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Abstract—Modeling of fuel cells is getting more and more 

important as power fuel cell stacks being available and have to be 

integrated into real power systems. This paper presents a novel 

circuit simulator for a PEM fuel cell that can be used to design 

fuel cell based systems. The simulator is consisted of a DC-DC 

buck converter driven by PIC 16F877 microcontroller. The 

proposed circuit can be used in design and analysis of fuel cell 

power systems. 

 
Index Terms—PEM fuel cell, modeling, design, simulation, 

pulse width modulation (PWM). 

 

I. INTRODUCTION 

UEL cells as energy source have been present since 1839. 
They were discovered and developed by the English 

physicist William Grove. But, since then, for more over one 
century they were not more than a laboratory curiosity [1]. 
After the period of 120 years since the fuel cells emerged, 
NASA demonstrated some of their potential applications in the 
space flights exploration. Consequently, the industry has 
started recognizing the commercial aspects of the fuel cells, 
which, due to the technological barriers and their high 
production costs, were not economically profitable at that 
stage of technology [2]. Today, fuel cells of various types have 
emerged as promising alternative sources of “clean energy” for 
applications ranging from automotive industry to residential 
and commercial installations. This has created a need for a 
class of specialized power converters geared to interface 
between the fuel cell device and the end−user appliance, often 
as a battery charger. Specifications for power conversion 
equipment depend on the fuel cell's physical properties and 
manufacturing economics. The cells’ output voltage is 
dependent on the load. So, there is a need to model the fuel 
cell for optimizing its performance and also for developing 
fuel cell power converters for various applications. 

The proton exchange membrane fuel cell (PEMFC) has 
been considered as a promising kind of fuel cell during the last 
20 years because of its low working temperature, compactness, 
and easy and safe operational modes. The proton exchange 
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membrane (PEM) fuel cell is very simple and uses a polymer 
(membrane) as the solid electrolyte and a platinum catalyst. 

It is possible, during the design process, to avoid use of very 
expensive fuel cells by using electric circuit which would be 
able to simulate the characteristics of a real fuel cell. Such 
simulator circuit can simulate characteristics of different fuel 
cells only by changing the parameters which control the 
operation of the circuit.  

Up to now different type of models of PEM fuel cell were 
proposed [4]−−−−[12]. Unfortunately, most of the proposed 
models cannot be used for practical realization of a fuel cell 
simulator.  

In this paper the design of PEM Fuel Cell simulator based 
on DC-DC buck converter [3] digitally controlled by PIC 
16F877 microcontroller is presented. Such fuel cell simulator 
can be used in preliminary design of fuel cell based systems. 

 

II. FUEL CELL CHARACTERISTICS 

The fuel cell directly converts chemical energy into 
electrical energy. The chemical energy released from the fuel 
cell can be calculated from the change in Gibbs free energy 
(∆gf) which is the difference between the Gibbs free energy of 
the product and the Gibbs free energy of the reactants [14]. 
The Gibbs free energy is used to represent the available energy 
to do external work. For the hydrogen/oxygen fuel cell, the 
overall chemical reaction can be expressed as: 

2 2 2

1

2
H O H O+ →  (1)   

and the change in the Gibbs free energy as: 

2 2 2
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The change in Gibbs free energy varies with both 
temperature and pressure:  

2 2

2

0 ln H O

f f fc

H O

p p
g g RT

p

 
∆ = ∆ −  

  
 (3) 

where �∆gf
0 is the change in Gibbs free energy in standard 

pressure (1 bar) which varies with temperature Tfc in Kelvin. 
The partial pressures pH2, pO2 and pH2O of the hydrogen, 
oxygen and vapor are expressed in bar. R is the universal gas 
constant, 8.31454 J/(kg⋅K). The value of ∆gf is negative, which 
means that the energy is released from the reaction. 

For each mole of hydrogen, two moles of electrons pass 
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around the external circuit and the electrical work done 
(charge × voltage) is: 

2W FE= −     (J) (4) 
where F is the Faraday constant (96485 C) which represents 
the electric charge of one mole of electrons and E is the 
voltage of the fuel cell. The electrical work done would be 
equal to the change in Gibbs free energy if the system were 
considered reversible: 

2
f

g FE∆ = − . (5) 

The reversible open circuit voltage of the fuel cell or 
“Nernst” voltage of hydrogen fuel cell is: 
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Tfc is expressed in Kelvin, and pH2 and pO2 in atm. 
The actual voltage of the fuel cell is less than the value 

calculated by equation (7). Typical PEM fuel cell performance 
plot is given in Fig. 1. The differences are result of losses or 
irreversibilities. 

The current density, cell current per cell active area 
Afc(cm2), is: 

st

fc

I
i

A
= . (8) 

The fuel cell losses are attributed to three categories: the 
activation loss, the ohmic loss and the concentration losses.  

The voltage drop due to activation loss is dominated by the 
cathode reaction conditions. The relation between the 
activation overvoltage vact and the current density is described 
by the Tafel equation: 
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where, a is a constant and i0, the exchange current density, is 

also a constant. Both constants can be determined empirically. 
For low temperature PEM fuel cell, the typical value of i0 is 
about 0.1 mA/cm2.  

The ohmic loss arises from the resistance of the polymer 
membrane to the transfer of protons and the resistance of the 
electrode and the collector plate to the transfer of electrons. 
The voltage drop that corresponds to the ohmic loss is 
proportional to the current density: 

ohm ohm
v i R= ⋅  (10) 

Rohm (Ω⋅cm2) is the internal electrical resistance. The resistance 
depends strongly on the membrane humidity and the cell 
temperature. 

The concentration loss or concentration overvoltage results 
from the drop in concentration of the reactants as they are 
consumed in the reaction. These losses are the reason for rapid 
voltage drop at high current densities. The voltage drop due to 
concentration losses is given by: 
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where c2, c3 and imax are constants that depend on the 
temperature and the reactant partial pressure and can be 
determined empirically. The parameter imax is the current 
density that causes precipitation voltage drops. 

By combining all voltage drops associated with all the 
losses, the single fuel cell operating voltage can be expressed 
as: 
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where, the open circuit voltage E is given by (7). 
The fuel cell stack comprises multiple fuel cells (n) co-

nnected in series. The stack voltage can be calculated as: 

st fc
v nv= . (13) 

 

III. PEM FUEL CELL SIMULATOR DESIGN 

The proposed PEM fuel cell simulator is composed of two 
parts: the power circuit and the control circuit. To achieve 
appropriate power supplied to the load the digitally controlled 
DC-DC buck converter [17] is proposed as a main power 
circuit. The control is performed by the microcontroller PIC 
16F877 [18]. The microcontroller is connected in the feedback 
loop of the main power stage. This way, the output voltage is 
automatically changed in response to any change in the output 
current in accordance to the V-I polarization characteristics of 
any PEM fuel cells. 

The complete circuit diagram realized with simulation 
program PROTEUS PROFESSIONAL is shown in Fig. 2.    

A. Design of the Power Part – DC-DC Buck Converter 

DC-DC buck converter is realized with MOS-transistor 
switch (SW), diode (D) and LC filter (inductance L and 
capacitance C) that are selected in the following manner    
(Fig. 3.). 

 
Fig. 1.  Graph showing the voltage-current dependence of a typical PEM fuel 
cell. 
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As a main switch the MOSFET IRF 530 has been chosen. 
Its main characteristics are: fast switching characteristics and 
low on-resistance.  

As a diode MUR 860 with low forward voltage drop and 
ultra fast reverse recovery time (trr<60 ns) has been selected. 

In general the output voltage of the DC-DC buck converter 
is independent of the switching frequency [17]. Because the 
AC losses in the DC-DC buck converter are inversely 
proportional to the switching period T, decreasing the period T 
results in decreased size of the filter elements (L and C), but 
increased losses in the switching transistor and, possibly, 
necessity to use larger heat sink to keep the switching 
transistor temperature within desired limits. The optimal 
switching frequency for this type of circuits may vary in the 
range of 20−50 kHz, in order to minimize the switching losses 
in the MOSFET. For this project it is set to 40 kHz.    

The inductance L is chosen in the manner that it is current 
does not become discontinuous before the DC output current 
falls to its specified minimum value, which, in most cases, is 
one tenth the nominal value. The inductor must be designed so 
that it does not saturate at DC current of 1.1Ion. So we have: 
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The capacitance, C, determines the output voltage ripple. 
Because the capacitor is not an ideal one, it has parasitic 
inductance (L0) and resistance (R0) in series with its 
capacitance.  They are characterized as equivalent series 
resistance (ESR) and equivalent series inductance (ESL). The 
influence of the series inductance can be neglected for 
switching frequency below 300 kHz [17]. There are two ripple 
components in the output voltage, one due to R0 and second 
due to C. The ripple component due to ESR is proportional to 
the peak to peak inductor ramp current (I2-I1), and the ripple 
component due to C is proportional to average current value. 
For a capacitor selection, it is necessary to know the value of 
R0 which is given by capacitor manufacturers.  Over a large 
range of voltage ratings and capacitors values, for aluminum 
electrolytic capacitors, the product R0⋅C tends to be constant. It 
ranges from (50−80)⋅10-6 usually.  Let us assume that the 
resistive ripple component is Vrr=0.05 V peak-to-peak. Then 
we may write: 0.05=(I2−I1) ⋅R0=1⋅R0 and R0=0.05Ω. For     
R0⋅C = 50x10-6: 

650 10 / 0.05 1000 µFC
−

= ⋅ =  . (15) 

The capacitive ripple voltage Vcr is: 
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where, the average value of current is (I2-I1)/4=0.25 A. Usually 
the capacitive ripple voltage may be neglected, because it is 
much smaller compared to the ripple voltage due to the 
resistance R0.  

B. Design of the Control Part of the DC-DC Buck 

Converter with Microcontroller PIC 16F877 

The microcontroller PIC 16F877 is used to control the pro-
per work of the DC-DC buck converter. PIC 16F877 contains 
two 10-bit A/D convertors by which the measured analog 
output current and voltage values are converted to digital for 
further processing. The PWM module generates the driving 
pulses for the switching transistor in the power stage. The 
PEM fuel cell polarization V-I characteristic can be either cal-
culated using the relations (5)-(13), obtained by using some of 
the referred simulation models, or measured using a real fuel 
cell. For simplicity, here, the measured curve of a single fuel 
cell, at specified conditions, is implemented in the PIC 
memory. The values should be modified according to the stack 
current and voltage capabilities and the working temperature 
for any particular case. In this case the basic curve is modified 
for simulating the 12V/5A PEM fuel cell stack. 

In accordance to the PEMFC V-I polarization characteristic 
the microcontroller controls the output voltage in the relation 
to the output current. The control algorithm is shown in Fig. 4. 
The microcontroller PIC 16F877 uses a set of 35 instructions 
by which the control process is defined. The control program 
was developed using the simulation program PROTEUS 
PROFESSIONAL [3]. 

Since control circuit is almost always referenced to ground, 
it is necessary to have a gate drive circuit that allows the 
MOSFET to be isolated from the ground. This can be realized 

 
Fig. 2.  Circuit diagram of the realized DC-DC buck converter. 
  

 
Fig. 3.  The basic circuit of the DC-DC buck converter controlled by 
microcontroller. 
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using either optical isolation circuits or pulse transformers. In 
this project the optical isolation (optocoupler 4N25) is used 
(Fig. 5).  

When the current flows through the photo-diode the    
photo-transistor is turned on. Consequently, the gate to source 
voltage rises above the threshold value and the MOSFET is 
turning on.  

The current is measured through the voltage drop across the 
0.1 Ω resistor (R0). The voltage divider may be used to adjust 
the output V-I characteristics of the DC-DC buck converter 
(Fig. 6). This way, by this simulator circuit, different V-I 
characteristics may be realized in order to satisfy PEM fuel 
cell V-I characteristics for different working temperatures or 
pressures. 

 

IV. RESULTS AND DISCUSSIONS 

The extensive experimental investigation of the proposed 
simulator has been performed. Here, some experimental results 
for simulation of a 12V/5A PEM fuel cell are presented.        

The V-I polarization characteristics implemented in the PIC 
memory was obtained by increasing the ideal stack voltage to 
12 V, and the active cell area by 5 (to support the current of    
5 A). These values are multiples of the initial polarization 
characteristics implemented in the PIC memory. This 
characteristic is shown in Fig. 7a). 

 The microcontroller PIC 16F877 is programmed according 
to the block diagram given in Fig. 4. 

The microcontroller PIC 16F877 measures current I0 and 
voltage V0 and with the software, implemented in its memory, 
creates PWM pulses for driving the buck converter. The 
period of the PWM pulses is constant and was chosen to be   
25 µs. The pulse width is controlled by the implemented 
polarization curve and measured values of the output current, 
I0, and voltage, V0. The output voltage varies from 12 V, at 

 

 
Fig. 4.  Block diagram of the control algorithm. 
  

 
Fig. 5.  Part of driving gate circuit realized with optocoupler 4N25. 
  

 
Fig. 6.  Current feedback with voltage divider. 
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Fig. 7.  Polarization V-I curves of a 12V/5A PEMFC: (a) theoretical PEMFC 
curve, (b) experimental results for the realized PEMFC simulator. 
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system idle, to about 5 V, at rated current of 5 A. The 
experimentally attained V-I characteristics, using the proposed 
simulator, are shown in Fig. 7 b). It can be seen that the curves 
presented in Figs. 7a and 7b match very well. 

Using the voltage divider in the current feedback, it is 
possible to obtain very quickly the V-I polarization charac-
teristics for other working temperatures or pressures. An 
example is shown in Fig. 8. 

In comparison with the real PEM fuel cell dynamic cha-
racteristics, the realized simulator has very quick transient 
response. By suitable programming of the microcontroller PIC 
16F877 it is possible to obtain similar transient response which 
will correspond to that of a real PEM fuel cell.   

 

V. CONCLUSION 

The design of a PEM fuel cell simulator based on digitally 
controlled DC-DC buck converter is presented.  The proposed 
simulator can be easily used in design, analyses and realization 
of fuel cell power systems. Due to the digital nature of the 
control system, it is possible to make quick changes to the 
mathematical model, thus avoiding as much as possible 
changes in the system hardware.  

The hardware changes may affect only the power stage, 
especially when larger stuck current and/or voltage have to be 
obtained. The temperature and pressure characteristics can be 
easily implemented in the proposed simulator, either by 
implementing them in the control algorithm or by changing the 
current feedback signal using voltage divider as shown in    
Fig. 6.  

The proposed simulator can also be used to test power 
systems designed to interact with PEM fuel cells, in order to 
prevent stack degradation caused by the electric behavior of 
the system. The foreseen benefits of the proposed simulator 
are also, the ability to work without reagents in a non-
specialized environment, in a reproducible way and with faster 
start-up/turn-off operation.  

The experimental investigations performed on the 12V/5A 
PEM fuel cell simulator have shown very good behavior of the 
proposed system and good match of the simulator output 
characteristics with the real PEM fuel cell polarization curve. 
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Fig. 8.  Obtained V-I characteristics from the realized PEMFC simulator 
with the voltage divider. 
  




