the cooling fan. In addition, the voltage
f each cell within the fuel cell stack is monitored in an analog mul-
iplexer in order to detect individual cell failures early. Moreover,
t monitors the SOC of the lithium-ion battery for controlling the
harging/discharging current to protect the lithium battery from
he overcharging/overdepletion. Most importantly, the microcon-
roller could allocate the best working voltages of the fuel cells
n order to make the fuel cell generating power at the best effi-
ient point. Furthermore, it hybridizes properly the fuel cell power
nd the battery power depending on the driving conditions. All
perational parameters and data can be read directly from the dis-
lay panel or can be downloaded to personal computer for further
rocess through the RS232 communication port on the microcon-
roller.

.6. DC–DC converter and other components

In general, the operational voltages for various power sources
nd external loads in the hybrid power system are different. For
xample, the nominal voltage of the present fuel cell stack is 48
DC, while the operational voltage of the electrical motor of the
EV is 72 VDC. Therefore, it is necessary to boost and/or bulk the
oltages of different power sources to ensure the DC-bus voltage
n a stable level. In the present work, the DC/DC converter based on
he PWM  control schemes is used to transfer power among various
ower sources and loads. Besides the stabilization of the DC-bus
oltage of the hybrid power system, the present DC/DC converter
as the following important features. First, the DC/DC converter
nsures the output voltage from the fuel cell stack higher than its
ut-off voltage (40 VDC, Fig. 2) to avoid the damage of the fuel cell
tack due to the concentration polarization. Then, it well regulates
he charging current at different SOCs of the lithium-ion battery
o prevent overcharge/overdepletion of the battery. Moreover, the
C/DC converter boosts the bus voltage to 72 VDC that requires

or propelling the electrical motor and charging the lithium-ion
attery. The efficiency of the DC/DC converter is higher than 92% at
he operation power up to 2500 W.

Other components are either outsourcing or purchasing from
he market (e.g., water pumps from IWAKI and air blowers from
METEK). The details of these components can be assessed else-
here, and are not elaborated on here due to the space limit.

. System verification

.1. Breadboard test

Fig. 9 shows the preliminary test of the hybrid power system
n a breadboard for verify its availability. Basically, the breadboard
est could help in the selection of components, the adjustment of
ystem operating conditions, and the optimization of system lay-
ut. In addition, through the breadboard test, we could find out in
dvance whether the hybrid power system meets the performance
argets or not. Hence, the hybrid power system can be optimized
efore installed on the light electric vehicle.

Before the breadboard test, each sensor is calibrated using

 laboratory-quality instrument that ensures its accuracy (with
ncertainties less than 5%) and reliability over the ranges in which

t is operated. In the meantime, each actuator such as the solenoid
alve and the relay is tested independently in order to check
Fig. 9. Breadboard test of the hybrid power system.

its availability and performance. These supported components
are then installed on the hybrid power system spreading on the
breadboard. The instrument for the breadboard test included data
acquisition modules, voltage monitoring modules, electronic loads,
and a personal computer along with the LabView-based graphic
user interface (GUI). Important parameters of the hybrid power sys-
tem, such as voltage, current, pressure, temperature, hydrogen flow
rate, can be recorded. Meanwhile, load dynamics are simulated on
the breadboard based on the real power requirement of the vehicle
electrical motor.

3.2. System efficiency

The present hybrid vehicle is not capable in off-vehicle charge,
which means that the battery cannot be charged from an off-vehicle
electric energy sources. Therefore, the efficiency of the hybrid sys-
tem should consider the power from the fuel cell alone. Intuitively,
the efficiency of the hybrid power system could be determined
by accounting for the generation efficiency of the fuel cell stack,
the efficiency of the power conversion devices and the load of
the power-consumed components. Table 3 lists the electric fea-
tures of the auxiliary components in the hybrid power system. The
present work, however, does not use such an approach since it
is difficult to accurately determine the power consumption of the
supported accessory and the efficiency of each power conversion
device. For example, it is hard to catch the real power dissipation by
the load-following blower, which fluctuates by the speed-up and

the slow-down of the motor during the operation. The efficiency of
the hybrid power system herein is defined as the ratio of the net
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any failure for year driving. This indicates that the stability and
reliability of the present system are, to a certain extent, satisfactory.
Fig. 10. Effect of gross power on th

ower requirement by the electric motor to the consumption of the
ydrogen enthalpy, i.e.,

 = I  × V × �t

m × �h
(1)

here V (V) is the voltage across the electric motor and I (A) is the
urrent passing through the circuit. The amount of hydrogen con-
umption m (mol) is measured by subtracting the canister weight
f discharged hydrogen from the refilled one in the test duration
t (s).
Fig. 10 shows the system efficiency as a function of the gross

ower output of the hybrid power system. These data are based
n static-load testing, which is a good representation of how the
ybrid power system performs over a variety of loads. The cross
ymbols are the measured data while the curve is the fitting results
rom the data. The results of the prior generation of fuel cell LEV
re included for comparison (solid squares) [8].  It is seen from this
gure that the system efficiency is increased with increasing the
ross power output, with the maximum efficiency up to 46%. In
ddition, the system efficiency of the present prototype is signifi-
antly higher than that of the prior one. This is because the present
ystem used a new fuel cell stack of high performance. Moreover,

he thermal-recycle design of using the stack waste heat to promote
he dynamics of hydrogen desorption from the metal hydrides also
elped enhancing the system efficiency.

able 3
ypical power consumption/conversion efficiency of the components of the hybrid
ower system.

Components Electric
specification

Maximum power
consumption/conversion
efficiency

Air blower 24 V/10 A 250 W
Solenoid valve 12 V/0.12 A 2.8 W
Cooling fan 12 V/0.15 A 7.2 W
Water pump 24 V/0.8 A 20 W
Microcontroller 12 V/2 A 24 W
Converter I 48–72 VDC 92%
Converter II 48–12/24 VDC 92%
iency of the light electrical vehicle.

3.3. Road-drive test

The fuel cell/lithium-ion battery hybrid system is installed on
the cargo of the LEV, as shown in Fig. 11.  After installing the hybrid
power system on the LEV and finishing the needed modifications,
road-drive tests are conducted. The road-drive test of the LEV is
done inside the campus of National University of Tainan, as shown
in Fig. 12.  Note that the safety of hydrogen vehicles is usually a
matter of concern. Therefore, before each test run, regular leakage
checks were conducted for the entire hydrogen feeding line such
as the pipes, the fittings, the valves and the fuel cell stack. Once
the microcontroller detects a parameter out of a prescribed range,
it automatically performs a shutdown process. During the on-road
test, several intermittent shutdowns were experienced due to the
depletion of hydrogen and, fortunately, no accidents, hazardous
or potentially hazardous situations occurred. In general, the road
test has revealed that the LEV displays reliable operation without
Fig. 11. Fuel cell/battery hybrid power system installed on the cargo of the light
vehicle.
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ig. 12. Test drive of hybrid LEV in the campus of National University of Tainan.

.4. Dynamics of the hybrid power system

Figs. 13 and 14 show the dynamics of the hybrid LEV under var-
ous driving conditions. Four typical driving modes, including idle,
tarting acceleration, slow driving, sharp acceleration, and braking,
ere tested to examine their dynamics.

Fig. 13 shows the variation of the vehicle speed during the test
rive. The LEV is started up at time of 30 s and is kept standby (idle

n speed) until 100 s. It was accelerated from 0 to 22 km-h−1 during
00–200 s, and then increases its speed with a slower acceleration
o 28 km-h−1 at 300 s. Moreover, the LHV was accelerated to 58 km-
−1 at 400 s. Finally, the driver braked the LEV to decelerate the LEV
o 50 km-h−1 at 500 s.

By observing the recording data of the hybrid power system,
he dynamics of the vehicle was illustrated as follows. The hybrid
ower system of the LEV was turned on at time of 30 s and the
EV remained idle before 100 s. During this period of 30–100 s, the
otor did not consume any power, and the fuel cell charged the

ithium-ion battery. At the time of 100 s, the driver started press-
ng the accelerating pedal of the LEV. The power delivered by the
ithium-ion battery quick responded to that required by the motor.
he fuel cell then increased its power to meet the trend of the power

emand of the electric motor.

At the time of 200 s, the driver slightly released the pedal of
he LEV, thus reducing the acceleration of the LEV. In this circum-
tance, the power demand by the electric motor dropped down

Fig. 13. Variation of speed of the LEV
Fig. 14. Dynamics of hybrid power during the demonstration test.

from 1.3 kW to 0.5 kW.  Because the response of the fuel cell was
slow, the excess power from the fuel cell was  used to charge the
lithium-ion battery. After 240 s, the fuel cell power met that of the
motor. Therefore, the above charge status ceased. From 240 s to
300 s, the power demand of the electric motor was relatively stable
and thus the fuel cell could power the electric motor totally.

At the time of 300 s, the acceleration of the LEV increased, and
thus the power required by the electric motor increased dramati-
cally again. At this point, the response of the fuel cell could not catch
up the power dynamics of the motor. Therefore, a large portion
of the motor power should be delivered from the lithium-ion bat-
tery. When the power delivered by the fuel cell increased gradually,
the power extracted from the lithium-ion battery was  therefore
decreased. During the period 300 s–400 s, the fuel cell power could
not satisfy the power demand of the electric motor alone. The
power demands of the LEV were dependent not only on the fuel
cell but also on the lithium-ion battery. The lithium-ion battery
started to provide power to the electric motor as a back up.

From time of 400 s, the driver braked the LEV with a linear
deceleration. Since the nature of slow dynamics of fuel cells, the
power delivered by the fuel cell should decreased gradually over

the response time. The excess power was therefore charged into the
lithium-ion battery. However, the power absorbed by the lithium-
ion battery was limited by the charge capacity (current). The extra

 during the demonstration test.
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ower that the lithium-ion battery could not absorb was provided
o the electric motor, such that the electric motor maintained its
ower at about 1.3 kW for seconds before decreasing power. From
ime of 460 s, the motor power became negative, meaning that
he motor entered the regenerative mode, which transformed the
inetic energy into the electrical one. In this circumstance, both the
uel cell power and the regenerative power from the motor were
tored in the lithium-ion battery.

. Conclusions

In the present work, a hybrid power combining a lithium-ion
attery and a PEM fuel cell has successfully propelled a light elec-
ric vehicle. These two power sources are connected in parallel.
n general, the lithium-ion battery supplies power to compensate
or the deficiencies of the fuel cell, while storing extra power pro-
ided by the fuel cell and regenerative braking. Original results
rom the present work are summarized as follows.The present
ork has successfully integrated the fuel cell stack and the mem-

rane humidifier into a compact unit that has the advantages in the
eduction of components and space saving.The present system has
hermally coupled the fuel cell stack and the metal hydride stor-
ge. During the electrification, the thermal wastes from the fuel
ell stack have been recycled to the metal hydrides to supply the
eat for desorption of hydrogen.The efficiency of the hybrid power
ystem is increased with increasing gross power output, with the
aximum efficiency up to 46%. As compared to the previous pro-

otype, the present system has a higher efficiency. This is because
f the use of the new generation of fuel cell stack and, partly, the
esign of recycling the stack thermal wastes to help hydrogen des-
rption from the metal hydrides.
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