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ABSTRACT 
 

This paper presents the development of a fuel cell dynamic simulator using a programmable DC power supply and 
LabVIEW graphical user interface. The developed simulator closely describes the static and dynamic characteristics of an 
actual proton exchange membrance fuel cell (PEMFC). The experimental results are provided to verify the operation of the 
simulator. The developed simulator can be used as a convenient and economic alternative to an actual fuel cell for 
developing and testing a fuel cell power conditioning system. 
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1. Introduction 
 

A fuel cell is a device capable of converting chemical 
energy into heat and dc electrical energy by means of the 
oxidation of a fuel, usually hydrogen. Because a fuel cell 
makes energy electrochemically, and does not burn fuel, it 
is fundamentally more efficient than combustion systems. 
And it is clean energy, putting little toxic chemicals into 
the air. Therefore, the fuel cell is regarded as an important 
solution to the problems of depleting fossil fuel resources 
and global warming and is expected to be a major source 
of power generation in the near future [1], [2]. 

A fuel cell system is composed of many components for 
operating it such as the fuel cell stack, reformer and 
complex controller. Therefore, there are many difficulties 

in developing fuel cell application systems. As a simple 
alternative to an actual fuel cell system, a fuel cell 
simulator describing electrically the output characteristics 
of the actual fuel cell can be considered. Several studies 
on this topic have been reported [3],[4]. However, these 
systems only replicated the static V-I characteristics of a 
fuel cell. 

Since a fuel cell system has slow dynamic 
characteristics in response to load and hydrogen 
concentration changes, the consideration of fuel cell 
dynamics is very important in developing a fuel cell power 
conditioning system. Therefore, this paper proposes a fuel 
cell dynamic simulator which can replicate the dynamic 
characteristics as well as the static V-I characteristics of a 
fuel cell. The proposed fuel cell simulator consists of a 
programmable DC power supply and a LabView based 
instrumentation and control system. The static and 
dynamic characteristics of an actual proton exchange 
membrace fuel cell (PEMFC) are modeled and 
implemented in the LabView software package with a 
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graphic user interface (GUI). Hence, fuel cell application 
systems such as the fuel cell inverter can be easily 
developed using the proposed simulator. The 
implementation method and experimental results of the 
proposed simulator are presented in this paper. 

 
2. Fuel Cell Characteristics 

2.1 Static V-I characteristics 
The most common way to characterize the 

performances of a fuel cell is a static V-I curve. Fig. 1 
shows the simplified static V-I curve of a typical PEMFC 
stack [6], which describes the steady-state voltages for the 
given output current. 

 

Fig. 1  Static V-I characteristics of a single fuel cell 

The static V-I curve can be obtained by measuring the 
steady-state voltage responses at several current points and 
fitting a curve to the measured data. This curve is 
generally represented as a third-order polynomial given as 
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where V is the fuel cell terminal voltage and I is the fuel 
cell output current. 

 
2.2 Dynamic characteristics for load changes 
The voltage responses to the load changes can be 

represented by using the AC output impedance of the fuel 
cell at the given DC operating point. A simple AC 
equivalent circuit of a fuel cell is given as shown in Fig. 2. 
The circuit parameters can be determined by the 

impedance measurement. The AC output impedance can 
be measured using an impedance analyzer for the output 
terminal of the fuel cell. Fig. 3 shows a typical Bode plot 
for the AC output impedance of the PEMFC. 

 

Fig. 2  AC equivalent circuit model of fuel cell 
 

 

Fig. 3  Bode plot for the AC output impedance of PEMFC 

From this figure, the AC output impedance can be given 
as 
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where K is the DC output impedance which can be 
obtained from the static V-I curve and also defined in the 
equivalent circuit as  
 

a rK R R= +                                  (3) 
 

Hd(s) is the normalized AC output impedance represented 
as 
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The pole and zero of Hd(s) can be obtained from the 

Bode plot for the AC output impedance. 
 
2.3 Dynamic characteristics for changes in 

hydrogen concentration 
The static and dynamic characteristics are changed 

when the hydrogen concentration is changed by the fuel 
cell control system. Fig. 4 shows changes in the static V-I 
characteristics and operating points caused by hydrogen 
concentration changes[4].  

 

Fig. 4  Change of the operating point due to the hydrogen 
         concentration change 

This change is accompanied by a long delay as shown 
in Fig. 5 [1], which can be measured by a frequency 
analysis of the relationship between the hydrogen 
concentration command and the fuel cell output voltage. 
This time delay generally appears with a first order 
behavior, which can be represented as 
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where delayτ  denotes the time constant of the first order 

delay element due to the hydrogen concentration change. 

 
Fig. 5  Time delay of out voltage due to the hydrogen 

concentration changes 

3. Implementation of Fuel Cell Simulator 
 
3.1 Hardware configuration 
Fig. 6 shows the hardware configuration of the 

proposed fuel cell simulator, which consists of the 
programmable DC power supply and the LabView 
environment including the GUI software, data acquisition 
(DAQ) card and signal conditioning module. The output 
current of the programmable DC power supply flowing to 
the equipment under test (EUT) is measured and the 
voltage command to control the power supply is produced 
by the LabView software on the Pentium PC. The variable 
load condition is produced by the programmable 
electronic load connected to the EUT. The hydrogen flow 
rate is changed by the control command generated from 
the fuel cell control system. 

The programmable DC power supply used in the 
proposed simulator has a power rating of 2kW 
(100V/20A). The response time at the transient state is 
2ms for 30% load change. The output voltage of the power 
supply can be adjusted by the remote analog control port. 
The DAQ card and signal conditioning module used are 
the National Instruments PCI-6036E and BNC-2120, 
respectively. The maximum sampling rate of this system is 
200kS/sec. 

 

3.2 Implementation of fuel cell characteristics 
Fig. 7 shows the control block diagram of the proposed 

fuel cell simulator. The operation of this system is 
explained as follows. 

The hydrogen concentration is set by the control input 
from the fuel cell control system and the matched static 
V-I curve is selected. The delay from the control input to 
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the output voltage is considered in the transfer function 
Hc(s). The load current is measured and fed to the analog 
input port and the voltage command is generated using the 
static V-I curve. The output voltage of the programmable 
DC power supply is controlled by the generated voltage 
command. When a load change occurs, the transient 
response can be realized by the transfer function Hd(s). 

 

 

Fig. 6  Hardware configuration of the proposed fuel cell 
simulator 

 

 

Fig. 7  Control block diagram of the proposed fuel cell 
simulator 

The control panel of the proposed fuel cell simulator 
implemented in LabView is shown in Fig. 8. The operating 
point of the fuel cell simulator is displayed in this GUI. Fig. 
9 shows the implemented fuel cell simulator which consists 
of the programmable DC power supply, the LabView based 
controller and GUI, and the electronic load.  
 

4. Experimental Results 
 

To verify the operation of the proposed simulator, the 
experiment is carried out for the various load conditions. 
The coefficients of the static V-I curves for various 
hydrogen concentrations used in the experiment are given 
in Table 1. 

 

Fig. 8  Control panel of the proposed fuel cell simulator 

 
Table 1  Coefficients of static V-I curves for various H2 

concentration 
Concentration

 
Coefficient 

95% 75% 55% 35% 15% 

α3  -0.022 -0.023 -0.024 -0.098 -0.597 

α2  0.407 0.406 0.398 0.817 0.649 

α1  -2.951 -2.941 -2.912 -3.511 -3.021 

α0  50.00 49.27 49.910 49.602 48.705
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Fig. 9  Photograph of implement fuel cell simulator 

The pole and zero of the normalized output impedance 
Hd(s) are given as p π= ⋅2 13 rad/sec and z π= ⋅2 22  rad/sec, 
respectively. The first-order time delay is considered for 
the hydrogen concentration change and the transfer 
function Hc(s) is given as 
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The experimental results for the proposed fuel cell 

simulator are given in Figs. 10 through 14. 
Fig. 10 shows the transient response of the proposed 

simulator under the step load changes. When the output 
current is abruptly changed from 5A to 1A, the output 
voltage slowly increased from 42V to 47V with the 
dynamic characteristics given in Hd(s). Fig. 11 shows the 
transient response of the proposed simulator under the 
hydrogen concentration changes. When the hydrogen 
concentration is changed from 95% to 55% at 10A load 
current, the output voltage is slowly decreased from 40V 
to 35V with the dynamic characteristics given in Hc(s). 

Figs. 12 through 14 show the transient response of the 
proposed fuel cell simulator under the periodic load 
changes, where the load current varies sinusodally with 
the amplitude of 4A and frequencies of 1Hz, 5Hz and 
20Hz, respectively. Since the pole and zero of the output 
impedance Hc(s) are located at 13 and 22Hz, respectively, 
the load changes at the low frequency (below 10Hz) 
dominantly affect the voltage output. It is shown that the 
load current change directly affects the shape of the output 
voltage waveform. 

It is shown from the experimental results that the 
proposed fuel cell simulator replicates the static and 
dynamic characteristics of the PEMFC well. 

 

 

Fig. 10  Transient response of the proposed simulator under the 
load changes 

 
 

 

Fig. 11  Transient response of the proposed simulator under the  
hydrogen concentration changes 
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Fig. 12  Transient response under 1Hz sinusoidal load change 

 

 

Fig. 13  Transient response under 5Hz sinusoidal load change 
 

 

Fig. 14  Transient response under 20Hz sinusoidal load change 

5. Conclusions 

In this paper, a fuel cell dynamic simulator, which 
replicates static and dynamic characteristics, has been 
developed using a programmable DC power supply and 
LabView GUI software. The proposed fuel cell simulator 
provides more accurate representation of the fuel cell 
characteristics by considering the dynamic characteristics 
of the load and hydrogen concentration changes. Since the 
developed fuel cell simulator is implemented by LabView 
GUI software, the characteristics of various types of fuel 
cells can be easily customized by inputting the fuel cell 
data. Therefore, the proposed fuel cell simulator can be 
used as a convenient alternative to an actual fuel cell 
system in developing and testing fuel cell power 
conversion systems. 
 
 

Acknowledgment 

This work was financially supported by MOCIE 
through the IERC program. 

 

References 
 
[1] J. Larminie and A. Dicks, Fuel Cell Systems Explained, 

John Wiley & Sons, England, 2000. 
[2] M. W. Ellis, M. R. Von Spakovsky, D. J. Nelson, “Fuel 

cell systems: efficient, flexible energy conversion for the 
21st century”, Proc. IEEE, vol. 89, no. 12, pp. 1809-1818, 
Dec., 2001. 

[3] Dachuan Yu and S. Yuvarajan, "A Novel Circuit Model 
for PEM Fuel Cell", Proc. IEEE APEC 2004, pp. 362-366, 
2004. 

[4] Prabha Acharya, Prasad Enjeti "An Advanced Fuel Cell 
Simulator", Proc. IEEE APEC 2004, pp. 1554-1558,  2004. 

[5] W. Choi, P. N. Enjeti, and J. W. Howze, “Development of 
an equivalent circuit model of a fuel cell to evaluate the 
effects of inverter ripple current”, Proc. IEEE APEC 2004, 
pp. 355-361, 2004. 

[6] C. Wang, M.H. Nehrir, and S.R. Shaw, “Dynamic Models 
and Model Validation for PEM Fuel Cells Using Electrical 
Circuits”, IEEE Transactions on Energy Conversion, vol. 
20, no. 2, pp. 442-451, June, 2005. 



342                           Journal of Power Electronics, Vol. 7, No. 4, October 2007 
 
 

Jeong-Gyu Lim was born in Jinju, Korea in 
1977. He received the B.S. and M.S. degrees 
in Control and Instrumentation Engineering 
from Gyeongsang National University, 
Korea, in 2003 and 2005, respectively. He is 
currently working toward the Ph.D. degree at 

the same university. His research interests are in areas of DC/DC 
converters, LED back light units and power electronics 
integration. Mr. Lim is a Member of the KIPE. 
 

Se-Kyo Chung was born in Daegu, Korea, 
on November 26, 1966. He received the B.S. 
degree in Electronics Engineering from 
Kyungpook National University, Daegu, 
Korea, in 1989 and the M.S. and Ph.D. 
degrees in Electrical Engineering from the 

Korea Advanced Institute of Science and Technology (KAIST), 
Daejeon, Korea, in 1992 and 1997, respectively. Since 1997, he 
has been with the Department of Control and Instrumentation 
Engineering, Gyeongsang National University, Gyeongnam, 
Korea, where he is an Associate Professor and Researcher at the 
Engineering Research Institute. He was a Visiting Professor at 
the Electric Power Control Laboratory, Kyushu Institute of 
Technology, Kitakyushu, Japan, from 1999 to 2000 and a 
Visiting Scholar at Texas A&M University, College Station, TX, 
in 2002. His research interests include ac motor drives, switching 
power converters, power electronics integration, and analog and 
digital control ICs for power management systems. Dr. Chung is 
a Member of the KIPE, KIEE, and IEEE. 


	Implementation of a Fuel Cell Dynamic Simulator
	ABSTRACT
	1. Introduction
	2. Fuel Cell Characteristics
	3. Implementation of Fuel Cell Simulator
	4. Experimental Results
	5. Conclusions
	Acknowledgment
	References


