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Abstract: Fuel cells are considered as the potential for future clean energy in both electrical energy transmission and mobile 

applications. The biggest challenge in the operating fuel cell system is how to obtain the highest efficiency of fuel cell output voltage in 

the presence of many variables that affect the work of the cell such as the fuel pressure, temperature, humidity, load current as well as 

the non-linear dynamical behavior for fuel cell system. This paper presents the modeling of fuel cell system based on the nonlinear 

mathematical model and analysis it. In this work, it analyzed and studied the stability and the dynamic behavior response of fuel cell 

output voltage model by using MATLAB/m.files simulation to illustrate the effectiveness performance of the fuel cellsystem when 

changing the hydrogen partial pressure and temperature variation of the fuel cell as well as the characteristic of the fuel cell “voltage 

against load current” variation. 
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1. Introduction 
 
Recently, the world towards alternative energy sources or 

renewable energy due to the pollution in our planet and 

climate change, as well as the diversity of sources that are 

sought by major energy companies in order to control the 

price of fuel [1]. Therefore, renewable energy refers to 

energy from natural resources “wind, water, and the sun” 

that it is fundamentally different from fossil fuels used in 

petroleum, coal and natural gas or nuclear fuel used in 

nuclear reactors. Renewable energy generally does not 

produce carbon dioxide (CO2) or harmful gases, nor does it 

exacerbate global warming as it does when burning fossil 

fuels or harmful atomic waste in nuclear reactors [1]. 
However, these alternative sources of power generation rely 

on complex and expensive technologies because they are not 

suitable for all applications as "alternative" fuels. Therefore, 

many researchers are focusing for fuel cell because of their 

advantages as they operate as the battery or internal 

combustion engines, but with high efficiency up to two or 

three times [2, 3].Although discovered in the 18th century, it 

began to highlight on fuel cells in the 1960s when NASA 

was used in spacecraft launched into space as in Figure 

(1)[4, 5].  

 
Fuel cells are considered as the potential for future clean 

energy in both electrical energy transmission and mobile 

applications, but the biggest challenge is how to obtain the 

highest efficiency of fuel cells in the presence of many 

variables that affect the work of the cell such as the fuel 

pressure, temperature, humidity and current applied are 

factors affecting the fuel cell and making the fuel cell 

system generation non-linear dynamical behavior [6]. The 

sensitivity of fuel cell system is very high because of its 

high current and low output voltage with respect to the 

hydrogen and oxygen inputs flow rate, so it needs a 

controller that can minify this sensation by making the 
external voltage constant. Therefore, to obtain greatest 

energy generation and more efficiency, many researchers 

resorted to use different types of linear and nonlinear 

controllers for tracking output voltage of fuel cells [7]. 

 

 
Figure 1: NASA produced fuel cell [ 5] 

 

2. Description of the Fuel Cell 
 

The principle of mechanism working for the fuel cell is 
simply the production of electrical energy because of the 

chemical reaction. There are many ways in which fuel cells 

are classified, the most important of which is by electrolyte 

and the most important types are Alkaline Fuel Cell (AFC), 

Phosphoric Acid Fuel Cell (PAFC), Molten Carbonate Fuel 

Cell (MCFC), Solid Oxide Fuel Cell (SOFC) and Proton 

Exchange Membrane Fuel Cell (PEMFC)[8, 9]. The mostly 

used fuel is hydrogen as in PEMFC or carbon monoxide and 

natural gas. The anode is supplied with hydrogen and the 

cathode with oxygen in the fuel cells, the catalyst separates 

the hydrogen atoms in anode into protons and an electron, 
the membrane allows only the hydrogen protons Cross to the 

cathode. The hydrogen electrons moving from outside the 

cell to the cathode. The chemical reaction occurs in the 

cathode between hydrogen atoms and oxygen with the help 

of the catalyst and produces water and heat. The electrical 
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energy produced as the resulting of the hydrogen electrons 

through the electrical circuit, which generates a DC voltage. 

A single fuel cell produces approximately 1.23 volt, when 

the load is applied 0.6 to 0.7 volt [10]. The fuel cells can 

produce an electric energy that may reach MW by forming it 

in a serial or parallel manner for obtaining the necessary 

energy. Grouping of cells is called a stack. In this research, 

it will focus on the PEMFC because its great advantages and 

the most important is that it can work in room temperature 
with low pressure and fast response quiet, does not have 

moving parts, and can be applied in portable applications, 

the domestic power or power stations [3][7][10]. 

 

The PEMFC model is used in my work because it has small 

size and weight as laboratory device which it operates at 

normal temperatures ranging from 25-35 °C and the fuel cell 

efficiency ranges from (75 to 95)% as well as it used 

hydrogen and oxygen gases inlet and produced DC voltage 

with high load current and water output. 

 

3. Literature Survey 
 

In general, many researchers have been investigated the 

problem statement of the fuel cell that related for obtaining 

the maximum power point PEMFC operating as well as 

stabilizing the output voltage of the fuel cell during load 

current variation as follows:   In 2011, Mehdi, et al. [11], the 
proposed model has been built based on a backpropagation 

neural network model with a PID controller to remove the 

harmful effects of fast pulse currents that effect on parts of 

the fuel cell stack (Membrane Electrode Assembly (MEA)) 

through control of the input air pressure signal. In 2012, 

Ren, et al., [12], the proposed fuzzy controller model based 

particle swarm optimization (PSO) has been studied to 

minimize cost and maximize the efficiency of generation 

systems to the (PEMFC).In 2014, Belmokhtar, et al. [13], 

the proposed feedforward neural network modeling based on 

off-line learning via empirical data for prediction the PEM 
fuel cell voltage without using any analytical relationships 

used and tested successfully with a good accuracy a stack 

voltage and validate with experimental data of existing 

model.In 2016, Abbaspour, et al. [14], the authors were 

studied to prolong the life of fuel cells PEM through 

stabilization of the partial pressure in PEMFCs in there 

anode and cathode by using  an adaptive neural network 

control with on-line learning feedback linearization and 

from the results, the proposed controller has the ability to 

boost the output performance and refuse the disturbances 

which could prevent membrane damage.In 2017, Kumar, et 

al.[15], the authors were presented to enhance the 
performance of (PEM) fuel cells by reducing the 

temperatures generated via added Nano coolants and used 

the genetic algorithm method for obtaining an optimization 

of the PEM model parameter during adding suitable thermal 

conductivity to PEM fuel cells.In 2017, Derbeli, et al.[16], 

the proposed adaptive sliding mode controller was used to 

increase power efficiency and made the output voltage 

system more stable. The proposed controller algorithm 

modeled and simulated using Matlab /Simulink and found it 

more advantageous when compared it with the classical 

sliding mode control.In 2018, Dagher, K, [10], the author 
was built model of the PEMFC by using identification based 

on NARMA-L2 neural model with combined of 

optimization algorithms (Hybrid Firefly and Chaotic Particle 

Swarm Optimization) to learn the neural network and used 

direct inverse controller to obtain the desired output voltage 

of the fuel cell. In 2019, Chahkandi, et al. [17], were 

presented a lead-lag control system with genetic algorithm 

to study one of the fuel cell voltage problems that 

represented in both high-speed voltage fluctuations and low-

speed dynamic response by obtaining a possible for 

optimum PEMFC control parameters. The proposed 
algorithm could reduce voltage deviation and improve 

dynamic response of the fuel cell system. In 2019, Dhanya, 

et al.[18], the authors were examined the efficiency of the 

neural network-intelligent controller for organizing the 

parameters of the PEMFC system under dynamic load 

conditions by using genetic algorithm. The proposed control 

algorithm was maintained the cathode inlet pressure and 

achieved the desired value of relative humidity. In 2019, Al-

Araji, et al.[3], the authors were proposed a robust feedback 

predictive voltage-tracking control algorithm for fuel cell 

model by using a neural network technique based on-line 
auto-tuning intelligent Chaotic Particle Swarm Optimization 

(CPSO) algorithm to find the optimal control action 

(hydrogen partial pressure) for N-step ahead prediction. The 

proposed controller had abilities in terms of strong adaption 

algorithm, fast and smooth learning also high robustness 

behavior. In 2019, Deng, et al. [19], the authors were studied 

the effect of oxygen ratio in the air regulation of the proton 

exchange membrane (PEM) cathode in the nonlinear 

dynamic system modeled reducer a sixth-order model using 

cascade adaptive sliding mode controller and implemented 

on a real-time emulator with the regulation of the model 
parameters on-line that improved the PEMFC performance. 

In 2020, Fathy, et al. [20], the authors were presented a 

novel methodology in identifying the optimal parameters of 

PEM fuel cells by using the hybrid optimization approach 

(vortex search algorithm (VSA) and differential evolution 

(DE). The result of the model is compared to other 

approaches and confirmed the superiority and reliability of 

the proposed VSDE in identifying the optimal parameters of 

PEMFC operated under different conditions.In 2020, Miao, 

et al. [21], presented the optimization technique to valuation 

the parameters of the PEMFC model by using the hybrid 

grey wolf optimizer algorithm to enhancement power 
efficiency of the fuel cell.  Based on four cases PEM fuel 

cell models Statistical and experimental data, the researcher 

showed the effectiveness of the proposed algorithm to 

determining the model parameter with high accuracy.In 

2020, Cao, et al. [22], proposed to increase the lifetime of 

the fuel cell by using (linear quadratic regulator) LQR with 

chaotic-whale optimization algorithm based on designed 

feedback control that improved the efficiency regulating the 

PEMFC and overcame the parameters sensitivity when they 

are changing during the operation of fuel cell. Simulation 

results showed that the proposed control algorithm was more 
efficient in terms of very low current ripple and very small 

overshoot in the output of the fuel cell. 

 

4. PEM Fuel Cell Mathematical Model 
 

In general, PEM fuel cells consists of three main 

components: anode, cathode, and electrolyte [23]. Anode 
typically displays a catalyst containing platinum or 

platinum, and cathode a platinum catalyst. The electrolyte is 
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a thin, solid polymeric sheet. The reactions of a PEMFC 

shows in in Figure (2), when hydrogen feeds to an anode 

side the catalyst causes hydrogen atoms to become ( H+)  

ions (protons) and releases their electrons as in Eq. (1). 

 
The electrolyte membrane will only allow hydrogen protons 
to pass throws from the anode side to the cathode side as 

shown in Figure (2). The reaction in the cathode occurs as a 

result of the reaction of hydrogen ions entering from the 

electrolyte to the cathode side with electrons from the outer 

circuit and oxygen supply from air the cell and produces 

water as in Eq. (2) 

 
 

Under normal operation conditions, a single cell produces 

from 0.5 to 0.9 volts since a higher power is needed and a 

number of cells are connected serially and as needed called a 

stack and a stack arrangement can be up to hundreds of 

kilowatts. Generally, the polarization curve is used to 

express the performance of the whole cell and shows highly 

non-linear properties between voltages and current 
[3],[10].The output voltage of a single cell can be defined as 

follows: 

 

 
Where, EN is the thermodynamic potential of the cell and its 

represents reversible voltage in volt. Vohm is the ohmic 

voltage drop in volt, a measure of the ohmic voltage drop 

associated with the conduction of the protons through the 

solid electrolyte and electrons through the internal electronic 

resistances [24]. Vact represents the voltage drop due to the 

activation of the anode and of the cathode in volt. Vcon 

represents the voltage drop resulting from the concentration 

or mass transportation of the reacting gases in volt [24]. 

 
Figure (2): The PEMFCS operating [3] 

 

Table 1 shows the physical parameters of PEMFC that are 

taken from[3] , [10] 

 
Table 1: Physical Parameters of PEMFC Model [10]. 

Parameters Values Units 

Ncell 32 -- 

T 298 Kelvin degree 

A 64 cm2 

L 178 *10-6 cm 

𝐏𝐇𝟐  1-5 bar 

𝐏𝐎𝟐 0.2 bar 

Rc 0.0003 Ω 

Β 0.0169 V 

J 0.0073 mA/cm2 

Jmax 0.469 mA/cm2 

Ф 23 -- 

α1 0.948 V 

α2 -0.00312 V/ Kelvin 

α3 -706*10-5 
V. cm2 / Kelvin. 

mol 

α4 1.93*10-4 V / Kelvin. Amp 

 

EN also called the reversible voltage of the cell and can be 

found out[3], [10],[24] . 

 
Where, PH2

andPO2
is the partial pressure of hydrogen and 

oxygen in atom respectably. Moreover, T is fuel cell 

temperature in Kelvin. 

 

The voltage of the ohmic loss can be determined by using 

the Eq. (5) [10], [24], [25]. 

 
Where, I represents cell loaded current. Rc denotes proton 

resistance (Ω) constant value[3] ,[10].   
 

Rm : is the electron flow equivalent resistance (Ω) and can 

represent as in (2.6) [10],[23],[24].  

 
Where, L is thickness of the polymer membrane (cm). 

A: is active cell area (cm2). 

ρm denotes membrane specific resistivity (Ω.cm) which 

computed as following expression: 

 
∅ is the ratio of the number of water moles for each sulfonic 
group in the membrane. 

 

Vcon can be expressed as follows:  

 
βis parametric coefficient. Jis the current density that passes 

through the cell (amp/cm2).  Jmax is the maximum current 
density that passes through the cell (amp/cm2), can be 

expressed as follows: 

 
Vact is the voltage drop (V) due to the activation of the anode 
and can be expressed as follows: 

 
Where, αi are parametric coefficients.CO2is effective 
concentration of oxygen (mol/cm3) and can be calculated as 

follows: 
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The total output voltage of the stack can be determined by 

the (12) [3] , [10].   

 
Where, Ncell symbolizes the number of stack. 

The Eq. (13) is used to determine the overall output power 

(in watt) from the stack: 

 
 

5. Simulation Results 
 

To study the characteristic of the fuel cell “voltage against 
load current” at temperature 25 Co and partial pressure of 

hydrogen and oxygen are (1 and 0.2) bar respectively is 

shown in Figure (3) that seen the output voltage of the fuel 

cell against a variable load current. 

 
Figure 3: The output voltage of the fuel cell against load 

current Variable 

 
When increasing the load current with constant each of 

partial pressure of hydrogen and oxygen, it notice that the 

fuel cell output voltage will decrease significantly. Because 

of the effect of the losses voltage for fuel cell will begin 

clearly, when increasing load current that can be shown at 

the polarization curve in Figure (4).To understand the effect 

of variation the hydrogen partial pressure from range 0.2 to 

1 bar with constant oxygen partial pressure is 0.2 bar of the 

fuel cell at maximum load current is 30A is shown in Figure 

(5). It notice that the fuel cell output voltage will increase 

significantly because of the increased reaction. However, the 
hydrogen partial pressure cannot be increased as much as 

possible because it will break the cell's proton membrane. 

To analyze the effect of temperature variation of the fuel cell 

with constant partial pressure of hydrogen and oxygen and 

with maximum load current is 30 A, as shown in Figure (6). 

It notice that the fuel cell output voltage will slight increase 

but it is not possible to raise the temperature more than the 

operating temperature, and this will lead to the drying of the 

cell's proton membrane and will lead to its breakage. 

 
Figure 4: The drop voltage in the fuel cell system against 

the variable load current. 

 
Figure 5: The effect of variation the hydrogen partial 

pressure for fuel cell. 

Figure 6: The Effect of Temperature Variation of the Fuel 

Cell. 

 

6. Conclusion 
 

This work presented the non-linear modeling of fuel cell and 

illustrated the effectiveness performance the dynamic 

behavior response of output voltage model as well as it 

analyzed and studied the stability of fuel cell output voltage 

model by using MATLAB simulation package and 
demonstrated the effects of changing the hydrogen partial 

pressure and temperature variation of the fuel cell as well as 

the characteristic of the fuel cell “voltage against load 

current” variation.  

 

Paper ID: SR20515021026 DOI: 10.21275/SR20515021026 1047 



International Journal of Science and Research (IJSR) 
ISSN: 2319-7064 

ResearchGate Impact Factor (2018): 0.28 | SJIF (2019): 7.583 

Volume 9 Issue 5, May 2020 

www.ijsr.net 
Licensed Under Creative Commons Attribution CC BY 

References 
 

[1] O. Edenhofer, R. Pichs-Madruga, Y. Sokona, K 

.Seyboth, S. Kadner, T. Zwickel, P. Eickemeier, G. 
Hansen, S. Schlömer, C. von Stechow, and P. 

Matschoss, “Renewable energy sources and climate 

change mitigation: Special report of the 

intergovernmental panel on climate change” Cambridge 

University Press, (2011). 

[2] E. A. Jaber, A. S. Al-Araji, H. A. Dhahad, “Predictive 

Nonlinear PID Neural Voltage-Tracking Controller 

Design for Fuel Cell based on Optimization 

Algorithm”. Iraqi Journal of Computers, 

Communications and Control & Systems 

Engineering, Vol. 19, No. 4, pp. 47-60, (2019). 
[3] Al-Araji, H. Dhahad, and E. Jaber, “A Neural Networks 

based Predictive Voltage-Tracking Controller Design 

for Proton Exchange Membrane Fuel Cell Model”. 

Journal of Engineering, Vol. 25, No. 12, pp. 26-48, 

(2019). 

[4] Spiegel, “PEM fuel cell modeling and simulation using 

MATLAB”. Elsevier, (2011). 

[5] K. Burke, “Fuel cells for space science applications”. 

The 1st International Energy Conversion Engineering 

Conference (IECEC), pp. 1-10, (2003). 

[6] Rezazadeh, A. Askarzadeh, and M. Sedighizadeh, 

“Adaptive inverse control of proton exchange 
membrane fuel cell using RBF neural network”. 

International Journal of electrochemical science, Vol. 6, 

pp. 3105-3117, (2011). 

[7] W. Daud, R. Rosli, E. Majlan, S. Hamid, R. Mohamed, 

and T. Husaini, “PEM fuel cell system control: A 

review”. Renewable Energy, Vol. 113, pp. 620-638, 

(2017). 

[8] F. Barbir, “PEM fuel cells: theory and practice”. 

Academic Press, (2012). 

[9] S. Mekhilef, R. Saidur, and A. Safari, “Comparative 

study of different fuel cell technologies”. Renewable 
and Sustainable Energy Reviews, Vol. 16, No. 1, pp. 

981-989, (2012). 

[10] K. E. Dagher, “Design of an Adaptive Neural Voltage-

Tracking Controller for Nonlinear Proton Exchange 

Membrane Fuel Cell System based on Optimization 

Algorithms”. Journal of Engineering and Applied 

Sciences, Vol. 13, No. 15, pp. 6188-6198, (2018). 

[11] S. M. Rakhtala, R. Ghaderi, and A. R.  Noei, "Proton 

Exchange Membrane Fuel Cell Voltage-Tracking Using 

Artificial Neural Networks". Journal of Zhejiang 

University Science C, Vol. 12, No. 4, pp. 338-344, 

(2011). 
[12] Y. Ren, Z. D. Zhong, H. X. Liu, and X. H. Wang, 

"Particle Swarm Optimization for Identification of 

PEMFC Generation System Fuzzy Model”. 

In Advanced Materials Research, Vol. 588, pp. 260-

263. (2012). 

[13] K. Belmokhtar, M. Doumbia, and K. Agboussou, "PEM 

fuel cell modelling using artificial neural networks 

(ANN)".  International Journal of Renewable Energy 

Research. Vol. 4, pp. 725-730, (2014). 

[14] Abbaspour, A. Khalilnejad, and Z. Chen, "Robust 

adaptive neural network control for PEM fuel cell". 
International journal of hydrogen energy. Vol. 41, No. 

44, pp. 20385-20395, (2016). 

[15] P. Kumar, S. K. Kannaiah, S. R. Choudhury, and N. 

Rajasekar, "Genetic Algorithm-based Modeling of PEM 

Fuel Cells Suitable for Integration in DC Microgrids". 

Electric Power Components and Systems. Vol. 45, No. 

10, pp. 1152-1160, (2017). 

[16] M. Derbeli, M. Farhat, O. Barambones, and L. Sbita, 

"Control of PEM fuel cell power system using sliding 

mode and super-twisting algorithms".  International 

journal of hydrogen energy, Vol. 42, No. 13, pp. 8833-
8844, (2017). 

[17] H. C. Nejad, M. Farshad, E. Gholamalizadeh, B. 

Askarian, A. Akbarimajd, and management, "A novel 

intelligent-based method to control the output voltage of 

Proton Exchange Membrane Fuel Cell". Energy 

conversion and management, Vol. 185, pp. 455-464, 

(2019). 

[18] S. Dhanya, R. Thottungal, V. Paul, and S. A. 

Hareendran, "Designing an Intelligent Controller for 

Improving PEM Fuel Cell Efficiency". Springer, pp. 

387-395, (2019). 
[19] H. Deng, Q. Li, Y. Cui, Y. Zhu, and W. Chen, 

"Nonlinear controller design based on cascade adaptive 

sliding mode control for PEM fuel cell air supply 

systems". International Journal of Hydrogen 

Energy, Vol. 44, No. 35, pp. 19357-19369, (2019). 

[20] Fathy, M. A. Elaziz, and A. G. J. R. E. Alharbi, "A 

novel approach based on hybrid vortex search algorithm 

and differential evolution for identifying the optimal 

parameters of PEM fuel cell”. Renewable Energy, Vol. 

146, pp. 1833-1845, (2020). 

[21] D. Miao, W. Chen, W. Zhao, and T. J. E. Demsas, 
"Parameter estimation of PEM fuel cells employing the 

hybrid grey wolf optimization method". Energy, Vol. 

193, p. 116616, (2020). 

[22] Y. Cao, Y. Li, G. Zhang, K. Jermsittiparsert, and M. J. 

E. R. Nasseri, "An efficient terminal voltage control for 

PEMFC based on an improved version of whale 

optimization algorithm”. Energy Reports, Vol. 6, pp. 

530-542, (2020). 

[23] S. Asl, S. Rowshanzamir, and M. Eikani, “Modelling 

and simulation of the steady-state and dynamic behavior 

of a PEM fuel cell”. Energy, Vol. 35, No. 4, pp .1633-

1646,(2010). 
[24] K. Mammar and A. Chaker, "Fuzzy logic-based control 

of power of PEM fuel cell system for residential 

application". Leonardo Journal of Sciences, Vol. 14, pp. 

147-166, (2009). 

[25] N. Rajasekar, B. Jacob, K. Balasubramanian, K. Priya, 

K. Sangeetha, and T. Babu, “Comparative study of 

PEM fuel cell parameter extraction using Genetic 

Algorithm, ”. Ain Shams Engineering Journal, Vol. 6, 

No. 4, pp. 1187-1194, (2015). 

Paper ID: SR20515021026 DOI: 10.21275/SR20515021026 1048 

https://www.researchgate.net/profile/Hayder_Dhahad3/publication/337210645_Predictive_Nonlinear_PID_Neural_Voltage-_Tracking_Controller_Design_for_Fuel_Cell_based_on_Optimization_Algorithm/links/5dcbbfdc458515143506dc7e/Predictive-Nonlinear-PID-Neural-Voltage-Tracking-Controller-Design-for-Fuel-Cell-based-on-Optimization-Algorithm.pdf
https://www.researchgate.net/profile/Hayder_Dhahad3/publication/337210645_Predictive_Nonlinear_PID_Neural_Voltage-_Tracking_Controller_Design_for_Fuel_Cell_based_on_Optimization_Algorithm/links/5dcbbfdc458515143506dc7e/Predictive-Nonlinear-PID-Neural-Voltage-Tracking-Controller-Design-for-Fuel-Cell-based-on-Optimization-Algorithm.pdf
https://www.researchgate.net/profile/Hayder_Dhahad3/publication/337210645_Predictive_Nonlinear_PID_Neural_Voltage-_Tracking_Controller_Design_for_Fuel_Cell_based_on_Optimization_Algorithm/links/5dcbbfdc458515143506dc7e/Predictive-Nonlinear-PID-Neural-Voltage-Tracking-Controller-Design-for-Fuel-Cell-based-on-Optimization-Algorithm.pdf
https://www.researchgate.net/profile/Hayder_Dhahad3/publication/337210645_Predictive_Nonlinear_PID_Neural_Voltage-_Tracking_Controller_Design_for_Fuel_Cell_based_on_Optimization_Algorithm/links/5dcbbfdc458515143506dc7e/Predictive-Nonlinear-PID-Neural-Voltage-Tracking-Controller-Design-for-Fuel-Cell-based-on-Optimization-Algorithm.pdf
https://www.researchgate.net/profile/Hayder_Dhahad3/publication/337210645_Predictive_Nonlinear_PID_Neural_Voltage-_Tracking_Controller_Design_for_Fuel_Cell_based_on_Optimization_Algorithm/links/5dcbbfdc458515143506dc7e/Predictive-Nonlinear-PID-Neural-Voltage-Tracking-Controller-Design-for-Fuel-Cell-based-on-Optimization-Algorithm.pdf



