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Nowadays, study on alternative sources of fossil fuels for power generation has
attracted great attention. Polymer electrolyte membrane fuel cells (PEMFCs) have
higher energy densities and lower power densities than conventional batteries.
Therefore, PEMFCs should be hybridized with a battery to increase the stability
without decreasing the maximum power. Typically, DC-DC converters are utilized
to combine these systems leading to a significant increase in cost, size, and weight;
moreover, using these converters reduces system efficiency. In this paper, a circuit
is implemented into the PEMFC and battery hybridization system with a power
path controller. The experimental investigations covers the main challenges in the
PEM fuel cell power system implementation, i.e., current ripple and electric power
changes dynamics. This circuit implementation increases the system efficiency over
95 percent and decreases the cost by at least 50 percent. The hybridization circuit is
verified by simulation and experimental results.
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1. Introduction

The increase in the number of vehicles that use fossil
fuel as the only fuel source is the main reason for the
pollution of cities. The excessive increase in the use of
fossil fuels has caused the worldwide crisis of decreas-
ing oil resources [1,2]. Due to global concerns over
dindling energy sources, pollution, and global warm-
ing, fuel cell vehicles (FCVs) have become more pop-
ular due to their energy efficiency and low pollution.
One way to face this crisis is to use electric cars. These
cars use electric power as a drive [3,4]. Increasing the
efficiency of electric cars depends on their energy
storage system, which is important from two points of
view. Firstly, a large amount of energy is stored, and
secondly, the system can quickly and accurately re-
spond to the demand of the load (consumer) [5]. Fuel
cells (FC) are an effective and reliable source of elec-
tricity. Compared with other fuel cells, a polymer fuel
cell is the best candidate for use in vehicles due to its
high power density and low operating temperature [6].
As a new concept, the fuel cell has been proven to be
a prominent power source with little pollution and low
operating temperature. However, due to FCs’ relative
newness, their costs are higher, and many researchers
are trying to reduce the costs [7]. Due to advantages
such as low pollution, high efficiency, quick start, and
low noise, the polymer fuel cell is suitable for use in
cars, buses, machines for lifting heavy things, motor
boats, and ships [8]. The performance of the polymer
fuel cell has been investigated [9]. Another study
thoroughly examined the effect of factors such as wa-
ter flow direction, fuel cell temperature, gas diffusion
layer, and the width of the cathode catalyst layer [10].
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In the last decade, the study of the use of polymer fuel
cells for watercraft has been of great interest and at-
tention. Advantages such as low pollution, low noise,
low emission of greenhouse gases and high efficiency
have led to various applications of polymer fuel cells
in boats and ships [11-18]. One study proposed a re-
al-time control strategy to control the energy distribu-
tion in the fuel cell and battery hybrid electric system
[11]. They used a closed-loop control system to con-
trol the energy system based on DC/DC converters.
The first sailboat with a polymer fuel cell propulsion
system was developed by MTU Friedrich Schaffen in
2003 [12]. In 2007, the hydrogen-materials group at
the University of Birmingham replaced a boat’s die-
sel engines with a polymer fuel cell-battery hybrid
propulsion system [13]. In 2012, the Istanbul Techni-
cal University of Turkey presented a boat with a fuel
cell-battery hybrid power system. The 8 kW fuel cell
of this boat is supplied by the Canadian Hydrogenic
Company [14]. In line with the Zemship project [15]
in Hamburg in 2008, a ship equipped with a fuel cell
propulsion system with a capacity of 100 passengers
and a maximum speed of 14 kilometers per hour with-
out producing harmful pollution was sent to inland
waters. The propulsion system of this ship is designed
similar to submarines U212 and U214 [16]. In addi-
tion, a polymer fuel cell-lead acid battery hybrid sys-
tem was also presented for direct power transmission
for engine propulsion [17]. In 2009, a boat equipped
with a polymer fuel cell system called Nemo H2 was
sent to the Amsterdam canals. This boat is equipped
with a 60 kilowatts polymer fuel cell and a 70-kWh
lead-acid battery pack. The maximum speed of this
boat is 16 kilometers per hour. Stack Sazi Nedastak
has built two polymer fuel cell modules with a power
of 30 kilowatts for this boat. This boat has six tanks
with a capacity of 24 kg under a pressure of 350 bar to
store hydrogen, which can supply the system with hy-
drogen for up to 9 hours without recharging [18]. Us-
ing the battery and supercapacitor in combination with
the fuel cell system increases the performance and ef-

ficiency of the fuel cell. The battery can be charged
and discharged with a high energy density, and the su-
percapacitor is mostly used for fast charging and dis-
charging. If the battery is discharged quickly, its inter-
nal losses will increase. Therefore, the supercapacitor
is mostly used for transient conditions, i.e., starting
time and sudden load [19]. In systems with a fuel cell
power generation source, a power converter is used
to bring the voltage level to the desired voltage lev-
el for energy sources [20]. For example, In [21], the
optimal design and control strategy of a hybrid fuel
cell system with a battery and a supercapacitor have
been studied for an electric vehicle. In reference [22],
a polymer fuel cell system with a battery has been de-
veloped for the propulsion system of a 20-meter long
tourist boat. They presented non-linear control of the
fuel cell hybrid system with a battery and supercapac-
itor; however, this is very difficult in terms of practical
implementation due to the complexity of the control-
ler [23,24]. Another study discussed the issue of re-
moving the converter from the hybridization system,
but the system has a high implementation cost due to
its required equipment, and of course, the operational
implementation was not carried out to confirm the ac-
curacy of the claimed efficiency [25].

In this study, a polymer fuel cell hybrid system with
lead-acid batteries was implemented to provide the
required power of a boat engine. The presented sys-
tem was tested through operational implementation
with a 1 kW fuel cell and 12 V and 408 W boat engine
load. By removing the DC-DC converter from the hy-
bridization system, the overall system’s efficiency in-
creased to 95%. Furthermore, it should be noted that
the system cost was reduced by more than 50%. The
novelty of the paper is mainly in the experimental in-
vestigation of a famous buck converter in the fuel cell
boat application. The challenges of the experimental
implementation were mainly in the circuit integration
with a specific PEM fuel cell, which had some re-
quirements concerning the fuel cell current ripple and

power change dynamics.
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2. Modeling

2.1. Polymeric Fuel Cell Modeling

The dynamic modeling of the polymer fuel cell is nec-
essary to predict and evaluate its behavior in different
conditions. In a fuel cell, the output voltage is lower
than the internal voltage due to voltage drops. Ohm-
ic voltage drop, activation voltage drop, and voltage
drop caused by concentration are among the most im-
portant voltage drops in the polymer fuel cell. Inside
the fuel cell, the membrane separates the electrodes,
which leads to layers with two opposite poles [26-28].
The equivalent circuit of the fuel cell is shown in Fig-

ure 1.
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Fig 1. Fuel cell equivalent circuit.

The output voltage of the fuel cell is expressed in the
form of equation (1):
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The activation voltage drop consists of two parts, as
seen in equation (2).

Uact =Uaert ¥ Userz (2)

The first part (v,,, ) is affected by the temperature
of the fuel cell and does not depend on the current.
The second part (v,,,, ) depends on the current and is
modeled by the activation resistance. The resistance
equivalent to the activation voltage drop is obtained

from equation (3).

R = Ua;,2 _ T.b.;n(l) 3)

The resistance corresponding to the concentration
drop is obtained from equation (4).
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2.2. Lead-Acid Battery Modeling

In general, the behavior of a battery is described by its
voltage. Three states can be considered for a battery:
charging, discharging, and overcharging.

The 1,, current is positive during the charging time
and negative during the discharging time. Internal re-
sistance is variable and depends on variables such as
capacity, charge and discharge current, and tempera-
ture. Many models have been presented to evaluate
the batteries’ voltage. Most of these models are based
on laboratory identification of the intrinsic parame-
ters of the battery. The CIEMAT battery model covers
a wide range of lead-acid batteries and requires lit-
tle factory technical data of parameters for modeling
[29]. Three processes are considered in this modeling:
discharge, charge, and overcharge. The voltage of the
discharge, charge, and overcharge state is calculated
from relationships (5), (6), and (7), respectively.

I 4

V par =[2.085—0.12(1—500)]—%(7L3 (5)
10 1+7p,
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In equation (5), the first term expresses the changes
in the open circuit voltage according to the state of
charge. The second term models the changes in the
battery’s internal resistance (the sum of the series
resistances caused by various phenomena). In this
modeling, it is assumed that in the charging process,
the overcharging process starts when the battery ca-
pacity reaches 95% of its maximum value. During the
charging process, until the battery voltage reaches the
gas production voltage (V, <V, ), the voltage is evalu-
ated using equation (6), and when the battery voltage
exceeds the gas production voltage (V.. -V, ), the volt-

age is evaluated with equation (7).
2.3. Hybridization System

Considering the sensitivity of the fuel cell to sudden
changes in current, an intermediate circuit is needed
to change the electric power source from the battery
to the fuel cell to reduce the rate of changes in fuel
cell current. In the presented hybridization circuit, the
switching circuit provides the connection between the
load and fuel cell by continuously switching on and
off and changing the width of the switch pulse. The
battery and fuel cell current changes to supply the load
current should be according to the curves presented in
Figure 2.

Battery current Fuel cell current

Current

time

Fig. 2. Battery and fuel cell current changes in providing load
current.

The structure of the designed circuit is shown in Fig-
ure 3. In this circuit, SW1 (as a current switch) dis-
connects and connects the fuel cell so that at each
step of the switch connection, the current slope may
be higher than its tolerable slope. However, over the
circuit’s whole working time, the fuel flow’s average
slope becomes less than its maximum tolerable slope.
Since the duration of the switch connection is short,
there is no damage when the slope of the fuel cell
current increases. At first, the battery is connected to
the load alone, and until its charging state reaches the
desired level, it will not be parallel with the fuel cell.
The battery’s state of charge cannot be lower than a
specific limit because it may be needed in emergency
situations. After the battery reaches the desired state
of charge, it is paralleled with the fuel cell in such a
way that the average power of the load is provided by
the fuel cell.

DI LI SW1 L2
12228

=Cl D2 C2=

Fuel Cell Battery

Fig. 3. Hybridization system circuit.

As seen in Figure 3, diode b, is used to prevent the
current from returning to the fuel cell; diode b, plays
the role of a snubber diode for inductor z,. In this
way, when sw; is turned off, the current of the iz,
inductor passes through this diode and prevents a sud-
den increase of voltage onsw;, which prevents the
switch from burning. When sw;is turned off, diode
D, is connected, which causes a sudden change in its
cathode voltage to zero, and as a result, causes cur-
rent and voltage noise in the head of the fuel cell and
the load, respectively. In order to eliminate the effects
of switching on the fuel cell and the load, a current
low-pass filter for the fuel cell and a voltage low-pass



154 Iranian Journal of Hydrogen & Fuel Cell 9(2022) 149-161

filter for the load should be used, respectively. In this
circuit, the filter on the fuel cell (input) side is used
to reduce the current changes caused by the fuel cell
switching on. The filter on the load side (output) also
reduces the voltage ripple on the load.

2.3.1. Design of Hybrid Circuit Filters

The maximum amount of current changes during
switching is 36 amperes, and the amount of instanta-
neous changes acceptable for a fuel cell is about 0.5
amperes per second. Therefore, to meet the fuel cell’s
limitations, the input filter must reduce the current
changes up to 98.6 percent in the designed switching
frequency. Equation (8) shows the ratio of the fuel
cell’s current to the switch’s current, which is extract-
ed from the circuit of Figure 3.

I ®

Irc
2
N(l—Llclwz) +(RdC1a))2‘

Ig

Where, the parameters L, C, and R are the size of
the inductor and capacitor of the input filter and the
dynamic resistance of the fuel cell, respectively. If the
current attenuation coefficient of the input filter at the
switch frequency is equal to A, then:

Irc
Ig

<4 )

Using equation (9) and substituting the ratio of cur-
rents from equation (8), the boundary conditions for
the filter inductor and capacitor can be obtained. This
condition is stated in equation (10) and should be con-
sidered in choosing the values of L, and C,.

A2[1+w2((LlCla))2+(RdC1)2)—2L1C1}—1>0 (10)

As mentioned before, the value of the attenuation co-
efficient of the filter (A) should be less than X, but is
considered equal to X in order to increase the reliabil-
ity. On the other hand, the internal resistance of the
fuel cell (R)) is 10 mQ2, and the switching frequency is
31 kHz. Therefore, by using these values and solving
the inequality of relation (10), a set of suitable solu-
tions for the inductor and capacitor is obtained, see
Figure 4. Using Figure 4, the values of L =100uH and
C,=100yF for the filter inputs are selected.
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Fig. 4. Set of suitable solutions for inductor and capacitor L1
and capacitor C1.

The purpose of placing the low-pass filter on the load
side is to eliminate the voltage ripple on the load.
Considering that the filter is checked in AC mode and
since the dynamic resistance of the battery is much
lower than the load resistance, the load resistance can
be omitted. Therefore, equation (11) shows the ratio of
load voltage changes to switch output voltage chang-
es.
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1 (an

If the attenuation rate of voltage changes is equal to
B, then:

Vil g (12)

By simplifying equation (12), a quadratic inequality is
obtained, which determines the set of acceptable solu-
tions for inductor L, and capacitor C,. This inequality
is presented in equation (13).

2
B{sz[(@czw)z +[§i] ]—2L2C2]—1>0 (13)

It shows the set of acceptable solutions for inductor L,

and capacitor C,.

6.0

5.0+

4.0

304

0 01 02 03 04 0.5 0.6 07 0.8 09 10
C: (P

Fig. 5. Set of suitable solutions for inductor and capacitor L,
and capacitor C,

Figure 5 shows that if an inductor larger than 5.2 pH
is used, the size of the capacitor C, can become any
value. Therefore, the capacitor C, was removed, and
the inductor L2 was selected for 10 pH.

In Figure 3, diode D, is used to prevent the return cur-
rent from entering the fuel cell and protect it. sw; con-
trols the power transfer from the fuel cell to the load.
In addition, if the fuel cell voltage drops, sw; can
disconnect it from the battery and the load to increase
reliability. Due to the fact that sw, is fully connected
after a certain period of time, there will be no switch-
ing losses in the circuit. The efficiency of hybridiza-
tion circuit can be calculated as follows:

- -1
n

1 ] (14)

efficiency = ——
1+ a[

The assumed linear relationship between the battery
charge, discharge efficiency, and its state of charge
can be written as equation (15):

n=c-rs (15)
By placing this relation in relation (14), the efficiency

of the hybridization system is obtained as:

efficiency = % (16)
l-a (1 - j

c—rs

3. Operational Simulation and Implemen-
tation

Software simulation in the MATLAB software en-
vironment was done to test the performance of the
presented hybridization circuit. An element with fast
switching capability is needed in the appropriate pow-
er, current, and frequency ranges to model the switch
in Figure 3. Element IGBT FZ600R12KE3 was used
for this purpose. The mentioned IGBT element had a
very small drop during the working point in this re-
search. For the proper operation of IGBT, a driver cir-
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cuit is needed. The circuit schematic and PCB map
of the designed and manufactured IGBT driver are
shown in Figures 6 and 7, respectively. An ATME-
GA128 microcontroller is used to generate a square
wave in this circuit, then this wave is given to the in-
put of the IR2113 driver circuit (which has a small
output current), and finally, its output is given to the
MOSFET transistors used for the IGBT gate driver.

Fig. 6. IGBT driver circuit schematic.

Fig.7. PCB map and IGBT driver hardware implementation.

Diode p, must withstand the optimal operating point
current of the fuel cell. Also, the diode’s forward
voltage drop and losses should be low. In addition, it
should not fail in the worst conditions when the fuel
cell is off or when the battery is fully charged. Ac-
cording to these conditions, the SKKE 75f12 diode
has been used. Diode b, should also have the ability
to withstand the reverse voltage equivalent to the load
voltage with the effects of the switch. This diode does
not need to permanently withstand the current of the

fuel cell’s optimal working point but should be able
to withstand this current momentarily. Moreover, in
order to prevent the switch from burning, this diode
must be as fast as possible. The diode selected for this
purpose is the DSEI 2x61-10B. The simulation circuit
in the Simulink environment of MATLAB software
and the operational test is shown in Figure 10 and Fig-
ure 11, respectively. Two low-current inductors with
ferrite cores are used in the input and output in this
circuit, and the fuel cell is simulated with a battery and

a series resistance.

Battery

T

|
|

Fuel Cell Stack

Fig. 8. Simulation circuit in the Simulink environment of
MATLAB software.

Fig. 9. Operational implemented circuit.

The load used is a 12-volt boat motor with a power of
408 watts from NERAUS, which is shown in Figure
10.
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At first, the battery is connected to the load alone,

and until its charging state reaches the desired level,
it will not be paralleled with the fuel cell. In this case,
the efficiency of the designed hybridization system
increases. In Figure 11, the overall system efficiency
curves for different batteries’ state of charge (obtained
from the simulation) is shown.

o o o
~ o o o ©
o © o © o
T T T T T

Efficiency

o
3
T

0.65F

0.6

. .
0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
State of Charge

0.55 L

Fig. 11. System efficiency curves according to battery state of
charge for different batteries.

As seen in Figure 11, the system’s overall efficiency is
above 95%. The polarity diagram of the manufactured
1 kW polymer fuel cell is shown in Figure 12.
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Fig. 12. 1 kW fuel cell polarity diagram

The results related to the current, voltage, and power
of the 1 kW polymer fuel cell resulting from imple-
mentation and simulation are shown in Figure 13 to

Figure 15, respectively.

5 | | | | | | | |
0 50 100 150 200 250 300 350 400 450

Time (s)

Fig. 13. Flow of 1 kW polymer fuel cell.
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Fig. 14. 1 kW polymer fuel cell voltage.
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Fig. 15. 1 kW polymer fuel cell power obtained from simula-
tion and operational implementation.

As can be seen, by increasing the current with a suit-
able slope, the voltage level is reduced, and the fuel
cell first reaches its operational working point with a
suitable speed and is then fixed with good accuracy.
In the same way, the fuel cell output power increases
until the current increment stops. By reducing the fuel
cell current, the voltage level also increases, and as a
result, the output power of the fuel cell decreases in a
favorable way. Therefore, according to the obtained
results, the system can cope well with the fuel cell
power flow switching off and on. The flow diagram of
the fuel cell and battery resulting from simulation and

operational implementation is shown in Figure 16.
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Current (A)
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T0 20 40 60 8 100 120 140 160 180 200
Time (s)
Fig. 16. Fuel cell and battery flow resulting from simulation
and operational implementation.

The system efficiency can be measured by measuring
the voltage drop from the input to the output of the
hybrid system. According to the designed circuit and
equipment, the overall system efficiency is more than
95%. The efficiency diagram of the whole system ac-
cording to the battery charge level obtained from the

operational implementation is shown in Figure 17.
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Fig. 17. Overall system efficiency according to battery charge
level.

The state of battery charge can not be lower than a
specific limit because it may be needed in dynamic
conditions. After the battery reaches the desired state
of charge, it is paralleled with the fuel cell in such a
way that the average power of the load is provided by
the fuel cell.

To show the behavior of the hybrid system when the
load changes, a state has been considered where the
motor speed is initially at 80% of its maximum value
and suddenly increases to 100%. Figure 18 shows the
operational test results of changing the proposed load.
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Fig. 18. The load current variation profile (from 80% to 100%
of the motor-rated speed).

In the case of a momentary power shock, this dynamic
power is provided by the battery because of the bat-
tery’s lower resistance compared to the fuel cell, pre-
venting probable damage to the fuel cell. Conversely,
in case of a load increase in the hybrid system, the fuel
cell supplies more current while the battery voltage
level decreases.

4. Conclusion

This article presents a circuit for a hybridization sys-
tem of a 1 kW polymer fuel cell with a lead-acid bat-
tery. By implementing the provided electrical circuits,
the DC-DC converter has been removed from the hy-
bridization system, which increased efficiency to more
than 95% and reduced the hybridization system cost
by 50%. The proposed circuit performance was val-
idated by simulations and experimental results. The
results proved that the proposed hybridization system
has acceptable performance in feeding the load during

dynamic and steady state conditions.
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