
 
 
 

5th Borobudur International Symposium on Science and Technology (BIS-STE) 2023 V124009-1 

 

Volume 1 2024 | DOI: 10.31603/biseeng.31 
5th Borobudur International Symposium on 
Science and Technology (BIS-STE) 2023 
 

 

Published:  
October 20, 2024 

 
 

This work is licensed 
under a Creative 

Commons Attribution-
NonCommercial 4.0 

International License  
 
 

Selection and Peer-
review under the 

responsibility of the 5th 
BIS-STE 2023 Committee 

Modeling of an electrically driven PEM fuel cell bus 

H Solmaz1, T A Arslan2 and T Kocakulak3* 
1  Department of Automotive Engineering, Gazi University, Turkey 
2  Department of Automotive Engineering, Afyon Kocatepe University, Turkey 
3  Vocational High School of Technical Sciences, Burdur Mehmet Akif Ersoy University, Turkey 
*Corresponding author email: tkocakulak@mehmetakif.edu.tr  

Abstract 
When the literature and the goals of the leading companies in the automotive industry 
are examined, it is seen that the transition to electrification and renewable energy 
sources in the automotive industry is inevitable. It is known that the ideal renewable 
energy source for mobile systems is hydrogen. The most efficient conversion of 
hydrogen into electrical energy occurs with PEM fuel cells. Energy efficiency and 
environmental pollution factors are of great importance in transportation. The use of 
public transportation plays a significant role in improving these factors. In this study, the 
effects of using PEM fuel cells on energy efficiency and hydrogen consumption in buses 
used in urban public transportation were examined. Models of the power, linear vehicle, 
control, and energy systems of the fuel cell bus were created in the MATLAB Simulink 
environment. In the power system model, the electric motor characteristic map is used. 
Vehicle speed control is provided by PID controls. In the vehicle linear model, a model 
of the resistance forces acting on the vehicle was created. The energy system has a fuel 
cell system and battery pack model. NEDC and ECE-R15 drive cycles were used to 
evaluate the performance parameters of the bus. With the created model, the effects 
of changes in parameters such as total vehicle weight, rolling resistance coefficient, gear 
ratio, and regenerative braking efficiency on vehicle acceleration performance and 
hydrogen fuel consumption were examined. 
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Introduction  
Due to the increase in the world population and economic developments, the energy 

spent on transportation is also increasing [1]. The widespread use of internal 

combustion engines in these areas also plays a vital role in the demand for fossil fuels. 

Emissions from conventional energy production are one of the leading causes of 

environmental pollution and global warming [2]. According to the International Energy 

Agency (IEA), the largest source of CO2 emissions globally is the transportation sector, 

with a share of 28% [3]. Increasing air pollution and climate change significantly threaten 

the health of all living things on Earth [4]. In addition, dwindling fossil fuel resources and 
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growing demand are increasing energy costs [5]. According to the U.S. Energy 

Information Administration, crude oil prices increased by 50.6% from November 2018 to 

November 2023 [6]. These adverse conditions force manufacturers and researchers to 

improve internal combustion engines and emission control methods, increase 

electrification in transportation, and expand alternative renewable energy sources. 

With the 2015 United Nations Climate Change Conference [7] and the First Climate Act 

[8], the goals of limiting global warming to below 2°C and achieving zero greenhouse 

gas emissions by 2050 have brought the concepts of sustainable and green 

transportation back to the forefront. Although the amount of pollutant emissions from 

internal combustion engines produced in recent years is considerably lower than in the 

past, these engines with advanced emission control systems are still not 

environmentally friendly enough [9]. On the other hand, battery electric vehicles do not 

produce emissions during use, but the grid electricity that charges these vehicles is 

obtained mainly from fossil-based power plants [10]. In addition, the problems of 

battery electric vehicles, such as long charging time, short range, inadequate grid 

infrastructure, and fire safety, have not yet been fully resolved [11,12]. Industry 

stakeholders are focusing on the active use of zero-carbon hydrogen energy in vehicles 

to solve these problems of internal combustion engines and battery electric vehicles. 

As an alternative energy source, hydrogen is a viable short-term solution to maximize 

performance and range while minimizing fuel consumption and pollutant emissions [13]. 

According to another study by the International Energy Agency (IEA), the amount of 

electrical energy produced from hydrogen energy increased by 103.3% from 1990 to 

2020, and hydrogen is a share of 16.6% among all sources in 2020 [14]. This situation 

shows that hydrogen, critically important in the energy sector in the coming years, can 

be used more widely and cost-effectively for electricity generation [15]. Today, proton 

exchange membrane (PEM) fuel cell vehicles, which convert hydrogen energy into 

electrical energy to reduce dependence on fossil fuels, are becoming a solid alternative 

to internal combustion engine vehicles and battery electric vehicles [16,17]. PEM fuel 

cells are recognized as the most practical fuel cell application for vehicles due to their 

low operating temperature and pressure [13]. In PEM fuel cell electric vehicles, 

electricity is generated due to the reaction between hydrogen and oxygen, and only 

non-polluting pure water and heat are released as waste [18]. This is promising for 

greenhouse gas mitigation and decarbonization, primarily when hydrogen is obtained 

from renewable sources [19,20]. 

Fuel cell technology has many other advantages besides its near-zero emissions. These 

systems offer up to three times the energy conversion efficiency of internal combustion 

engines, low noise level, long-range, long service life, low maintenance, and short 

refueling time [21-23]. In addition, using hydrogen energy in electric vehicles is seen as 

an opportunity to indirectly utilize different fuels, such as natural and biomass [24]. 

However, the competitiveness of the fuel cell stack is currently low due to the low 

power density, production cost, and the cost of hydrogen fuel [25,26]. Auxiliary energy 
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storage systems are used in fuel cell electric vehicles to ensure smooth and stable 

electric motor operation during high load variations that cause slow fuel cell response, 

performance degradation, and efficiency loss [27]. These systems also convert braking 

energy into electrical energy with regenerative braking. Auxiliary energy storage 

systems enable system hybridization with different configurations where elements such 

as batteries and ultracapacitors can be used together or separately [28]. On the other 

hand, the high cost of materials and power transmission systems used in fuel cell 

systems and their durability and design difficulties require further investment and 

research [29]. 

Despite some of the problems of fuel cells, it is predicted that these disadvantages will 

be overcome with rapid developments in technology and intensive research and will 

soon gain more importance in the energy and transportation sectors [30,31]. Nowadays, 

there is an increasing interest in experimental and numerical studies on the 

development of fuel cell components, sub and auxiliary systems, hybrid energy 

structures, on-vehicle applications, and control methods to make the most of the 

potential of fuel cells and eliminate their disadvantages [18]. As in many other complex 

systems, the design, development, and application processes in fuel cell systems are 

facilitated by mathematical modeling studies. In mathematical simulation and analysis 

studies, the system can be tested with different boundary conditions and configurations 

[32-34]. Unlike experimental studies, comparison, prediction, and optimization 

processes can be carried out with high-accuracy results with less time, cost, and effort 

[35-37]. In recent years, modeling and analysis studies carried out with the help of 

software such as MATLAB, ANSYS, and COMSOL have contributed to the development 

of fuel cell systems. Energy and exergy analysis [38], energy management system design 

[39], computational fluid dynamics (CFD) based flow analysis [40], electrical modeling 

[41], and vehicle modeling including driving cycles [42] are some examples of numerical 

studies on fuel cells. 

In this study, an electrically driven bus with a PEM fuel cell intended for urban public 

transportation is modelled in MATLAB Simulink environment. A linear vehicle model 

including the resistance forces acting on the vehicle, reference fuel cell stack, reference 

electric motor, powertrain, and PID speed controller are used in the simulation model. 

The European Driving Cycle (NEDC) and ECE-R15 driving cycles were used to evaluate the 

performance parameters of the PEM fuel cell bus. In this way, the speed characteristics 

of both urban and suburban driving conditions were evaluated, and a comparison was 

provided. With the model created, the effects of changes in parameters such as total 

weight, rolling resistance coefficient, gear ratio, and regenerative braking efficiency, 

which may vary depending on the vehicle, usage, and environmental conditions, on 

vehicle acceleration performance and hydrogen fuel consumption were examine. 
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Method  
The PEM fuel cell bus simulation model was created through MATLAB Simulink 

software. This vehicle's energy system, electric motor, power transmission system, 

resistance forces, and control system are modeled separately and operated 

simultaneously. The energy required by the vehicle is provided by fuel cell modules and 

drives the electric motor. The electric motor drives the vehicle under different resistance 

forces with the help of powertrain and control algorithms. The simulations were carried 

out according to NEDC and ECE-R15 driving cycles. The changes in the acceleration 

performance and hydrogen fuel consumption of the vehicle depending on vehicle 

weight, rolling resistance coefficient, gear ratio, and regenerative braking efficiency 

were examined. 

Energy System Model 

The energy requirement of the electric bus is provided by PEM fuel cells. Three PEM fuel 

cell modules with 50 kW power are used in the vehicle, and the total power is 150 kW. 

Each fuel cell module can operate with a maximum efficiency of 60% under 20 kW power 

conditions. The efficiency, power, and hydrogen consumption values of the reference 

fuel cell module are shown in Figure 1. 

 
Figure 1. Characteristic graph of fuel cell [43] 

The fuel cell stack's highest efficiency is 60% at 60 kW power, and the highest power is 

150 kW at 50% efficiency. The fuel cell stack is controlled by a two-stage control 

algorithm. The fuel cell stack is operated at the maximum efficiency point when the 

energy demand of the vehicle is low and at the maximum power point when the energy 

demand reaches critical points. In addition, the fuel cell stack is operated at the 

maximum efficiency point when the battery charge rate is between 50% and 80%, and at 

the maximum power point when the battery charge rate is less than 50%. With the 

effective use of regenerative braking, the fuel cell stack is not charged when the battery 

charge is above 80% 

Electric Motor Model 

The power requirement of the bus is generated by Equipmake brand, HTM-3500 model 

electric motor which can produce maximum 3500 Nm torque and 400 kW power. The 
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torque, speed, and efficiency graphs of the reference electric motor are shown in Figure 

2. This motor, which has a maximum speed of 3500 rpm, offers a high efficiency between 

84-97% depending on varying torque and speed values in all operating ranges. 

 
Figure 2. Characteristic graph of Equipmake HTM-3500 electric motor [44] 

Powertrain System Model 

The power and torque required for the bus's propulsion are generated in the electric 

motor and transmitted to the wheels with the help of differential and axles. The angular 

acceleration of the vehicle powertrain is calculated by Equation (1). The angular 

acceleration of a system is the ratio of the net torque applied to the system (𝑇𝑛𝑒𝑡) to the 

sum of the system moments of inertia (𝐽𝑡𝑜𝑡𝑎𝑙). 

𝑑𝜔

𝑑𝑡
=

𝑇𝑛𝑒𝑡

𝐽𝑡𝑜𝑡𝑎𝑙

 (1) 

There is a continuous torque input to the powertrain and a torque loss through the 

system. The torque input is provided by the electric motor and the torque loss is due to 

the resistance forces acting on the vehicle. Reduction ratio, efficiency and moments of 

inertia for the electric motor, differential, axles and wheels are also included in the 

powertrain model. The transfer function of the electric bus powertrain is given in 

Equation (2). 

𝜔𝑤 = ∫
𝑇𝑚𝑖𝑓𝑑𝜂𝑓𝑑 − 𝑇𝑤

𝐽𝑚𝑖𝑓𝑑
2 𝜂𝑓𝑑 + 2𝐽𝑎 + 8𝐽𝑤

𝑑𝑡

 

𝑡

 (2) 

Where 𝑇𝑚  and 𝑇𝑤  are the engine torque and total resistance torque acting on the wheels 

respectively, 𝐽𝑚, 𝐽𝑎 and 𝐽𝑤   are the engine, axle, and wheel moments of inertia 

respectively, 𝑖𝑓𝑑  is the differential reduction ratio, and 𝜂𝑓𝑑  is the differential efficiency. 

The Simulink model of the powertrain generated using the transfer function and related 

data inputs is shown in Figure 3. 
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Figure 3. Simulink model of bus powertrain system 

Resistance Forces Model 

Rolling, acceleration, aerodynamic, and hill resistance forces act on a vehicle during its 

movement. In the model, the bus is assumed to travel on an inclined road, and the hill 

resistance forces are neglected. Aerodynamic resistance force is calculated by Equation 

(3), rolling resistance force by Equation (4), and acceleration resistance force by 

Equation (5). 

 

𝐹𝑑 = 0.5𝜌𝐶𝑑𝐴𝑓𝑉2 (3) 

 

𝐹𝑟 = 𝑚𝑔𝐶𝑟 (4) 

 

𝐹𝑎 = 𝑚𝑎 (5) 

 

In these equations, 𝜌 represents air density, 𝐶𝑑  represents aerodynamic resistance 

coefficient, 𝐴𝑓 represents vehicle cross-sectional area, 𝑉 represents vehicle speed, 𝑚 

represents vehicle weight, 𝐶𝑟  represents rolling resistance coefficient, 𝑔 represents 

gravitational acceleration, and 𝑎 represents vehicle acceleration. The Simulink model, 

where the resistance forces acting on the fuel cell bus are calculated, is shown in Figure 

4. 

 
Figure 4. Simulink model of resistance forces 

Driving Cycles and Vehicle Control Model 

NEDC and ECE-R15 driving cycles were taken as references in the simulations of the fuel 

cell vehicle. The speed-time graph of the NEDC driving cycle is seen in Figure 5. The first 

800 seconds of the NEDC cycle represent urban driving, called the Urban Driving Cycle 

(UDC) or ECE-R15. In these driving conditions, low vehicle speed and low engine load 
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apply. Driving conditions between 800 and 1180 seconds of the NEDC cycle represent 

high-speed, long-distance driving called Extra Urban Driving Cycle (EUDC) [45]. 

 
Figure 5. The velocity profile of the NEDC [46] 

Vehicle speed is equalized to the reference speed in the driving cycles by PID control of 

the gas and brake pedals. The Simulink model, in which the gas and brake pedal output 

signals are required to equalize the vehicle speed to the reference speed, is shown in 

Figure 6. At full throttle, the bus's acceleration and maximum speed performances can 

be examined. 

 
Figure 6. Simulink model of vehicle gas and brake pedal control 

Simulation Parameters 

Table 1. Simulation parameters [47,48] 

Parameters Units Values 
Vehicle Weight kg 12550-18000 
Wheel Radius m 0.475 
Gear Ratio - 2-5 
Vehicle Cross-Sectional Area m2 6.75 
Drag Coefficient - 0.79 
Rolling Resistance Coefficient - 0.008- 0.014 
Differantiel Efficiency % 97 
PEM Fuel Cell Power kW 150 
Inverter Efficiency % 95 
Air Density kg/m3 1.2 
Gravitational Acceleration m/s2 9.81 
Low Voltage Accessories W 500 
Regenerative Braking Efficiency % 0-100 
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Different references were used to determine the parameters depending on the vehicle 

and road characteristics used in the simulations. The parameters used in the simulation 

study are presented in Table 1. Here, vehicle weight, gear ratio, rolling resistance 

coefficient, and regenerative braking efficiency are accepted as variable parameters, 

and the changes in vehicle acceleration and hydrogen fuel consumption according to 

these parameters are examined for both driving cycles. 

Result and Discussion 
The study examined the effects of changes on different parameters such as weight, 

rolling resistance coefficient, gear ratio, and regenerative braking efficiency of an 

electric-driven bus with a PEM fuel cell on acceleration performance and hydrogen fuel 

consumption. Among the variable parameters, the bus weight varies between 12550 and 

18000 kg, the rolling resistance coefficient varies between 0.008 and 0.014, the gear 

ratio varies between 2 and 5, and the regenerative braking efficiency varies between 0% 

and 100%. All simulation results were obtained and evaluated for NEDC driving cycles, 

which represent urban and intercity driving conditions, and ECE-R15, which only 

represent urban driving conditions. 

 
Figure 7. Changes in acceleration performance as a function of bus weight 

The effects of the change in bus weight on acceleration performance are seen in Figure 

7. The vehicle's acceleration data was obtained for four different final speed values, as 

seen in the graph. Here, while the bus weight is between 12550 and 18000 kg, the rolling 

resistance coefficient is assumed as 0.01, the gear ratio is 2, and the regenerative braking 

efficiency is 50%. When the results are examined, a significant decrease in acceleration 

performance is observed with increasing vehicle weight. For every 2000 kg increase in 

vehicle weight caused an increase of approximately 13.7% in 0-30 km/h acceleration time, 

13.5% in 0-60 km/h acceleration time, 14.02% in 0-90 km/h acceleration time, and 15.07% 

in 0-120 km/h acceleration time. The effects of the change in bus weight on hydrogen 
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fuel consumption can be seen in Figure 8. The minimum hydrogen fuel consumption 

value was achieved at the ECE-R15 driving cycle and 12550 kg vehicle weight. Under 

these conditions, the PEM fuel cell bus consumes 4.047 kg of hydrogen per 100 km. The 

simulations carried out according to the NEDC cycle showed a significant increase in fuel 

consumption compared to the ECE-R15 cycle. Each 2000 kg increase in vehicle weight 

caused an average increase in hydrogen fuel consumption of 11.1% for the ECE-R15 cycle 

and 7.43% for the NEDC cycle. 

 
Figure 8. Changes in fuel consumption as a function of bus weight 

The effects of the change in the rolling resistance coefficient on acceleration 

performance are seen in Figure 9. Here, the rolling resistance coefficient takes values 

between 0.008 and 0.014, while the bus weight is assumed to be 16000 kg, the gear 

ratio is 2, and the regenerative braking efficiency is 50%. When the results are examined, 

a slight decrease in acceleration performance is observed with the increase in the rolling 

resistance coefficient. Each 0.002 increase in the rolling resistance coefficient caused an 

increase of approximately 0.95% in the 0-30 km/h acceleration time, 1.2% in the 0-60 km/h 

acceleration time, 2% in the 0-90 km/h acceleration time, and 4% in the 0-120 km/h 

acceleration time. A linear increase in the acceleration time change was detected 

depending on the increasing final speed value and rolling resistance coefficient. 

However, the effect of the rolling resistance coefficient on acceleration performance is 

relatively low compared to vehicle weight. The effects of the change in rolling resistance 

coefficient on hydrogen fuel consumption are seen in Figure 10. The minimum hydrogen 

fuel consumption value was achieved at the ECE-R15 driving cycle and 0.008 rolling 

resistance coefficient. Under these conditions, the PEM fuel cell bus consumes 4.493 kg 

of hydrogen per 100 km. As in the simulations carried out based on vehicle weight, a 

significant increase in fuel consumption was observed in the simulations carried out in 

the NEDC driving cycle. Each 0.002 increase in the rolling resistance coefficient caused 

an average increase of 8.9% in hydrogen fuel consumption for the ECE-R15 cycle and 

7.42% for the NEDC cycle. 
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Figure 9. Changes in acceleration performance as a function of coefficient of rolling resistance 

 
Figure 10. Changes in fuel consumption as a function of coefficient of rolling resisteance 

The effects of the change in gear ratio on acceleration performance can be seen in 

Figure 11. Here, the gear ratio takes values between 2 and 5, the bus weight is assumed 

to be 16000 kg, the rolling resistance coefficient is 0.01, and the regenerative braking 

efficiency is 50%. In the simulations, the maximum gear ratio was considered to be 5. It 

has been observed that the acceleration performance of the fuel cell bus is insufficient 

at larger gear ratios. The figure shows that the best acceleration performance was 

obtained when the gear ratio was 5. Each 1 increase in the gear ratio caused an increase 

of approximately 28.2% in 0-30 km/h acceleration time, 22.8% in 0-60 km/h acceleration 

time, 13.4% in 0-90 km/h acceleration time, and 5.12% in 0-120 km/h acceleration time. The 

effects of the change in gear ratio on hydrogen fuel consumption can be seen in Figure 

12. The minimum hydrogen fuel consumption value was achieved when the ECE-R15 

driving cycle and gear ratio was 5. Under these conditions, the PEM fuel cell bus 
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consumes 5.028 kg of hydrogen per 100 km. As in the simulations based on vehicle 

weight and rolling resistance coefficient, a significant increase in fuel consumption 

occurred in the simulations carried out in the NEDC driving cycle. Each 1 increase in the 

gear ratio resulted in an average decrease of 1.31% in hydrogen fuel consumption for the 

ECE-R15 cycle and 0.76% for the NEDC cycle. In the simulation and driving cycle 

conditions, it was determined that the gear ratio had significant effects on acceleration 

performance, but had no significant effect on fuel consumption. 

 
Figure 11. Changes in acceleration performance as a function of gear ratio 

 
Figure 12. Changes in fuel consumption as a function of gear ratio 

Finally, the effects of the change in regenerative braking efficiency on hydrogen fuel 

consumption can be seen in Figure 13. Here, while the regenerative braking efficiency 

takes values between 0% and 100%, the bus weight is assumed to be 16000 kg, the rolling 

resistance coefficient is 0.01, and the gear ratio is 2. With increased regenerative braking 

efficiency, significant improvements were observed in hydrogen fuel consumption for 

both the NEDC and ECE-R15 driving cycles. The minimum hydrogen fuel consumption 
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value was achieved at the ECE-R15 driving cycle and 100% regenerative braking 

efficiency. Under these conditions, the PEM fuel cell bus consumes 3.635 kg of hydrogen 

per 100 km. Each 25% increase in regenerative braking efficiency resulted in an average 

hydrogen fuel consumption reduction of 12.75% for the ECE-R15 cycle and 8.65% for the 

NEDC cycle. 

 
Figure 13. Changes in fuel consumption as a function of regenerative braking efficiency 

Conclusion  
In the simulation study, an electrically driven bus with a PEM fuel cell was modeled using 

MATLAB Simulink software. This vehicle's acceleration performance and hydrogen fuel 

consumption values were examined depending on changes in vehicle weight, rolling 

resistance coefficient, gear ratio, and regenerative braking efficiency. Simulation 

conditions were created from NEDC and ECE-R15 driving cycles, covering urban and 

extra-urban driving conditions. As a result of the study, an average of 14.07% increase in 

acceleration times was observed for every 2000 kg increase in the weight of the fuel cell 

bus. For every 0.002 increase in the rolling resistance coefficient value, there was an 

average 2% increase in acceleration times. It has been observed that acceleration times 

increase by an average of 17.4% for every decrease in the gear ratio value. An increase of 

2000 kg in bus weight resulted in an average increase of 9.26% in hydrogen fuel 

consumption in the NEDC and ECE-R15 driving cycles. For every 0.002 increase in rolling 

resistance coefficients, an average increase of 8.16% in fuel consumption was observed. 

Each increase in gear ratio provided an average of 1.03% improvement in hydrogen fuel 

consumption. When regenerative braking efficiency was 100% in the NEDC driving cycle, 

total fuel savings reached 30%. In the ECE-R15 driving cycle, when the regenerative 

braking efficiency was 100%, the total fuel saving was 42%. 
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