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Abstract

Twenty-first century handheld electronic devices and new generations of electric vehicles or electric airplanes have fueled a need for
new high-energy, high-power, small-volume, and lightweight power sources. Current battery technology by itself is insufficient to provide
the mandatory long-term power these systems require. Fuel cells are also unable to provide the essentially high peak power demanded by
these systems. Hybrid systems composed of fuel cells and secondary batteries could combine the high power density of clean fuel cells and
the high energy density of convenient batteries. This paper presents an experimental study on control strategies for active power sharing in
such a hybrid fuel cell/battery power source. These control strategies limited the fuel cell current to safe values while also regulating the
charging current or voltage of the battery. The several tested control strategies were implemented in MATLAB/Simulink and then tested
under the pulsed-current load condition through experiments. Experimental tests were conducted with three control objectives: maximum
fuel cell power, maximum fuel cell efficiency, and adaptive.
© 2003 Elsevier B.V. All rights reserved.

1. Introduction

Twenty-first century handheld electronic devices and new
generations of electric vehicles or electric airplanes have fu-
eled a need for new high-energy, high-power, small-volume,
and lightweight power sources for both military and com-
mercial markets[1,2]. Current technology batteries by
themselves are insufficient to provide the long-term power
(energy between refuelings) that these systems require. Fuel
cells of reasonable size may provide the necessary energy,
but are then unable to provide the high peak power occa-
sionally demanded by these systems. Hybrid systems com-
posed of fuel cells and secondary batteries combine the high
energy density of fuel cells with the high power density of
batteries[3,4]. A fuel cell/battery hybrid system could have
a number of advantages over each standalone component.
Provided that the temperature was not too cold, the battery
could enable instant cold-start operation since it can provide
a majority of the load power requirement while the fuel cell
is warming up. The battery could also condition the power
output from the fuel cell to provide a voltage range that is
acceptable to the equipment since most devices are already
designed to accommodate the source characteristics of a
battery. A hybrid system could allow both components to be
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of smaller dimensions and to operate with higher efficiency
since neither would have to provide full load and capacity.

The simplest hybrid configuration results by connecting
both the fuel cell and the battery directly to the power bus.
This passive hybrid has a number of disadvantages. First,
it is necessary to match the nominal voltage of the fuel cell
stack to that of the battery, which eliminates much flexibility
in the system design. Second, because the power is passively
distributed between the fuel cell and the battery, depending
on the characteristics of each component, the maximum
output current of the hybrid system might be limited by the
current capacity of the fuel cell. As an alternative to the
passive hybrid, a dc/dc power converter could be placed
between the fuel cell and the battery, which would greatly
increase the peak output power as shown in Ref.[5] while
reducing the system weight and volume. The power sharing
between components could then be actively controlled. The
purpose of this paper is to present an experimental study
on the performance of several control strategies for active
power sharing in this hybrid power source.

In the following, the experimental environment and con-
trol strategies for active power sharing in the hybrid power
source are presented. These control strategies limit the fuel
cell current while regulating the charging current or voltage
of the battery as necessary. These control strategies were
implemented in MATLAB/Simulink and then tested un-
der the pulsed-current load condition through experiments.
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Nomenclature

Acell area of each cell (cm2)
b, r, m, polynomials determined empirically from
andn experiment data
E0 standard potential of H2–O2 reaction (V)
�GT change in free energy of the

electrochemical oxidation of the fuel (J)
�H0 enthalpy change for the total oxidation

reaction of the fuel (J)
I output current from the fuel cell stack (A)
Impp current of the fuel cell corresponding

to the maximum power point (A)
Ncell series number of the cells in the fuel

cell stack
Pfc output electrical power of the PEM fuel

cell stack (W)

Greek symbol
ηmax maximum theoretical efficiency of the

fuel cell

Experimental tests were conducted with three control ob-
jectives: to maximize the power produced by the fuel cell,
to maximize the efficiency of the fuel cell, and an adaptive
strategy that chooses either maximum power or maximum
efficiency depending on state-of-charge of the battery. Ex-
periment results are given and analyzed in this paper.

2. Experimental setup

A hybrid fuel cell/battery power source was built using
an H-Power D35 PEM fuel cell stack, a number of Sony
US18650 lithium-ion cells, and a dc/dc power converter con-
trolled by a programmable device.Fig. 1 shows the block
diagram of the experiment setup andTable 1describes the
main components. The load was connected directly in par-
allel with the battery while the fuel cell stack was buffered

Fig. 1. Block diagram of the experiment setup.

Table 1
Components used in the experiment

Component Description Number/comments

PEM fuel cell stack H-power DS35 25 cells in series
Li-ion battery pack Sony US18650 3 cells in series; 2

strings in parallel
Load Chroma 6310 Digitally controllable

via GPIB
dc/dc converter Synchronous buck

converter
Controller dSPACE DS1103

controller board

Fig. 2. Profile of the pulse current of the load.

from the load by a synchronous buck converter that was con-
trolled by the system controller. The battery was charged by
the fuel cell stack when the load was small and discharged
into the load when the load was large. The duty cycle of the
power converter was the single control input.

The H-Power D35 PEM fuel cell stack had a nominal
power capacity of 35 W and nominal open-circuit voltage of
24 V. Six Sony US18650 lithium-ion cells were used, three
cells in series and two such strings in parallel. The nominal
capacity of each cell was 1400 mAh. In this configuration,
the nominal output voltage of the hybrid power source was
12 V. Fig. 2 shows the current profile of the programmable
electronic load. The electronic load accurately drew a pulse
current with a period of 30 s. The low current was 1 A for
24 s and the high current was 11 A for 6 s. The average power
of the load was about 28 W. This cycle was intentionally
chosen for the purpose of investigating the performances of
different control strategies, but of course in a practical ap-
plication, the power of the load might vary more randomly
and not so regularly.Fig. 3 schematically shows the circuit
diagram of the synchronous buck converter. A voltage chop-
per consisting of a main switch Q1 and a secondary switch
Q2 (operating as a synchronous rectifier) converts the volt-
age from the fuel cell stack to an appropriate lower voltage.
The synchronous rectifier was chosen (instead of a junction
diode) because the voltage drop of the MOSFET switch as

Fig. 3. Diagram of the synchronous buck converter.
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Fig. 4. Photograph of the experiment environment.

synchronous rectifier is about 0.1 V, better than a junction
diode (0.6 and 1.0 V) by a factor of 6–10. The lower volt-
age drop of the synchronous MOSFET translates into higher
system efficiency. The power inductor L filters the ripple in
the output current. The capacitor C1 filters the input, while
capacitor C2 smoothes the ripple in the output voltage.

The control code was executed on a general-purpose
dSPACE controller board (Model DS1103 PPC). The con-
trol algorithm was first developed in MATLAB/Simulink
and then compiled and downloaded to the dSPACE con-
troller board. The fuel cell current, battery current, and bat-
tery voltage were measured by the dSPACE controller board
(via the onboard A/D converters). The reference values of
these voltages and currents are identified asIrfc, Vrb andIrb,
respectively. The real-time controller calculated the duty
cycle and provided the switch duty command to the buck
converter. The circuit protection functions—limiting the
fuel cell current, battery voltage, and battery current—were
also implemented within the software.Fig. 4 shows a pho-
tograph of the experiment environment.

3. Control strategies for active power sharing

The output electrical power and the overall efficiency are
the most important performance indicators. Since the power
available from the fuel cell stack is limited, it may some-
times be necessary or desirable for the fuel cell to oper-
ate near its maximum power point. The empirical equation
(1) approximately describes the electrical output power of a
PEM fuel cell stack[6]:

Pfc = Ncell

×
[
E0−b log

(
I

Acell

)
−r

I

Acell
−m exp

(
n

I

Acell

)]
I

(1)

wherePfc is the electrical output power of the PEM fuel
cell stack (W),E0 the standard potential of the H2–O2 re-
action (V), I the output current from the fuel cell stack (A),
Ncell the number of cells connected in series,Acell the area
of each cell (cm2), andb, r, m, andn the polynomials deter-
mined empirically from experiment data. Obviously the out-
put electrical powerPfc reaches the maximum point when
∂Pfc/∂I = 0. We will label the current corresponding to
maximum power asImpp.

The efficiency of a fuel cell itself (without considering pe-
ripheral components) is maximized at zero delivered power,
and has a maximum theoretical value given by

ηmax = �GT

�H0
(2)

where �GT is the change in free energy of the electro-
chemical oxidation of the fuel (J) and�H0 the enthalpy
change for the total oxidation reaction of the fuel (J).
However, for the entire fuel cell system, which includes
parasitic losses for items such as pumps, fans, blowers,
heat exchangers, and control electronics, the maximum ef-
ficiency point does not occur at zero current, but instead
is at some finite current. The practical efficiency of the
entire fuel cell power source is quite different from the
theoretical value for the cell alone and depends on the
system configuration (balance of plant components) and
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the operating conditions (e.g. temperature, pressure, and
fuel used) as explained more fully in Ref.[7] which de-
veloped, defined, and discussed important performance
parameters and presented an analytical, three-parameter
model that was independent of any specific fuel cell system.
According to this model maximum efficiency occurs some-
where below the maximum power point betweenImpp and
zero.

In our study, three control strategies were tested on the
hardware based on the following different objectives.

3.1. Strategy 1: maximum fuel cell power (Test 1)

This strategy aimed to draw maximum electrical power
from the fuel cell stack, which occurred at approximately
2 A. For the purposes of the work reported here, it was not
our objective to identify this maximum power point, but
rather to show that the plant could be operated at that point
once it was identified. We simply set the reference current
from the fuel cell stack at the 2 A value. The reference charg-
ing current of the battery was also set to 2 A, according to
the maximum safe charging rate of the batteries.

Fig. 5. Simulink implementation of control strategy.

3.2. Strategy 2: maximum fuel cell efficiency (Test 2)

This strategy aimed to achieve maximum overall effi-
ciency of the fuel cell system, which was empirically ob-
served to occur near 1.25 A. Thus, the reference current of
the fuel cell was set at 1.25 A. Again, for the purposes of
the work reported here, it was not our objective to identify
this maximum efficiency point, but rather to show that the
plant could be operated at that point once it was identified.
The reference charging current of the battery was again set
at 2 A.

3.3. Strategy 3: adaptive strategy (Test 3)

If the average power demand of the load was larger than
the power delivered at the maximum efficiency point, but
less than full rated power of the fuel cell power source, then
eventually the battery would become fully charged if Strat-
egy 1 was followed or fully depleted if Strategy 2 was fol-
lowed. The adaptive strategy aimed to maintain a relatively
constant battery voltage by switching between Strategies 1
and 2. When the battery voltage dropped below a preset
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value, the maximum power strategy was applied and when
it exceeded another preset value, the maximum efficiency
strategy was applied.

Each of these control strategies must limit the fuel cell
current while regulating either the charging current or
the voltage of the battery as appropriate at the particular
state-of-charge of the battery. Only the duty cycle of the
power converter can be controlled. By changing the duty
cycle, the output current of the fuel cell, or the voltage or
current of the battery can be regulated. Thus there are three
regulation modes: fuel cell current limit (FCCL) mode,
battery current limit (BCL) mode, and battery voltage limit
(BVL) mode, each based on different goals. In the hybrid
power source, the battery voltage is an important index of
the regulation mode. If the battery voltage exceeds the high
limit voltage, which may correspond to the condition of no
load or light load as well as high battery charge, then battery
voltage limit mode must apply to prevent overcharging the
battery. Under this mode, the output current of the fuel cell
and the charging current of the battery should be below the
rated currents. If the battery voltage is below the high limit
voltage, which may correspond to the condition of heavy
load or light load coupled with low battery charge, then
either fuel cell current limit mode or battery current limit
mode may apply, depending on the load. If the current de-
mand is lower than the rated output current of the fuel cell,
the charging current of the battery may need to be regulated
in order to protect the battery, i.e. battery current limit mode
applies. In this case, the fuel cell current is unregulated but
is always below the rated current. If the current demand
is very high, fuel cell current limit mode applies. In this
case, the battery may be discharged or charged at a lower
rate but the fuel cell is protected from over-current. For
example, when the power source is first turned on, it works
under fuel cell current limit mode. If there is no load or a
light load, the charging current of the battery may rapidly
increase from zero to the limiting value. Then the battery
current limit mode must apply to protect the battery. When
the battery voltage reaches its upper limit, the battery volt-
age limit mode applies. Under either BCL mode or BVL
mode, if the load increases quickly (i.e. when the fuel cell
current reaches its limit), fuel cell current limit mode will
apply. Under any of these three modes, the load will be
disconnected if the battery discharging current exceeds the
safe operating limit.

Each control strategy was implemented in MATLAB/
Simulink and then tested under the pulsed-current load con-
dition through simulation and experiments. Experimental
validation was performed by compiling the Simulink code
of the control algorithm and downloading it to the dSPACE
platform to control the real hardware. The Simulink model of
the controller is shown inFig. 5. The main functional blocks
in this Simulink model are the mode-select logic module, the
current regulation module and the voltage regulation mod-
ule. The regulation mode was determined by the control
strategy explained previously. The current and voltage regu-

lation modules were used to compute the duty cycles to the
buck converters according to the reference currents and the
reference voltages, respectively. The proportional–integral
approach was used to regulate the currents and voltages.

4. Experiment results and discussion

Tests of the three control strategies were conducted on
the experiment platform described previously and results are
shown inFigs. 6–17which are described next.

Figs. 6 and 7show the currents and voltages of the fuel
cell and the battery, respectively, under the maximum fuel
cell power strategy (Test 1). Finer details of these currents
and voltages are shown inFigs. 8 and 9, respectively. From
Fig. 8, it can be seen that when the load drew low power the
fuel cell stack provided about 1.6 A current, supplying 1 A
current to the load and simultaneously charging the battery

Fig. 6. Current waveforms of the fuel cell and battery in Test 1.

Fig. 7. Voltage waveforms of the fuel cell and battery in Test 1 (top: fuel
cell voltage; bottom: battery voltage). Over cycles, the battery voltage
increased and the fuel cell voltage decreased.
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Fig. 8. Detail of current waveforms of the fuel cell and battery in Test 1.
When the load drew low power, the fuel cell output about 1.6 A current,
supplying 1 A current to the load and charging the battery at 2 A current.
When the load drew peak power, the fuel cell produced 2 A current and
the battery discharged at around 7 A current.

at 2 A. (The currents do not sum to zero because the voltages
are different at the input and output of the power converter.)
It is shown inFig. 9 that the battery voltage gradually in-
creased during the low-power period. During this time, the
charging current of the battery was regulated (BCL mode
applied), and the fuel cell current was less than the refer-
ence value and depended on the load demand. When the
load power increased, the fuel cell supplied 2 A current (cor-
responding to its maximum power point). At this time, the
battery discharged at around 7 A, and the voltage dropped
suddenly and then gradually decreased further. During this
time, the fuel cell current was regulated (FCCL mode ap-
plied) and the discharging current of the battery depended
on the load. It is seen that the regulation mode was correctly
selected. It is worthwhile to note that if the load had drawn

Fig. 9. Detail of the battery terminal voltage in Test 1. The voltage of
the battery increased when it was charged and decreased when it was
discharged.

a much lower peak current (for example, 3 A), the battery
would have been charged at a lower current while the fuel
cell would have supplied 2 A current.Fig. 6 shows that the
currents of the fuel cell and the battery varied periodically
since they were regulated alternately. FromFig. 7, it can be
seen that after three cycles the fuel cell voltage suddenly
dropped. This was because the fan of the fuel cell stack
started when the temperature of the stack reached the ther-
mostat threshold and some amount of power from the fuel
cell was diverted to drive the fan. An important observation
from Fig. 7 is that over many cycles the battery voltage in-
creased. This was due to the fact that the average power de-
mand of the load was less than the maximum output power
of the fuel cell stack. During any one cycle, the net power
transferred to the battery was positive, which caused the bat-
tery voltage to increase slightly by the end of each cycle. If
the load had drawn more average power than the maximum
power available from the fuel cell stack, the battery voltage
would have decreased and the battery would have run down
finally to depletion.Fig. 7also shows that over many cycles
the fuel cell voltage decreased. This was because the fuel
cell needed to provide more power to charge the battery as
the battery voltage increased (since the charging current was
constant, as the battery voltage increased, so did the charg-
ing power).

Figs. 10 and 11show the currents and voltages of the fuel
cell and the battery, respectively, under the maximum fuel
cell efficiency strategy (Test 2). Details of these currents and
voltages are shown inFigs. 12 and 13, respectively. From
Fig. 12, one can see that the fuel cell stack provided 1.25 A
current (corresponding to its maximum efficiency point) at
all times. When the load drew low power the battery was
charged at about 1.5 A current (less than the battery current
limit) because the fuel cell did not provide enough electrical
power to charge the battery at maximum rate and power the
load. The battery voltage increased a little bit during the
low-power period as shown inFig. 13. When the load drew

Fig. 10. Current waveforms of the fuel cell and battery in Test 2.
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Fig. 11. Voltage waveforms of the fuel cell and battery in Test 2 (top: fuel
cell voltage; bottom: battery voltage). Over cycles, the battery voltage
decreased and the fuel cell voltage maintained at a constant level.

a larger power, the battery discharged at around 8 A and
the voltage decreased. The discharge current of the battery
was a little higher than that in Test 1 because the fuel cell
was supplying less total power in Test 2 when operating at
the maximum efficiency point. FromFig. 13, it is seen that
over many cycles the battery voltage decreased. This was
because the average power of the load was higher than the
output power of the fuel cell stack. During any one cycle,
the net power transferred to the battery was negative. If the
load had drawn less average power than the power available
from the fuel cell stack at the maximum efficiency point,
the battery voltage would have increased. We can also see
that over many cycles the fuel cell voltage maintained a
constant level because the fuel cell current was constant. It
is interesting to note that in this test the fan of the fuel cell

Fig. 12. Detail of current waveforms of the fuel cell and battery in Test
2. The fuel cell stack provided 1.25 A current all the time. When the load
drew low power, the battery was charged at 1.5 A current. When the load
drew peak power, the battery discharged at approximately 8 A current.

Fig. 13. Detail of the battery terminal voltage in Test 2. The voltage of
the battery increased when it was charged and decreased when it was
discharged.

stack did not start. This resulted from the fact that with the
maximum efficiency strategy the fuel cell produced less heat
and the temperature of the stack did not reach the mandatory
cooling threshold. This point is really significant to the users
from the economic viewpoint. First, the stack itself used less
hydrogen, and second, the fan stopped drawing power from
the fuel cell stack. So there was a double benefit to operate
in this mode. The savings of hydrogen were probably larger
than a simple estimate would yield.

Differences in the change of the battery terminal volt-
ages in Tests 1 and 2 can be clearly seen inFig. 14. Over
many cycles, the battery voltage increased gradually under
maximum power strategy but decreased gradually under
maximum efficiency strategy. It is shown that after 20 min
of operation, the battery voltage with Strategy 1 was about
1 V higher than that with Strategy 2. With maximum power
strategy, the battery would finally become charged to the full

Fig. 14. Comparison of the battery terminal voltages in Tests 1 and 2.
Over many cycles, the battery voltage increased under maximum power
strategy but decreased under maximum efficiency strategy.
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Fig. 15. Battery terminal voltage in Test 3. When the battery was charged
to a certain level under maximum power strategy, the maximum efficiency
strategy applied. When the battery was run down to a preset level under
maximum efficiency strategy, the maximum power strategy was applied.

state but the efficiency would not be maximized. With max-
imum efficiency strategy, the fuel cell would achieve max-
imum efficiency but the battery would run down finally to
depletion. However, the advantages of both strategies could
be utilized reasonably in the adaptive strategy (seeFig. 15).
When the battery was charged to a certain level under the
maximum power strategy, the maximum efficiency strategy
applied. When the battery is run down to a preset level under
maximum efficiency strategy, the maximum power strategy
applied. The battery voltage varied within a smaller range
for this strategy. The fuel cell current in Test 3 is shown in
Fig. 16and the detail is shown inFig. 17. When the strategy
was switched, the current limit of the fuel cell changed.

An obvious extension of this strategy would regulate the
fuel cell current on a continuous basis. Instead of cycling
between the high-power and high-efficiency modes, the cur-
rent setpoint would be controlled continuously based on

Fig. 16. Waveform of the fuel cell current in Test 3.

Fig. 17. Detail of the fuel cell current in Test 3. The fuel cell current
changed to a smaller value when the maximum efficiency strategy was
applied.

the battery voltage (or state-of-charge). For instance, when
the battery is 80% full, the setpoint would be closer to the
high-efficiency setpoint, but at 40% state-of-charge the set-
point would be closer to the maximum-power setpoint.

5. Conclusion

The topology of an active fuel cell/battery hybrid was pre-
sented and control strategies for active power sharing in this
hybrid power source were described. In this configuration
(fuel cell-regulated, battery-floating) these control strate-
gies limit the fuel cell current while regulating the charging
current or voltage of the battery as necessary. These con-
trol strategies were implemented in MATLAB/Simulink
and then experimentally tested under a pulse-current load
condition.

Tests of three control objectives were conducted. With
maximum power strategy, the fuel cell can output as much
power as possible. With maximum efficiency strategy, the
fuel cell can run at as high efficiency as possible. Over many
power cycles, the battery voltage increased under the maxi-
mum power strategy but decreased under the maximum effi-
ciency strategy. With the former strategy, the battery would
be finally charged to the full state but the efficiency would
not be maximized. With the latter strategy, the fuel cell
would achieve maximum efficiency but the battery would fi-
nally run down to depletion. However, the advantages of both
strategies could be utilized reasonably in the adaptive strat-
egy. When the battery was charged to a certain level under
the maximum power strategy, the maximum efficiency strat-
egy applied. When the battery was run down to a preset level
under maximum efficiency strategy, the maximum power
strategy was applied. The adaptive strategy of cycling be-
tween high-power and high-efficiency modes could maintain
the battery voltage at an appropriate level and achieved good
output power and good efficiency of the fuel cell stack.
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