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Fuel cells serve as environmentally friendly alternatives to fossil fuels by providing 

clean energy. Integrating a fuel cell with an energy storage system, such as a battery, 

results in cost savings and performance improvements. The battery functions as an 

energy storage source, enabling the regulation and maintenance of fuel cell power at 

acceptable levels. Introducing an innovative and optimal power management method 

for hybrid electric energy supply systems can significantly contribute to the 

advancement of renewable resources by reducing costs, enhancing energy efficiency, 

increasing system reliability, and improving fuel cell lifespan. In this study, a membrane 

exchange fuel cell model, combined with a battery, is presented using MATLAB. The 

results demonstrate an increase in fuel cell life, energy efficiency, and output power 

quality. The state of charge (SOC) of the battery fluctuates between 52% and 34%, 

while the output power of the proton exchange membrane fuel cell (PEMFC) ranges 

between 30 and 20 watts. It is worth noting that, during the 1,200-second power supply 

process using the proposed strategy, only six PEMFC working points have changed. 
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1. INTRODUCTION

Fuel cell technology, as a clean energy source, offers an 

environmentally friendly alternative for various industrial 

applications, replacing fossil fuels and reducing pollution. 

However, relying solely on a fuel cell system may not meet all 

load demands, particularly during peak load periods. 

Therefore, integrating a fuel cell system with an energy 

storage system (ESS) can lead to cost reductions and 

performance improvements. In many hybrid applications, 

batteries serve as the energy storage source, regulating and 

maintaining fuel cell power at acceptable levels. Given the 

distinct characteristics of fuel cell and battery systems, an 

appropriate power management strategy is required to enhance 

system performance and minimize fuel cell consumption. 

Numerous studies have addressed the combination of fuel 

cell and battery systems in vehicle applications [1, 2]. In these 

systems, a controller and phased DC mode adjustment were 

employed for power distribution management. The primary 

objective of the controller was to stabilize the battery charging 

bus voltage within an acceptable range. Research on combined 

fuel cell and supercapacitor systems in vehicle applications 

has focused on fuzzy controller algorithms capable of 

determining the necessary power from the fuel cell and 

maintaining the bus voltage within a nominal range [3, 4]. 

Other investigations have explored the integration of fuel 

cell systems with batteries and supercapacitors in hybrid 

electric vehicles [5, 6]. By employing a smart strategy and a 

fuzzy controller, optimal energy management in hybrid fuel 

cell vehicles' power sources was assessed, with results 

indicating that maintaining the battery and supercapacitor's 

state of charge enhances dynamic performance and promotes 

fuel efficiency. In another study, a photovoltaic (PV) system 

was utilized to produce hydrogen, while a fuel cell system 

generated heat and electricity [7, 8]. This research examined 

the technical and economic feasibility of using a combined 

PV-fuel cell system in residential applications for 

simultaneous electricity and heat production. Technical and 

economic analyses revealed that while PV systems are 

currently the most economical combined system, fuel cells are 

not justifiable for residential use. However, it is anticipated 

that with rising energy carrier prices and decreasing 
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installation costs, fuel cell systems will become more 

economically viable in the future. 

In 2020, research on bidirectional converter control in a 

polymer fuel cell-based hybrid system was presented [9, 10]. 

The desired controller for bidirectional converter control was 

sliding mode control, a nonlinear and disturbance-resistant 

controller. However, the system employed in this study 

consisted only of a fuel cell system and did not incorporate a 

combined fuel cell and battery system. Another study 

examined the modeling of a polymer fuel cell with a proton 

exchange membrane in a hybrid power source system [11, 12]. 

In this system, a fuel cell was connected to a step-up DC 

converter, and power was controlled by an inverter. The fuel 

cell and its power management were analyzed from a 

mechanical-dynamic perspective, but factors such as fuel cell 

efficiency were not considered. Additionally, a simplified 

approximate circuit was used to assess the electrical behavior 

of the proton exchange membrane fuel cell (PEMFC). 

Research has also investigated and controlled the inlet air of 

the compressor connected to the PEMFC in a hybrid energy 

source [13-16]. This hybrid power source utilized a 

combination of PEMFC and Li-ion batteries to supply 

electricity to a permanent magnet electric motor. However, 

this study focused solely on controlling the air pressure 

entering the fuel cell, without addressing critical issues such 

as energy control strategy, battery charge and discharge rates, 

fuel cell efficiency, and more. 

In this paper, a power management strategy is implemented 

to optimally distribute power between the battery and the fuel 

cell. The current study assumes that the battery can receive and 

supply electrical power through a bidirectional converter, 

while a one-way step-up converter is used for the PEMFC. 

2. MATERIALS AND METHODS

2.1 PEM fuel modeling 

A fuel cell converts chemical energy directly into electrical 

energy. There are three types of losses in a fuel cell: activation 

losses, ohmic losses, and concentration losses. The 

polarization curve of the fuel cell showing its losses is shown 

in Figure 1. 

An important electrochemical phenomenon that relates cell 

voltage to load current changes in a fuel cell system is the 

double layer capacitive charging effect. Capacitances in 

electric double layer capacitors range from several thousand to 

several hundred thousand farads, making them capacitance-

rich devices. Examples of high power density devices are 

shown. Typical equivalent circuit model is made up of three 

distinct electrical components. The electrical equivalent 

circuit considering the effect of double layer capacitive 

charging is shown in Figure 2 [17, 18]. 

2.2 Fuel cell simulation at different temperatures and 

pressures 

By using model simulation at different temperatures, which 

the suitable performance range for PEM fuel cell system is 

between 55 and 85 degrees Celsius, the performance of fuel 

cell has been drawn by applying step current (1A) polarization 

curve at different temperatures. Temperature, load, and 

fuel/oxidant flow rates affect single fuel cell voltage. The 

polarization curve illustrates cell voltage versus operational 

current density. When the current (load) of a fuel cell changes, 

its heat and water balances vary, and it may take time for a 

new equilibrium to be reached. Allow the fuel cell time to 

establish equilibrium while testing. The equilibrium time 

varies based on the load of the fuel cell. In the polarization 

curves, it can be seen that with the increase in temperature, the 

polarization curve is shifted upwards and it can be said that 

with the increase in temperature, the amount of current and 

voltage taken from the stack increases. Since it can be seen 

from Eqns. (1)-(2) that the voltage is not constant and finally 

the fuel cell stack voltage has a direct relationship with the 

stack temperature and with the increase in temperature, the 

fuel cell voltage increases and in this simulation It can be seen 

that the graph of the fuel cell polarization curve at 

temperatures of 7,327 degrees Kelvin (554 degrees Celsius) to 

7,357 degrees Kelvin (584 degrees Celsius) with the increase 

in temperature, the voltage curve tends to increase the voltage. 

The simulations and tests performed in the curve of Figure 3 

at constant pressure and at variable temperature for a stack of 

500 watts up to a current of 25 amps and anode pressure of 1 

bar and cathode pressure of 1 bar have been performed below. 

𝑉𝐹𝐶 = 𝐸Nernst − 𝑉act − 𝑉canc − 𝑉ohmic (1) 

𝐸mene = 1.229 − (8.5 × 10−4)(𝑇 − 298.15)
+ 4.308 × 10−5 × 𝑇

× ln (𝑃𝐻2 +
1

2
𝑃O2)

(2) 

where, VFC is fuel cell voltage, Vact, Vcanc and Vohmic are 

Activation, concentration, and ohmic voltage drop 

respectively. T is Fuel cell temperature. 

Figure 1. Fuel cell polarization curve (voltage-current curve) 

Figure 2. Electric equivalent circuit of a fuel cell with a 

double charging capacitor 
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Figure 3. Polarization curve obtained from simulation at 

different temperatures 

 

 

3. RESULTS AND DISCUSSION 

 

3.1 Effect of cathode pressure on polymer fuel cell 

performance 

 

In the polarization curves (Figure 4), with increasing 

cathode pressure, the polarization curve is shifted upwards and 

it can be said that with increasing cathode pressure, the amount 

of current and voltage taken from the stack increases [19, 20]. 

The model related to the fuel cell system, which shows the 

performance and model of the polymer fuel cell, has been 

simulated in MATLAB software and Simulink environment. 

 

 
 

Figure 4. Polarization curve obtained from simulation at 

different cathode pressure 

 

3.2 Power condition unit (PCU) 

 

The output voltage of the fuel cell in series stacks is an 

uncontrolled DC voltage that fluctuates with load changes. 

This voltage must be converted to controlled DC voltage. By 

raising the load current, the output voltage of the fuel cell will 

noticeably fall. The PCU unit controls the electrical frequency 

and keeps the harmonics at an acceptable level. The overall 

configuration of the system includes a fuel cell, after which a 

boost converter is placed, and also includes a battery bank, 

which is placed after the bidirectional converter battery and 

then an inverter. The controlled voltage obtained after being 

filtered is sent to the AC/DC inverter. The boost converter is 

placed as an intermediary between the fuel cell system and the 

inverter system. Fuel cell systems connected to the grid 

include a storage battery. Fuel cell systems connected to the 

network include a storage battery. The topology of this system 

is shown in the Figure 5. 

 

 
 

Figure 5. The topology of system 

 

3.3 DC/DC boost converter 

 

The power converter must protect the converter system 

against output fluctuations, reverse currents and sudden load 

changes and guarantee its full life. The output voltage is 

always greater than the input voltage. The equipment that is 

powered by a battery uses a DC/DC step-up converter to 

produce a voltage higher than the battery voltage [21, 22]. The 

main advantage of the boost converter is high efficiency and a 

small number of components, and it can convert the 

unregulated voltage into the desired regulated voltage by 

changing the duty cycle at a high switching frequency and 

reduce the size and cost of energy storage components. 

 

3.4 Fuel cell with proton exchange membrane 

 

Figure 6 shows the voltage and current polarization curves 

in a fuel cell stack. As the fuel cell current increases, the 

voltage at both ends decreases. According to the characteristic 

curve of the fuel cell, three performance areas can be defined 

for the fuel cell. In the ohmic performance region, the cell 

voltage decreases linearly with increasing current. Fuel cell is 

usually used in this work area. In the gas volume transfer area 

where the current exceeds the upper limit of safe operation, the 

battery voltage decreases rapidly and the use of fuel cells in 

this area should be avoided, because the fuel cells may be 

damaged due to the lack of hydrogen. 

 

 
 

Figure 6. Fuel cell voltage-current curve 
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3.5 Suggested strategy 

 

The characteristics of the hybrid power system, which 

consists of PEMFC and Li-ion batteries, are shown in Table 1. 

The proposed strategy is presented in the same manner as the 

algorithm in Figure 6, with the intention of enhancing energy 

efficiency, fuel cell lifespan, and reliability. The suggested 

method is evaluated based on the percentage of charge 

remaining in the battery, and the calculation of the output 

power of the PEMFC is planned to be performed based on the 

percentage of charge remaining in the battery. After 

determining the required power and state of charge of the 

battery using the flowchart in Figure 7, the suggested method 

then compares the required power to the maximum power that 

the battery is capable of producing in order to determine the 

sequence in which the fuel cell should be activated. 

 

Table 1. Specifications of battery and fuel cell in hybrid 

power system 

 
PFMC H-30 Li-ion Battery 

Voltage 8.5 V Voltage 18 V 

Current 3.8 A Capacity 2.6 Ah 

Power 30 W Energy 39.4 W 

 

 
 

Figure 7. Flowchart of the proposed power management 

strategy 

 

Optimum power management in the hybrid energy supply 

system is one of the most important design parameters of 

electric energy supply sources. Therefore, getting familiar 

with the more specialized features of fuel cells and batteries, 

along with examining the results of their simulation, will play 

a significant role in improving the output power of the system. 

In this section, simulation and programming Li-ion battery 

equations have been done to know the power level, state of 

charge of the battery (SOC) and its internal resistance value. 

Simulating the effective capacity (discharge) of the battery, 

simulating the way the battery works and simulating the 

internal resistance of the battery provides the possibility of 

proper knowledge of the battery's condition in line with power 

management. 

The battery used in this section is Cell Li-ion 18650 Sony. 

In this paper, an Li-ion battery with an output voltage of 16 

volts and a capacity of 2.2 ampere-hours is used, so that the 

conditions for comparing the results are the same as the study 

[23, 24]. Li-ion battery equivalent circuit are shown in Figure 

8. 

 

 
 

Figure 8. Li-ion battery equivalent circuit 

 

Figure 9 shows the output voltage curve of the simulated 

battery, which indicates that the simulated model matches the 

curve provided by its manufacturer [25, 26]. 

 

 
 

Figure 9. Modeled battery voltage according to DOD 

 

In this section, Stack Cell Fuel 30-H is simulated based on 

Horizon cell. According to the manufacturer's catalog, this fuel 

cell consists of 13 Horizon stack cells. The output results 

related to Horizon 30 are shown in the figures below, which 

shows that it matches the results of the manufacturer. The 

current-voltage curve of the aforementioned fuel cell is shown 

in Figure 10. It should be mentioned that the rated voltage and 

current of the H-30 fuel cell are 8.6 volts and 3.4 amps, 

respectively. Also, the curve of hydrogen fuel consumption in 

the 30-H fuel cell has been obtained according to Figure 11. 

 

 
 

Figure 10. The simulated power-current curve of H-30 

PEMFC 
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Figure 11. Hydrogen consumption rate according to power in 

H-30 fuel cell 

 

In the proposed strategy, in order to prevent rapid changes 

in the power of the fuel cell, only its four working points have 

been used as the optimal performance conditions of the 

PEMFC. The selected points are determined based on the 

criteria of fuel consumption and suitable range.  

The load and power curve of NEDC pseudo-Like has been 

simulated and investigated through MATLAB programming 

simulation. The hybrid power system should be able to supply 

the required power of the load like NEDC. In this research, the 

output voltage of the energy production system equipped with 

a DC converter is considered to be around 24 volts. The 

simulated load curve is shown in Figure 12 the average value 

of the load current is 1.4 amps and the maximum current value 

is around 4.5 amps. 

 

 
 

Figure 12. NEDC load curve according to time 

 

In the proposed strategy, the battery power, battery SOC 

and PEMFC output power are examined and observed at every 

moment. In addition, in the proposed strategy, the 

instantaneous values of battery voltage, hydrogen 

consumption rate and PEMFC voltage are also observed and 

reviewed. Finally, in order to facilitate the comparison of the 

answer obtained with other references, the power of each of 

the power sources in the proposed strategy has been collected 

in Like NEDC load curve, battery power, battery SOC and 

PEMFC power are respectively shown in the figure below. 

According to the shape, the average power of the battery is 

around 9 watts, the maximum power is 90 watts and the 

maximum received power is around 30 watts. SOC battery in 

the range of 52% to 34% has changed and the output power of 

PEMFC is 30 and 20 watts. It should be mentioned, in the 

process of power supply by the proposed strategy, only 6 

PEMFC working points have changed during the period of 

1,200 seconds (Figure 13). 

 

 
 

Figure 13. Summary of the output response in terms of time  

in the proposed strategy 

 

 

4. CONCLUSIONS 

 

In recent years, fuel cell systems are very important as one 

of the sources of electric power generation. But these 

resources alone will not be able to provide the power of 

dynamic loads, especially in fast dynamic applications. The 

hybrid system consisting of fuel cell and battery combines the 

high power density of the fuel cell with the high energy density 

of the battery and is well responsive to the power demand of 

the relevant systems. Fuel cells in the proposed strategy can 

provide the required energy while not having to feed the 

required peak power in most of the rapid power changes. Due 

to their special structural features, fuel cells show a slow 

response to the required powers of the system. Also, due to the 

slow reaction time of fuel cells, the output power cannot adapt 

to transient conditions. Therefore, load changes must be 

managed by an external power management system.  

In the method that was suggested, decreasing the frequency 

of working point adjustments helps to lengthen the life of the 

fuel cell while simultaneously improving its optimal 

performance. In contrast to the other technique, the number of 

times the operating points of the fuel cell varied just six times 

in the power management strategy that was provided; 

nevertheless, this number changed twenty-five times in the 

other method [27]. In addition, the reduction in the selective 

PEMFC capacity and the selection of working points of the 

suggested approach have resulted in a lower amount of 

hydrogen fuel being consumed in comparison to the other 

methods. This can be attributed to the fact that the suggested 

approach utilizes different working points. 
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