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Advanced Interchangeable Dynamic Simulation Model for the  
Optimal Design of a Fuel Cell Power Conditioning System 

 
 

Jong-Soo Kim*, Gyu-Yeong Choe*, Byoung-Kuk Lee† and Jae-Sun Shim** 
 

Abstract – This paper presents an advanced dynamic simulation model of a proton exchange mem-
brane fuel cell for the optimal design of a fuel cell power conditioning system (FC-PCS). For the de-
velopment of fuel cell models, the dynamic characteristics of the fuel cell are considered, including its 
static characteristics. Then, software fuel cell simulation is realized using Matlab-Simulink. Specifi-
cally, the design consideration of PCS (i.e., power semiconductor switch, capacitor, and inductor) is 
discussed by comparatively analyzing the developed simulator and ideal DC source. In addition, a co-
simulation between the fuel cell model and PCS realized using the PSIM software is performed with 
the help of the SimCoupler module. Detailed analysis and informative simulation results are provided 
for the optimal design of fuel cell PCS. 
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1. Introduction 
 
The growing concerns about environmental pollution 

and energy shortages have made renewable technologies an 
attractive option. Fuel cell technology can play an active 
role in meeting the growing demands for renewable energy. 
Therefore, a fuel cell power conditioning system (FC-PCS) 
that convert unregulated DC source to regulated AC is nec-
essary. Designers should understand the characteristic of 
the source for the optimal design of PCS because a fuel cell 
has inherent nonlinear and dynamic characteristics result-
ing from electrochemical reactions (Fig. 1); that is, the dif-
ference between the output characteristic of the fuel cell 
and the DC source should be considered in PCS designs. 
Without this consideration, development of PCS with high 
performance and efficiency is impossible [1]-[3].  

Until now, the modeling of the fuel cell stacks is per-
formed through various methods in order to understand 
fuel cell characteristics. The electrical impedance model 
for fuel cells using passive components like resistors, in-
ductors, and capacitors is explored [4], [5]. In advanced 
methods, the electrical circuit model using bipolar junction 
transistors, diodes, inductors, and capacitors based on 
Pspice is performed [6]. Using computational fluid dynam-
ics (CFD) with highly complicated electrochemical and 
mechanical equations, the internal and external characteris-
tics of the fuel cell stack are modeled in different ways [7]. 
Some studies derived a steady-state equation for the dy-
namic behavior of the fuel cell using complicated electro-

chemical equations [8], [9]. Even though these models suf-
ficiently reflected the characteristics of the fuel cell itself, 
analyzing the PCS for fuel cell power generation system 
based on these models is difficult because fuel cell and the 
PCS are analyzed separately [9], [10].  

This paper presents an advanced dynamic simulation 
model of a proton exchange membrane fuel cell (PEMFC) 
that can be used interchangeably in the simulation of the 
PEMFC and PCS for optimal FC-PCS design. For this pur-
pose, the authors structurally summarized the complicated 
electrochemical equations from the viewpoint of power 
electronics point of view and its application in PCS design. 
The nonlinear characteristics of the PEMFC are mathe-
matically modeled and the transient voltage dynamics is 
explored. The feasible dynamic simulation model is then 
implemented using Matlab-Simulink®. Next, the method-
ologies are theoretically analyzed according to an ideal DC 
source and PEMFC source, and the PCS simulation model 
is carried out via the PSIM simulation program. Co-
simulation between PEMFC and PCS is performed using 
the developed simulation model rather than the ideal DC 
source via the SimCoupler module provided by PSIM. The 
validity of the developed model is verified by the results 
from simulation. 

 
 

2. Fuel Cell Dynamics Model 
 

2.1 Fuel Cell Modeling [10], [11] 
 
The chemical energy influencing the fuel cell output is 

explained by the Gibbs free energy. The theoretical maxi-
mum voltage is 1.229 V and determined by open circuit 
voltage (OCV) if the reaction is reversible. 
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Fig. 1. Dynamic characteristics of the PEMFC system for a 
series of input step changes [10]. 

 
The theoretical fuel cell voltage at the irreversibility is 

determined by temperature and partial pressure of hydro-
gen, oxygen, and water; this can be calculated by the 
Nernst equation, as in (1): 
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where E0 is reversible cell voltage, R is the gas constant 
(8.3144 J/mol K), T is temperature in Kelvin (K), F is 
Faraday’s constant (96,485 C/mol), and P is the partial 
pressure of the corresponding gases. 

The actual fuel cell voltage is always lower than the 
OCV due to irreversible voltage losses, corresponding to 
activation, ohmic, and concentration, as expressed by Eqs. 
(2) to (4). Therefore, about half of the OCV appears under 
the rated load condition. 
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where α is the transfer coefficient; n is the number of elec-
trons per reacting ion or molecule; io is the exchange cur-
rent density; i is the current density; RT is for ri+re+rc;  ri 
is the ionic resistance; re is the electronic resistance; rc is 
the contact resistance; and iL is the limit current density. 

Exchange current density, one of the important factors in 
the efficiency of fuel cells, is proportional to the catalyst, 
catalyst area, electrode area, partial pressure of reactants, 
temperature, and activity energy. It can be derived as follows: 
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      (5) 

where Io
ref is the reference exchange current density at ref-

erence temperature and pressure based on actual catalyst 
surface area; ac is the catalyst specific area (cm2/mg); Lc is 
the catalyst loading (mg/cm2); γ is the reaction order with 
respect to the reactants; Pr is the reactant partial pressure; 
Pr

ref is the reference pressure; Ec is the activation energy, 
and Tref is the reference temperature.  

Consequently, the operating voltage of the PEMFC stack 
corresponds to OCV minus three polarizations. Addition-
ally, the temperature, catalyst, and pressure according to 
mass flow exchange should be ensured when determining 
the output characteristic. Overall operating voltage of the 
PEMFC can be derived as   
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where in is the internal current; P is the partial pressure, 

and the replacement notations are ,
RT RT

A B
nF nF

  . 

A fuel cell manifests a dynamic “charge double layer” 
phenomenon. This characteristic can be represented by an 
electrical equivalent model, as shown in Fig. 2 [11]. This 
phenomenon details the incurring potential differences 
caused by accumulating hydrogen ions and electrons on 
both sides of the electrolyte while accumulating the mini-
mum responsive gas density. The respective voltage loss 
and time constant due to the phenomenon can be derived as 

 
)/()/(/ ccdyc vCidtdv                (7) 

  iVVCRC conactcdyacdy /)(           (8) 

 
where vc is the voltage loss due to the charge double layer; 
Ccdy is the equivalent capacitance;   is the time constant; 
Ra is the sum of the activation polarization resistance and 
the concentration polarization resistance; Vact is the activa-
tion polarization; Vcon is the concentration polarization. 

Consequently, the fuel cell stack voltage (Vstack) can be 
expressed as  

 

cohmicstack vVEV               (9) 

 
where Vohmic is the ohmic polarization. 

The physical delay in the mechanical balance of plant 
(MBOP) system would cause a rapid drop in fuel cell out-
put voltage. Increasing the load leads to higher current. In 
addition, the denser the gas, the higher the current becomes. 

If the load is increased slowly or if the gas is supplied 
quickly to the fuel cell stack, the drop in voltage can be 
negated. However, in systems with large capacity and fre-
quent load variations, physical friction resistance could 
lead to delays in gas flow, followed by a drop in output 
power. Consequently, the PEMFC undergoes sudden volt-
age drops, as well as nonlinear characteristics, due to  
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(b) 

Fig. 3. Charge double layer of a fuel cell: (a) equivalent model at the surface of a fuel cell cathode; (b) electrical equivalent 
circuit of a unit cell. 
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Fig. 2. Charge double layer in a fuel cell: (a) equivalent 
model at the surface of a fuel cell cathode; (b) elec-
trical equivalent circuit of a unit cell. 

 
electrochemical reaction. The magnitude of voltage drop 
fully depends on the type of fuel cells, physical condition 
of the balance of plant, MBOP geometric shape (function, 
length, and width of the gas supply system), fuel supply 
method, and amount of power variation. For these reasons, 
the voltage drops could not be standardized constantly due 

to the differences in the fuel cell design. For example, for 
the Ballard NEXA 1.2 kW PEMFC, about 15 V of fuel cell 
voltage is instantaneously decreased from 0 to 300 W load 
step change. Therefore, we adopted the RC first-order time 
delay function in order to realize a more flexible and dy-
namic characteristics: 

 

 /1 t
cellV A e                   (10) 

 
2.2 Fuel Cell Dynamic Simulation Model using Mat-

lab-Simulink 
 
Based on the electrochemical equations above and the 

effect of MBOP, the PEMFC dynamic simulation model is 
realized using Matlab-Simulink, as shown in Fig. 3(a). 
based on the dynamic characteristics, the magnitude of the 
voltage drop and rising time fully depends on the physical 
conditions of BOP, MBOP geometric shape (e.g., function,  
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length, and width of the gas supply system), fuel supply 
method, and the amount of power variation. For these rea-
sons, they could not be standardized constantly due to the 
differences in fuel cell design. Therefore, the proposed 
dynamic model should include changeable parameters for a 
specific fuel cell stack. Fig. 3(b) shows the block diagram 
of the developed dynamic model. The developed model 
provides that the voltage drop and recovery times, based on 
load variations, could be adjusted by the user. The detailed 
parameters for the developed simulation model are listed in 
Table 1. 

 
Table 1. Simulation parameters for fuel cell model [11] 

Parameters Symbols Value [unit] 

Nernst voltage E 1.229 [V] 

Internal current density in 2 [mA/cm2] 

Resistance r 0.1 [ohm/cm2] 

Gas constant R 8.3144 [J/mol K] 

Temperature T 343.15 [K] 

Faraday’s constant F 96,485 [C/mol]  

Exchange current density iec 0.0017 [mA/cm2] 

Number of cells N 48 

Equivalent internal resistance Ra 0.1 [ohm/cm2] 

Capacitance of charge double layer Ccdy 0.6 [F] 

 
2.3 Verification of Dynamic Fuel Cell Model 

 
To verify the developed dynamic simulation model, nu-

merous simulations based on the performance indexes are 
performed. Fig. 4(a) shows the variations in cell voltage in 
terms of transfer coefficient. The transfer coefficient is 
inversely proportional to the activation polarization; there-
fore, the cell voltage is increased. The variations in activa-
tion polarization in relation to the exchange current densi-
ties are depicted in Fig. 4(b). Note that the higher the ex-
change current density, the higher the cell voltage increases. 

As shown in Figs. 4(a) and 4(b), the transfer coefficient 
and exchange current density extensively affects activation 
polarization. Fig. 5(a) shows the effect of internal resis-
tance; voltage drop increases as internal resistance is in-
creased. The effect of the limit current density is presented 
in Fig. 5(b); the limit current density is inversely propor-
tional to the output current of the PEMFC. 
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(a)                          (b) 

Fig. 4. Output voltage characteristics of PEMFC according 
to performance indexes: (a) effect of transfer coef-
ficient; (b) effect of exchange current. 
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Fig. 5. Output voltage characteristics of PEMFC according 
to performance indexes: (a) effect of internal resis-
tance; (b) effect of limit current density. 

 
As implied by the simulation results, among the three 

polarizations, the activation polarization and ohmic polari-
zation greatly affect cell voltage. The concentration polari-
zation affects the maximum cell current.  

Fig. 6 shows the power and cell voltage in relation to the 
partial pressures of oxygen, hydrogen, and water. The limit 
and exchange current density is proportional to the partial 
pressures. Hence, the output power of the PEMFC changes 
according to partial pressure. All simulation results agree 
with the theory presented in literature. 

The simulation results of the dynamic characteristic of 
the PEMFC in terms of input step changes are depicted in 
Figs. 7(a)-(d). The left-side waveforms in Figs. 7(a), (b), 
and (c) are experimental results for the 1.2 kW Ballard 
NEXA PEMFC DC converter when load is varied from no 
load to 100 W, 200 W, and 300 W conditions, respectively. 
The right-side waveforms in Figs. 7(a), (b), and (c) are the 
simulation results of the developed dynamic PEMFC 
model under identical conditions. The simulation results of 
the developed PEMFC model agree well with experimental 
results in terms of voltage drop and recovery time. Fig. 
7(d) shows the entire dynamic process of the PEMFC for a  

 

0 100 200 300 400 500 600 700 800 900 1000
0

10

20

30

40

50

60

70

Current density (mA/cm2)

S
ta

ck
 v

ol
ta

ge
 (

V
) 

 &
  

P
ow

er
 (

W
)

Stack Voltage & Power

V1, @P=1
V2, @P=0.9
P2, @P=0.9
V3, @P=0.8
P3, @P=0.8

V4, @P=0.7
P4, @P=0.7

V5, @P=0.6
P5, @P=0.6
V6, @P=0.5
P6, @P=0.5
P1, @P=1

 

Fig. 6. Output voltage characteristics of PEMFC according 
to partial pressure. 
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(d) 

Fig. 7. Dynamic phenomena with experimental and simula-
tion result with the developed model: Experimental 
and simulation results of PEMFC at (a) 100W, (b) 
200W, and (c) 300W; (d) dynamic characteristic of 
PEMFC for a series of input step changes. 

 
series of input step changes in time-domain using the de-
veloped PEMFC simulation model. These voltage drops 
and recovery times varies by fuel cell type, fuel supply, and 
MBOP characteristics. The developed model is designed to 
adjust voltage drops and recovery time by using controlla-
ble parameters. 

 
 

3. Design Considerations for Fuel Cell PCS 
 
For optimal FC-PCS design, voltage variation resulting 

from slow dynamics of the PEMFC should be considered 

because this variation has direct influence on the duty ratio 
of a DC-DC converter. In this section, comparative analy-
sis is performed for the ideal DC source and the developed 
PEMFC source. For analysis of the FC-PCS, a boost DC-
DC converter is adopted. 

 
3.1 Comparative Analysis with Duty Ratio Variation 

 
Fig. 8(a) shows a step-up-type boost converter circuit, 

while Fig. 8(b) shows the inductor current with the ideal 
DC source. The duty ratio of a boost converter with the 
ideal DC source could be derived as the inductor’s flux-
linkage balance at a steady state. This is expressed as  
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Fig. 8. (a) The boost DC-DC converter topology with ideal 
DC source. (b) Inductor current with the ideal DC 
source. 

 
In contrast, when the PEMFC source is applied instead 

of the ideal DC source, the duty ratio of a boost converter 
is increased because of the dynamic characteristic of the 
PEMFC (i.e., sudden voltage drop and slow recovery). 
Therefore, the duty ratio of Eq. (11) is modified: 
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where Vfc,r is the PEMFC voltage at the rated power and 
Vdd is the voltage drop due to fuel cell dynamics. 

 
3.2 Inductor Design 

 
By applying the PEMFC source to the boost converter, 

the rising slope of the inductor current is reduced as de-
rived by (13), and falling slope is increased as derived by 
(14). Thus, the overall current fluctuations are reduced; that 
is, the inductance used in the boost converter for PEMFC 
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matches that of the general boost converter. The detailed 
inductor current waveform is depicted in Fig. 9. 
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3.3 Design of Switch and Diode 

 
Fig. 10 represents the switch current with the PEMFC 

source. The switch current is identical to the recovery pe-
riod of the inductor current, such that it can be derived as 
follows:  
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The switch current is additionally increased due to the 

dynamics of the PEMFC. The big current variations results 
in big temperature variations at the semiconductor junction, 
such that the lifetime of the switch is decreased because of 
thermal aging at the junction.  

Therefore, a reasonable margin of current capacity for 
the switch is required for the precise calculation of power 
dissipation and thermal management. 

 

 

Fig. 9. Inductor current of the PEMFC source. 
 

 

Fig. 10. Switch current of the PEMFC source. 
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Fig. 11. Diode current of the PEMFC source. 
 
The switch voltage across the drain and source for a 

metal-oxide–semiconductor field-effect transistor (MOSFET) 
is the sum of the output voltage of the boost converter and 
the voltage variation due to stray inductance (Ls). It can be 
expressed as 

 
'

' Ls
DS o s

di
V V L
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                  (16) 

 
Assuming that the stray inductance in the circuit is iden-

tical to that of the FC-PCS, the voltage variation term 
(Ls(diLs/dt)) increases because of a higher current variation 
(diLs/dt) in relation to voltage drop. Accordingly, consider-
ing higher diLs/dt, the voltage margin of the switch should 
not exceed the reverse bias safety operation area (RBSOA). 

The diode current is identical to the trough of the induc-
tor current. Hence, it can be derived as  

 

,max
,max '

min 21
o

D

I i
I

D


 


               (17) 

 
Fig. 11 shows the diode current variation with PEMFC 

source. Similar to the switch design, the voltage and cur-
rent rating of the diode are reflected based on reasonable 
margin.  

 
3.4 Capacitor Design 

 
The AC components of the diode current transform into 

the charging and discharging currents of the capacitor; that 
is, the capacitor ripple current is increased by the PEMFC, 
unlike in the ideal DC source to the boost converter. Equa-
tion (18) and Fig. 12 are the capacitor current equation and 
waveform, respectively.  
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Fig. 12. Capacitor current of the PEMFC source. 
 
 

4. Simulation Verification 
 

4.1 Advanced Interchangeable Dynamic Simulation 
Model 

 
To verify the validity of the developed dynamic simula-

tion model and the theoretical analysis of the optimal de-
sign methodology for the FC-PCS, computer simulation is 
performed using the developed PEMFC model in Section 
II. For the PCS topology, a voltage-fed full-bridge DC-DC 
converter and a single-phase unipolar sinusoidal pulse 
width modulation DC-AC inverter with 1 kW are adopted. 
The power electronics topology and control algorithm are 
determined by using the PSIM simulation program. The 
interchangeable simulation by using Matlab-Simulink and 
PSIM is then performed in order to analyze the exact phe-
nomena with the help of SimCoupler module in PSIM. The 
simulation parameters are detailed in Table 2. Fig. 13 
shows the block diagram of the PCS topology and the con-
trol algorithm. 

Fig. 14 shows the block diagram of the advanced inter-
changeable dynamic simulation model. The PEMFC dy-
namic simulation model using Matlab-Simulink and the  

 

 

Fig. 13. Block diagram for PCS topology and control algo-
rithm. 

Table 2. PCS Simulation Parameters 

Parameters 
Value  

for converter 
Value  

for inverter
Unit 

Rated power 1200 1200 W 

Input voltage 26-42 380 Vdc 

Output voltage 380 220 Vdc/Vac 

Output current 3.16 5.45 Adc/Aac 

High frequency TR 3:36 - turn ratio 

DC link capacitor 1500 1500 uF 

LC filter 3 / - 3 / 20 mH/uF 

Switching frequency 60 10 kHz 

 

In Link Node

Out Link Node

PEMFC Model
[Matlab Simulink]

Power Conditioning System
[PSIM]  

Fig. 14. Block diagram of advanced interchangeable  
dynamic simulation model. 

 
PCS using PSIM are interconnected through the “SLINK_IN” 
and ”SLINK_OUT” elements in the PSIM. The output 
voltage of the PEMFC from the Matlab-Simulink is con-
nected to the input of the PCS in the PSIM, and the output 
current of the PCS returns to the PEMFC model using a 
scaled current density (A/cm2). To execute interchangeable 
simulation, the “cct” file for the netlist of the PSIM is gen-
erated by operating the “Generate Netlist File.” The gener-
ated cct file is linked to the Matlab-Simulink through a 
SimCoupler module, and the “Time step” and “Total time” 
in Matlab-Simulink and PSIM is synchronized with each 
other. A “solver” of the Matlab-Simulink, “ode5 (Dor-
mand-Prince),” is selected [12],[13]. 

 
4.2 Simulation Results 

 
The converter output voltage, inverter output voltage, 

and inverter current when the existing ideal DC source is 
applied are shown in Fig. 15(a). The input voltage is con-
stant even though the output power is suddenly changed; 
however, it could not reflect the actual phenomena. For the 
PEMFC source, Fig. 15(b) presents the input voltage ex-
change, up to maximum of 6.8 V, according to the load step 
change under identical conditions. It can be regulated by 
tuning the range of voltage exchange. 

Figs. 16(a) and 16(b) represent the exchange of switch-
ing duty ratio of the DC-DC converter. As mentioned in the 
theoretical analysis, a sufficient consideration of the cur-
rent stress caused by duty increase is required during FC-
PCS design. 

Figs. 17(a) and 17(b) represent the variations in duty ra-
tio due to the dynamic characteristic of the PEMFC. Fig. 
17(a) shows the voltage dynamics of the PEMFC with a 20 V  
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Inverter Output Voltage [V] & Current [A]
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(b) 

Fig. 15. Simulation waveforms according to load variation. 
(a) using ideal DC source and (b) using developed 
PEMFC source. 

 

Imax=42A
Irms=28.5A

Duty ratio=0.34

 
(a) 

 
Im ax=46A

Irm s=35.3A
Duty ratio=0.45

 
(b) 

Fig. 16. Duty ratio according to load variation (a) using 
ideal DC source and (b) using proposed PEMFC 
source. 

 
(a) 

 

 
(b) 

Fig. 17. Duty ratio variation (a) under 20 V of voltage deep 
and 30 ms of recovery time, and (b) under 25 V of 
voltage deep and 300 ms of recovery time. 

 
voltage drop and 30 ms recovery time at the load step 
change from 0 to 300 W. As a result, duty ratio varies from 
0.6 to 0.75. However, this does not seriously affect the duty 
ratio because of fast recovery time. On the other hand, Fig. 
17(b) represents the voltage dynamics at 25 V voltage drop 
and 300 ms recovery time under identical conditions, as in 
Fig. 17(a). Before PEMFC voltage recovers to a steady 
state, the duty ratio varies from 0.6 to 0.78, mainly due to 
bigger voltage drop and longer recovery time. Hence, rela-
tively higher stress is applied to the passive and active de-
vices in the FC-PCS. 

Fig. 18 shows the practical PCS simulation schematic, 
including stray inductance in the circuit, and the parasitic 
capacitance of the MOSFET. Figs. 19(a) and 19(b) illus-
trate the voltage overshoot of the MOSFET when applied 
with the ideal DC source and the PEMFC model, respec-
tively. When the PEMFC is applied to the PCS, the voltage 
stress increases by about 120% compared with those apply-
ing the ideal DC source; this is due to the higher diLs/dt. 

 

Practical Converter Model  

Fig. 18. Practical PCS simulation model. 
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(a) 

 

 
(b) 

Fig. 19. Switch voltage waveform at transient conditions 
(a) under the ideal DC source and (b) under the 
proposed PEMFC source. 

 
 

5. Conclusion 
 
In this paper, for the optimal design of the FC-PCS, dy-

namic characteristic modeling and a software simulation of 
the PEMFC are implemented using Matlab-Simulink. The 
PCS simulation model is also conducted using PSIM, 
which offers advantage when used for circuit analysis. An 
advanced interchangeable simulation model is then per-
formed using a SimCoupler module in PSIM to analyze the 
exact mechanism in the FC-PCS resulting from the 
PEMFC dynamics. Comparative analysis is performed for 
the ideal DC source and the modeled PEMFC source. 
Through the developed co-simulator, it is expected that it 
could be fully utilized for optimal design of FC-PCS, such 
as in thermal age forecasting of the switch and the diode, 
analysis of transient conditions, forecasting of capacitor 
lifespan, optimal design of controller and compensator, 
among many others. 

 
 

References 
 

[1] Y. Sampath, A. Davari, A. Feliachi and T. Biswas, 
“Modeling and simulation of the dynamic behavior of 
a polymer electrolyte membrane fuel cell,” J. of 
Power Sources, Vol. 124, pp. 104-113, 2003. 

[2] G. Y. Choe, J. S. Kim, H. S. Kang, B. K. Lee and W. Y. 
Lee, “Proton Exchange membrane fuel cell (PEMFC) 
modeling for high efficiency fuel cell balance of plant 
(BOP),” IEEE ICEMS 2007, pp. 271-276, 2007. 

[3] J. S. Kim, G. Y. Choe, B. K. Lee, D. S. Oh, J. W. Kim 
and J. S. Shim, “Optimal Design Methodology for 
FC-PCS using Fuel Cell Simulator,” IEEE INTELEC 
2009, pp. 1-6, 2009. 

[4] W. J. Choi, J. W. Howze, P. Enjeti, “Development of 
an equivalent circuit model of a fuel cell to evaluate 
the effects of inverter ripple current,” J. of power 
sources, 158, pp. 1324-1332, 2006  

[5] M. J. Khan, M. T. Iqbal, “Modeling and analysis of 
electro-chemical, thermal, and reactant flow dynam-
ics for a PEM fuel cell system,” Fuel cells 05, Vol. 5, 
Issue 4, pp. 463-475, 2005 

[6] D. Yu, S. Yuvarajan, “A novel circuit model for PEM 
feul cells,” IEEE APEC2004, Vol. 1, pp. 362-366, 
2004. 

[7] D. Natarajan, T. V. Nguyen, “Three-dimensional ef-
fects of liquid water flooding in the cathode of a PEM 
fuel cell,” J. of Power Sources, Vol. 115, pp. 66-80, 2003. 

[8] L. Y. Chiu, B. Diong, R. S. Gemmen, “An Improved 
Small-Signal Model of the Dynamic Behavior of 
PEM Fuel Cell,” IEEE Trans. Ind. Appl., Vol. 40, Is-
sue 4, pp 970-977, July-Aug. 2004. 

[9] J. M. Correa, F. A. Farret, L. N. Canha, M. G. Simoes, 
“An Electrochemical-based fuel-cell model suitable 
for electrical engineering automation approach,” 
IEEE Trans. Ind. Electron., Vol. 51, No.5, pp. 1103-
1111, 2004. 

[10] J. T. Pukrushpan, A. G. Stefanopoulou, H. Peng, 
“Control of Fuel cell Power Systems,” Springer. 

[11] J. Larminie and A. Dicks, Fuel Cell Systems Ex-
plained, 2nd ed., Wiley, 2003, pp. 17-59. 

[12] MATLAB, Simulink® User manual. 
[13] PSIM User’s Guide, Version 6, 2003. 

 
 
 
 

 
Jong-Soo Kim received his M.S. de-
gree in Electrical Engineering from 
Sungkyunkwan University, Suwon, 
Korea, in 2008. Since 2008, he has 
worked for his Ph.D. in Electrical En-
gineering at Sungkyunkwan University. 
His research interests include eco-
friendly vehicle technologies, power 

conditioning systems for renewable energy, and PM motor 
drives. 

 
 
 

 
Gyu-Yeong Choe received his M.S. 
degree in electrical engineering from 
Sungkyunkwan University, Suwon, 
Korea, in 2008. Since 2008, he has 
worked for his Ph.D. in Electrical En-
gineering at Sungkyunkwan University. 
His research interests include renew-
able energy source modeling, renew-

able energy hybrid systems, battery chargers for PHEV/EV, 
and interleaved DC-DC converters. 



Advanced Interchangeable Dynamic Simulation Model for the Optimal Design of a Fuel Cell Power Conditioning System 570 

Byoung-Kuk Lee received his B.S. 
and  M.S. degrees in Electrical Engi-
neering from Hanyang University, 
Seoul, Korea, in 1994 and 1996, re-
spectively, and his Ph.D. from Texas 
A&M University, College Station, TX, 
USA in 2001.  
In 2003 to 2005, he has been a Senior 

Researcher at the Power Electronics Group, KERI, 
Changwon, Korea. In 2006, he joined the School of Infor-
mation and Communication Engineering, Sungkyunkwan 
University, Suwon, Korea, as an Assistant Professor. His 
research interests include electric vehicles, sensorless 
drives for high-speed PM motors, power conditioning sys-
tems for renewable energy, modeling and simulation, and 
power electronics. 
Prof. Lee is a recipient of the Outstanding Scientists of the 
21st Century from IBC and is listed in the 2008 62nd edition 
of “Who’s Who in America” and in the 2009 26th edition of 
“Who's Who in the World.” Prof. Lee is an Associate Edi-
tor in the IEEE Transactions on Industrial Electronics and 
an IEEE Senior Member. 

Jae-Sun Shim received his B.S. and 
Ph.D. degree in Electrical Engineering 
from Sungkyunkwan University, Su-
won, Korea, in 1973 and 1989, respec-
tively, and his M.S. in Electrical Engi-
neering from Dankook University, 
Seoul, Korea, in 1979. 
He has been with Kangwon National 

University at Samcheok, Samcheok, Korea, as professor in 
the Department of Electrical Engineering since 1975. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1800
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1800
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1800
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


