
 
Article citation info:  

Czarnigowski J, Skiba K, Kida M, Jakliński P. Simple dynamic model of a PEM-type fuel cell. Combustion Engines. 0000;XXX(X):xx-

xx. https://doi.org/10.19206/CE-207423 

COMBUSTION ENGINES, 0000;XXX(X) 3  

Jacek CZARNIGOWSKI   
Krzysztof SKIBA  

Marek KIDA  

Piotr JAKLIŃSKI  

 

 
Polish Scientific Society of Combustion Engines 

 

 

Simple dynamic model of a PEM-type fuel cell 
 
ARTICLE INFO  This paper presents a heuristic zero-dimensional model of a PEM-type fuel cell including dynamic states. The 

model is based on the static energy characteristics of the cell as a function of the voltage generated from the 

current drawn from the cell. The model was supplemented with a module of inertia under load change and the 

cleaning process. The phenomenon of cell efficiency decrease under the influence of water accumulation on the 
cathode side and purging of the cell, controlled by purging and short-circuiting, was also taken into account. 

The simulation and research results for the Horizon 300 W fuel cell are shown. Measurements and simulations 

were compared to demonstrate the model's high accuracy. 
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1. Introduction 
With the growing challenges of climate change, deple-

tion of fossil fuel resources, and the need to reduce green-

house gas emissions, the development of renewable energy 

technologies is becoming one of the key directions for 

research and technological innovation. Hydrogen, as a clean 

and high-energy fuel, is becoming increasingly important in 

the context of the energy transition. Its use in fuel cells, 

which enable emission-free conversion of chemical energy 

into electricity, is a promising alternative to conventional 

energy technologies. 

Today, the European Union is pursuing its declared hy-

drogen strategy to achieve climate neutrality by 2050 [14, 

22]. Hydrogen, especially so-called green hydrogen (pro-

duced using renewable energy sources), plays a key role in 

this transition. The strategy, also adopted by the member 

countries [23], includes the following actions [14]: 

1. Increasing the share of hydrogen in the energy sources. 

Currently, hydrogen accounts for only about 2% of the 

EU's energy consumption, with most of it coming from 

fossil fuels. The Union's objective is to significantly in-

crease the share of low-carbon hydrogen, primarily 

green hydrogen, in total energy consumption. 

2. Green hydrogen development. The EU is emphasising 

the development of green hydrogen, which produces no 

CO₂ emissions. Although its production is currently 

more expensive than grey or blue hydrogen, the strategy 

includes investment in RES-powered electrolysers, re-

ducing production costs through technology scaling, and 

support for research and innovation in electrolysis pro-

cess efficiency. 

3. Hydrogen applications in industry and transport. Hy-

drogen is expected to replace fossil fuels in sectors dif-

ficult to decarbonise, such as steel and chemical indus-

tries, heavy transport (trucks, railways, ships), energy 

storage, and grid stabilization. 

4. Integration of energy systems. Hydrogen to act as an 

energy carrier and store, enabling seasonal integration 

of RES (e.g. surplus energy from photovoltaics in sum-

mer can be converted to hydrogen and used in winter). 

5. Integration of energy systems. Hydrogen to act as an 

energy carrier and store, enabling seasonal integration 

of RES (e.g. surplus energy from photovoltaics in sum-

mer can be converted to hydrogen and used in winter). 

Fuel cells are being considered as one of the key techno-

logical solutions [22]. Fuel cells, and in particular Proton 

Exchange Membrane Fuel Cell (PEMFC) hydrogen cells, 

are characterized by their high efficiency, low emissions, 

and ability to operate over a wide power range. Thanks to 

these properties, they find applications in both transport 

(cars, buses, trains) and stationary systems (emergency 

power, microgrids). However, despite their numerous ad-

vantages, the widespread deployment of fuel cells faces  

a number of technological and economic challenges, in-

cluding production costs, component durability, and opti-

misation of the processes inside the cell [2, 7, 17]. 

Fuel cells as part of machine power systems are an im-

portant element in the energy efficiency of a machine. The 

static and dynamic characteristics of the cell make it neces-

sary to adapt and optimise the power supply and control 

systems. This is easier with whole-machine (system-level) 

simulation methods. In most cases, it is not necessary to 

develop models describing the exact phenomena taking 

place in the cell (including physico-chemical phenomena, 

gas and heat flow), but they can be replaced by simplified 

models based on empirical data. This approach is often 

used in the development of system models [6, 10, 13, 20]. 

The aim of this article is to present a mathematical 

model describing the operation of a hydrogen fuel cell of 

the PEMFC type. A simple model has been developed, 

including the dependence of the current generated by the 

cell on the system voltage, taking into account not only its 

static characteristics, but also dynamic phenomena. 

2. Simple fuel cell model 
The basic assumption of the model was to obtain a sim-

ple form of the model that is as easy to identify as possible 

(with a small number of parameters), giving the model's 

response to the cell's operating conditions, which is correct 

in terms of both static and dynamic conditions. Due to the 

availability of measurement data, it was decided to use an 
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empirical model instead of a physical model, which is an 

acceptable method for creating simplified models [10].  

 

Fig. 1. Voltage and current flow for Spectronik Protium-450 fuel cell 

 

From the testing of a Spectronik Protium-450 cell 

equipped with a control system that optimizes its perfor-

mance (Fig. 1), it was noted that, in addition to the static 

characteristics of the voltage-current dependence of the 

cell's load, there are changes due to inertia during load 

spikes and changes due to the cell's cleaning process. This 

can be seen as periodic (with a frequency of about 60 s) 

voltage spikes.  

It was therefore proposed that the model should take in-

to account three phenomena: the static characteristics, the 

dynamic characteristics resulting from inertia under load 

change, and the cell cleaning characteristics. The compo-

nents of the model are described below. 

The simple fuel cell model is the relationship of the out-

put voltage from the cell as a function of load (current) and 

time. The model, according to the assumption described 

above, is divided into three components: 

 UFC = UP + UDyn + UPurg (1) 

where: UP – static fuel cell characteristic (polarization 

curve); UDyn – dynamic fuel cell characteristic; UPurg – 

dynamic fuel cell characteristic during cleaning. 

The first component of the model is the static character-

istics of the cell. This is termed the polarization curve [1, 

3]. This curve (Fig. 2) is characteristic of all PEM fuel cells 

and is divided into three regions: an initial activation region 

where the voltage decreases logarithmically with increasing 

current, a ohmic region where increasing current causes  

a linear decrease in voltage and a mass transport region 

where further increases in current lead to an exponential 

decrease in voltage. There are many simplified models 

describing these characteristics [1, 3, 9, 15]. These are 

based on a simple description of the physical phenomena 

occurring in the cell. The proposed model, however, adopts 

a much simpler approach based on an approximation of test 

results. 

 UP = f(I) (2) 

where: I – current, A. 

The second component of the model is related to the 

dynamic response of the cell during a step change in load. 

As tests have shown (Fig. 3), with a step increase in load 

change, the system needs time to decrease the voltage (with 

respect to the polarization curve) and then asymptotically 

return to the polarization curve [11]. With a step decrease in 

load, the opposite occurs – a temporary increase in voltage 

relative to the polarization curve. As described in the arti-

cles [8, 11, 18, 20], this is due to the inertia of the phenom-

ena occurring in the cell, mainly related to mass transport 

both to the membrane region and in the membrane struc-

ture. The phenomenon can therefore be described as: 

 UDyn = −kDyn ∙
dU

dt
 (3) 

where: kDyn– model parameters – fuel cell inertia. 

 

Fig. 2. Nonlinear U = f(I) characteristic of the fuel cell [3] 

 

Fig. 3. Dynamic response of the fuel cell [11] 

 

The final component of the model is the segment re-

sponsible for changing the polarization curve as a result of 

cleaning the cell. The effectiveness of the membrane de-

pends, among other things, on the amount of accumulated 

water (or water vapor) on its surface and in its surround-

ings. This vapor is generated by the oxidation of hydrogen 

on the cathode side, but some of it enters the anode side, 

obstructing the flow of hydrogen to the membrane, reduc-

ing its efficiency. To prevent this phenomenon, periodic 

cleaning of the anode side is used [4, 5, 11, 16]. This is 

done by short-circuiting the cell (to evaporate the water) 

and opening the through-valve (purge) and blowing off  

a small amount of hydrogen with the water vapor. The 

result of this action is a temporary increase in the cell's 

efficiency, followed by a slow return to the basic polarity 

curve (Fig. 4). The frequency of purging and its intensity 

are selected to suit the design parameters and operating 

conditions of the cell.  
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Fig. 4. The voltage variation of the average single cell under traditional 

 long-cycle purge intervals [11] 

 

In the developed model, the following function was 

adopted to describe this action: 

 UPurg = ∆Umax + ∆Utot ∙ (
1

ekC∙t
− 1) (4) 

where: ∆Umax – maximum increase over polarization curve; 

∆Utot – total possible drop of characteristic under polariza-

tion curve; kC – model parameter; t – time form last clean-

ing process. 

It should also be remembered that the implementation of 

cleaning causes a step change in the load of the cell. During 

a short-circuit, a much higher current flows through the cell 

(resulting from the low resistance of the cell). This change 

must therefore be taken into account in the calculation ac-

cording to the formula: 

 I = {
ILoad, Purge = off
IShort, Purge = on

 (5) 

 

Fig. 5. Fuel cell model implementation in Modelica 

 

The above model was implemented in the Modelica en-

vironment. Figure 5 shows the developed model, which is  

a component of an electrical circuit connected by pins 

(pin_p and pin_n) to an electrical circuit. A data matrix 

interpolation element using the continuous derivative meth-

od is responsible for the static model. Below this is the 

element responsible for the inertia of the system under 

dynamic load changes and at the bottom is the cell cleaning 

model. The model thus prepared was subjected to an identi-

fication process. 

3. Model identification 

3.1. Object research 

The developed model, implemented in the Modelica en-

vironment, requires parameter identification. To this end, 

tests were carried out on a selected cell model equipped 

with an integrated control system performing the purifica-

tion function automatically. Details are provided below. 

The object of the study is a PEMFC Horizon 300 type 

cell from Horizon (Fig. 6). It is a cell consisting of 60 open-

cathode cells with a nominal power of 300 W. Detailed data 

are provided in Table 1. 

 
Table 1. Parameters of Horizon 300 fuel cell [21] 

Fuel cell Horizon 300 

Type PEM 

No. of cells 60 

Architecture Open cathode 

Coolant Air cooled 

Rated power 300 W 

Rated current 8.3A 

Voltage output 32–54 VDC 

Start-up time < 30 s 

Hydrogen gas Dry, 99.999% purity 

Delivery pressure 0.4–0.5 bar 

Fuel consumption 3.9 dm3/min 

 

Fig. 6. Object of the research – Horizon-300W fuel cell [21] 

3.2. Test stand 

The research was carried out at the Lublin University of 

Technology. The hydrogen cell was supplied from a 0.4-

litre bottle via a Spectronik EMPR regulator. The cell was 

connected to a current load EA-EL 3080-60 B, allowing the 

electrical load of the cell to be varied. Control of the cell 

was performed by a system that was an integral part of the 

cell. Current and voltage were measured using an oscillo-

scope, Tektronix TBS1052C 50 MHz, with a data recording 

card and current probe, Tektronix TCP0030A, plus an am-

plifier, Tektronix TCPA300. A schematic of the test bench 

is shown in Fig. 7 and Fig. 8. Measurements were taken at  

a frequency of 1 kHz. The measurement error of the voltage 

was 0.003 V, and the current was 0.01 A. 
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Fig. 7. Test stand block diagram 

 

Fig. 8. Test stand  

3.3. Methodology 

The identification tests were divided into 2 parts. In the 

first, tests were carried out under steady-state conditions, 

and in the second, under dynamic conditions.  

The first part involved determining the polarization 

curve of the cell when the purification system was switched 

off. For this purpose, the cell was loaded with a specific 

current and, after stabilization of its operation (a period of 1 

minute), the voltage was measured. Measurements were 

carried out with increasing and decreasing load on then the 

average value was drawn.  

The second part of the research was carried out in a set 

resistance system allowing for a step change in the load of 

the fuel cell between 65 and 130 W. Variations were per-

formed with a current load on a 10 second cycle: 5 s – 65 W 

load, 5 s – 130 W load. In one cycle, there was both  

a step increase and a step decrease of the load. In addition, 

a purge circuit operating at 1 Hz was active in this experi-

ment. 

3.4. Analysis 

The first part of the study involved the determination of 

the polarization curve. The result is shown in Fig. 9. The 

shape of the curve is consistent with the literature data [1, 3, 

13, 16]. It should be noted that the power obtained is signif-

icantly less than that declared by the manufacturer. The 

maximum power, located at the end of the ohmic part of the 

curve (see Fig. 2), was 150 W (30 V · 5 A) against a rated 

300 W (see Table 1). This is due to the high degradation of 

the cell. The test unit was used for six years as part of the 

activities of the Student Scientific Club of Aerospace Pro-

pulsion in the Shell Eco-marathon competition. 

 

Fig. 9. Static characteristic of fuel cell – polarization curve  

 

The second part of the research included load cycling 

and the operation of the cleaning system. Four load cycles 

were carried out. The results are presented in Fig. 10 and 

Fig. 11. The inertia of the system can be seen – when the 

load is activated, the voltage momentarily drops below the 

base value and the current increases, while when the load is 

deactivated, there is a momentary increase in voltage. The 

operation of the purge system causes, after the circuit out-

put current drops due to a short circuit, a jump in the effi-

ciency of the cell – an increase in both voltage and current, 

followed by a slow decrease in both values to the level of 

the polarization curve. 

 

Fig. 10. Voltage during changed load conditions  
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Fig. 11. Current during changed load conditions 

3.5. Model parameters identification 

As the model developed in Modelica used the derivative 

continuity approximation module to determine the polariza-

tion curve, it was therefore not necessary to determine the 

parameters of this model. The characteristics based on the 

test results shown in Fig. 9 were used for further calcula-

tions. 

Figures 12–15 show the results of the measurements 

compared with the simulation results of the developed 

model. The blue line shows the bench measurements, the 

green line the model without the cleaning module (only 

with the dynamic module), and the orange line the results of 

the full model. 

 

Fig. 12. Voltage measurement and simulation during changed load condi-
tions 

 

The identification of the dynamic model parameters and 

the cleaning were divided into two separate operations, but 

based on the same set of measurement data. Using the re-

sults of the bench tests described above, the identification 

of the dynamic model parameter was carried out using the 

least squares method, with the focus on obtaining a correct 

representation of the system inertia. A model with a con-

cordance of R = 0.853 was obtained, although this was 

compared with the tests of the system with active cleaning. 

Figures 12–15 show the effect of the cell inertia. 

 

Fig. 13. Voltage simulation with and without active cleaning module 

 during changed load condition 

  

Fig. 14. Current measurement and simulation during a changed load 
 condition 

 

Fig. 15. Current simulation with and without active cleaning module 
 during changed load condition 

 

After the identification of the dynamic model, the iden-

tification of the cleaning model was performed. Again, the 

least squares method was used, with the simulation work 

performed on the model with the dynamic module parame-
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ters already identified. In this case, a much higher compli-

ance performance R = 0.958 was obtained. Figures 13 and 

15 show the difference in the behaviour of the model with 

the cleaning module on and off. Cleaning, as reported in the 

literature described in chapter 2 of this article, leads to  

a periodic increase in the capacity of the cell, despite the 

occurrence of temporary interruptions in the energy supply 

to external systems. The purpose of the purification process 

is to remove water accumulating on the cathode side. Water 

blocks the flow through the membrane, which causes  

a decrease in cell efficiency. Water accumulation also caus-

es membrane degradation and a decrease in service life. 

Therefore, this process is carried out despite the fact that it 

causes fuel losses (fuel is blown into the atmosphere). Ac-

cording to publications [4, 5, 11, 16], this reduces the over-

all efficiency of the cell by about 10%, but extends its ser-

vice life more than threefold. 

The parameters of both models are shown in Table 2. 

 
Table 2. Parameters of the dynamic and cleaning module 

Parameter Value 

kDyn 0.541 

Umax 3.00 

Utot 3.12 

kc 10.03 

4. Summaries 
A simple fuel cell model was developed, describing 

both the static characteristics of the polarization curve and 

also the dynamics of the model during load changes and the 

change in cell performance after the cleaning process. The 

model was developed as an empirical model by simplifying 

a physical description of the phenomena occurring inside 

the fuel cell. However, based on measurement data, a mod-

el with very high correlation with measurement results was 

obtained. A correlation of R = 0.958 was obtained. 

The polarization curve obtained during the tests shows  

a significant reduction in cell performance resulting from 

wear and tear. The drop in power relative to the catalogue 

parameters is approximately 50%. During sudden load 

changes, there is a temporary deviation from the polariza-

tion curve of approximately 15% (with an increase in load, 

the voltage drops by 3.5 V from the nominal 23 V, and with 

a decrease in load, the voltage increases by 7.3 V from the 

nominal 28 V). Stabilization occurs after approximately  

2 seconds. 

Cleaning the cell causes a temporary increase in effi-

ciency (increase in voltage relative to the polarization 

curve) of approximately 7%, with a return to the nominal 

value occurring after just 0.7 seconds. 

Thanks to its simplicity, this model can be very easily 

identified for any fuel cell and thus provides a tool for sim-

ulation and optimizing control systems and powerplant 

systems using the cell as an energy source. The introduction 

of a cleaning model also allows the energy efficiency opti-

mization of the cell by selecting the frequency of cleaning 

occurrence. 
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Nomenclature 

PEM, PEMFC proton exchange membrane fuel cell 

U voltage 

I current 

t time 

 

Bibliography 

[1] Andronie A, Stamatin I, Girleanu V, Ionescu V, Buzbuchi 

N. Simplified mathematical model for polarization curve 

validation and experimental performance evaluation of a 

PEM fuel cell system. Procedia Manuf. 2019;32:810-819.  

https://doi.org/10.1016/j.promfg.2019.02.289. 

[2] Behling NH. Fuel cells: current technology challenges and 

future research needs. Newnes. 2012.  

https://doi.org/10.1016/C2011-0-04424-1 

[3] Belhaj FZ, El Fadil H, El Idrissi Z, Intidam A, Koundi M, 

Giri F. New equivalent electrical model of a fuel cell and 

comparative study of several existing models with experi-

mental data from the PEMFC Nexa 1200 W. Microm-

achines. 2021;12(9):1047.  

https://doi.org/10.3390/mi12091047 

[4] Chen S, Tian A, Han C. Study on purging strategy of poly-

mer electrolyte membrane fuel cell under different operation 

conditions. Processes. 2023;11(1):290.  

https://doi.org/10.3390/pr11010290 

[5] Cheng Z, Luo L, Huang B, Jian Q. Dynamic analysis of 

internal reactants and water content distribution during an-

ode purge in a proton-exchange membrane fuel cell. Int J 

Energy Res. 2021;45:10609-10629.  

https://doi.org/10.1002/er.6548 

[6] Domke J. Generic methods for optimization-based model-

ing. Proceedings of the Fifteenth International Conference 

on Artificial Intelligence and Statistics, PMLR. 2012;318-

326. 

http://proceedings.mlr.press/v22/domke12/domke12.pdf  

[7] Faghri A, Guo Z. Challenges and opportunities of thermal 

management issues related to fuel cell technology and mod-

eling. Int J Heat Mass Tran. 2005;48(19-20):3891-3920.  

https://doi.org/10.1016/j.ijheatmasstransfer.2005.04.014 

[8] Friede W, Rael S, Davat B. Mathematical model and charac-

terization of the transient behavior of a PEM fuel cell. IEEE 

T Power Electr. 2004;19(5):1234-1241.  

https://doi.org/10.1109/TPEL.2004.833449 

[9] Georgakis D, Papathanassiou S, Manias S. Modeling and 

control of a small scale grid-connected PEM fuel cell sys-

tem. IEEE 36th Power Electronics Specialists Conference, 

Dresden. 2005:1614-1620.  

https://doi.org/10.1109/PESC.2005.1581846 

[10] Gosavi A. Simulation-based optimization. Springer New 

York 2015;62. https://doi.org/10.1007/978-1-4899-7491-4 

[11] Guo W, Mu X, Shen W, Ma C, Yu J, Wang F et al. The 

purge characteristics and strategy in a proton exchange 



 

Simple dynamic model of a PEM-type fuel cell 

COMBUSTION ENGINES, 0000;XXX(X) 9 

membrane fuel cell with a linear segmentation-based anode 

recirculation system. Energies. 2025;18(9):2156.  

https://doi.org/10.3390/en18092156 

[12] Guo Z, Chen H, Guo H, Ye F. Dynamic response and stabil-

ity performance of a proton exchange membrane fuel cell 

with orientational flow channels: an experimental investiga-

tion. Energ Convers Manage. 2022;274:116467.  

https://doi.org/10.1016/j.enconman.2022.116467 

[13] Hasikos J, Sarimveis, H, Zervas PL, Markatos NC. Opera-

tional optimization and real-time control of fuel-cell sys-

tems. J Power Sources. 2009;193(1):258-268.  

https://doi.org/10.1016/j.jpowsour.2009.01.048 

[14] Koneczna R, Cader J. Hydrogen in the strategies of the 

European Union Member States. Gospodarka Surowcami 

Mineralnymi – Mineral Resources Management. 2021; 

37(3);53-74. https://doi.org/10.24425/gsm.2021.138660 

[15] Manoharan P, Ravichandran S, Kavitha S, Hashim TJT, 

Alsoud AR, Sin TC. Parameter characterization of PEM fuel 

cell mathematical models using an orthogonal learning-

based GOOSE algorithm. Sci Rep. 2024;14:20979.  

https://doi.org/10.1038/s41598-024-71223-7 

[16] Pei Y, Chen F, Jiao J, Liu S. Analysis and control strategy 

design for PEMFC purging process. Energy. 2024;290: 

130233. https://doi.org/10.1016/j.energy.2024.130233 

[17] Sazali N, Wan Salleh WN, Jamaludin AS, Mhd Razali MN. 

New perspectives on fuel cell technology: a brief review. 

Membranes. 2020;10(5):99.  

https://doi.org/10.3390/membranes10050099 

[18] Sharifi Asl SM, Rowshanzamir S, Eikani MH. Modelling 

and simulation of the steady-state and dynamic behaviour of 

a PEM fuel cell. Energy. 2010;35(4):1633-1646.  

https://doi.org/10.1016/j.energy.2009.12.010 

[19] Xue XD, Cheng KWE, Sutanto D. Unified mathematical 

modelling of steady-state and dynamic voltage–current 

characteristics for PEM fuel cells. Electrochim Acta. 2006; 

52(3):1135-1144.  

https://doi.org/10.1016/j.electacta.2006.07.011 

[20] Zhao H, Burke AF. Optimization of fuel cell system operat-

ing conditions for fuel cell vehicles. J Power Sources. 2009; 

186(2):408-416.  

https://doi.org/10.1016/j.jpowsour.2008.10.032  

[21] Horizon Education H-Series Fuel Cell Stacks, producer 

catalog.  

https://www.horizoneducational.com/h-300-pem-fuel-cell-

300w/p1351 (accessed on 29.05.2025). 

[22] EC 2020 A hydrogen strategy for a climate-neutral Europe. 

Communication from the Commission to the European Par-

liament. The Council, The European Economic and Social 

Committee and the Committee of the Regions. COM(2020) 

301. Brussels, 8.7.2020. 

[23] Polish Hydrogen Strategy until 2030 with a perspective until 

2040. Ministry of Climate and Environment, Resolution 149 

of the Council of Ministers of 2 November 2021 (pos. 1138) 

– in Polish. 

 

 

Prof. Jacek Czarnigowski, DSc., DEng. – Faculty of 

Mechanical Engineering, Lublin University of 
Technology, Poland. 

e-mail: j.czarnigowski@pollub.pl 

 

  

Krzysztof Skiba, MEng. – Faculty of Electrical 
Engineering and Computer Science, Lublin Universi-

ty of Technology, Poland. 

e-mail: k.skiba@pollub.pl 

 

  

Marek Kida, MEng. – Faculty of Electrical Engi-

neering and Computer Science, Lublin University of 
Technology, Poland. 

e-mail: m.kida@pollub.pl 

 

  

Prof. Piotr Jakliński, DSc., DEng. – Faculty of 
Mechanical Engineering, Lublin University of 

Technology, Poland. 

e-mail: p.jaklinski@pollub.pl 

 

  

 

 


