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Abstract: This study focuses on modeling and simulating the components of a fuel cell/battery hybrid electric propulsion ship. The 

components were modeled and implemented in a simulation environment. Fuel cell systems can be broadly divided into three main 

subsystems: a polymer electrolyte membrane fuel cell (PEMFC) stack, fuel supply system, and a cooling system. The power system 

consists of a battery, converter and inverter units, an electric motor, and an energy management system (EMS) algorithm. To maintain 

system power balance, the EMS algorithm coordinates the fuel cell, battery, and load demands of the ship. In this study, a hybrid system 

combining a PEMFC and battery was developed by modeling each component and integrating them into a simulation environment. 

The simulation results confirmed that in the implemented system, the power demand generated by the operational profile, power pro-

duced by the fuel cell, and charging and discharging power of the battery were controlled to maintain balance. 
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1. Introduction 

Owing to various environmental regulations [1], research is 

being conducted to reduce pollutants and utilize ecofriendly pro-

pulsion systems [2]. Specifically, eco-friendly propulsion sys-

tems can eliminate pollutants completely, thereby preventing so-

cioeconomic issues arising from environmental regulations. 

Among the researched eco-friendly propulsion systems, electric 

motors and eco-friendly engines are powered by alternative fuels, 

such as alcohol. Electric propulsion systems have been exten-

sively applied in vehicles, with ongoing research and commer-

cialization. However, the batteries used in electric propulsion 

systems have low-energy densities, resulting in short driving 

ranges and long charging times. To offset the drawbacks of elec-

tric propulsion, hybrid systems are occasionally developed by in-

tegrating engines with fuel cells [3]. 

Fuel cells offer higher efficiency than engines and can store 

fuel in hydrogen tanks, thereby ensuring a longer operational 

range. However, owing to the relatively slow response of the sys-

tem to external conditions, they can operate more effectively 

when integrated into a hybrid system with a battery. Hybrid sys-

tems using fuel cells and batteries have been implemented in var-

ious applications including 50 kW high-speed passenger vessels 

[4], 30–40 kW submarine [5], and modern Hyundai Nexo vehicles. 

Owing to the difficulty in storing and handling hydrogen gas com-

pared with petroleum-based fuels [6], experimental data on fuel cells 

are relatively limited. However, simulation-based environments al-

low the efficient acquisition of virtual data related to system design 

parameters, performance prediction, cost analysis, and control algo-

rithm testing. Because simulations are influenced by factors such as 

modeling fidelity, solver type, and initial parameters, validation 

based on comparisons with experimental data is necessary. Accord-

ingly, for systems such as fuel cells that are difficult to handle exper-

imentally, it is efficient to validate the simulation model using the 

available experimental data and conduct simulations under various 

conditions. 

Simulation studies on fuel cell systems typically include re-

search on the stack itself, auxiliary components such as the fuel 

supply and cooling systems, and the overall system. For example, 

studies on stacks investigated the fluid dynamics of heat ex-

change efficiency [7], optimized channel design and operating 

conditions [8], and improved efficiency based on the optimiza-

tion of reactant gas management [9]. These studies consistently 

indicate that the temperature of the stack temperature has a major 

impact on chemical reaction rates and reactant behavior, both of 

which are directly linked to the overall system efficiency [10]. 

Because gas supply is a critical factor affecting the 
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performance and lifecycle of fuel cells, diverse studies have been 

conducted on fuel and air supply systems. Examples include the 

optimization of hydrogen delivery systems [11] and purge control 

strategies for air management [12], both of which aimed at en-

suring stable fuel cell operation. Building on previous studies, 

comprehensive research incorporating system-wide perspectives 

has explored energy management strategies that consider fuel-

cell degradation [13] and fuel-cell modularization for large ships 

[14]. 

Fuel cell systems in the maritime sector have been applied pri-

marily to small-scale vessels, where air-cooled blower-based sys-

tems are commonly and extensively used owing to their simplic-

ity and compactness [15]. However, these studies and applications 

are largely limited to low-capacity vessels, where the thermal load is 

relatively small and can be handled using simplified cooling systems. 

As the system capacity increases, particularly in medium-to-large-

scale vessels, the thermal load increases substantially, necessitating 

more complex and robust thermal management strategies.  

Therefore, this study proposes a simulation-based approach for 

analyzing a polymer electrolyte membrane fuel cell (PEMFC)/bat-

tery hybrid system with a two-stage liquid-cooling configuration, 

which is more suitable for high-capacity marine propulsion systems. 

Although these liquid-based cooling configurations have already 

been employed in large-scale facilities such as data centers [16] and 

commercial vessels, they have received limited academic attention, 

especially in the context of integrated hybrid fuel cell systems for 

maritime applications. 

 Accordingly, this study implements a simulation environment 

for a fuel cell/battery-powered ship incorporating a two-stage liq-

uid cooling system, and investigates the thermodynamic behav-

ior of the fuel cell stack under various system operating condi-

tions. The research was conducted according to the following 

three-step process. First, a flowchart of the entire system was 

constructed to visualize the data flow between components, and 

key parameters were derived based on commercially available 

equipment specifications. Second, each component of the system 

was modeled using MATLAB Simulink. Third, a motor load pro-

file was created based on the operational scenarios, and the out-

put characteristics of the fuel cell/battery hybrid system were 

simulated and analyzed accordingly. 

2. Design of the Fuel Cell/Battery

Hybrid System 

The fuel cell stack is typically more efficient than other propulsion 

Figure 1: Model of the Fuel Cell/Battery Hybrid System

systems, such as engines, but it is characterized by a relatively 

slow response time. Therefore, in mobility applications, such as 

vehicles and ships, hybrid systems that integrate fuel cells with 

batteries can be configured. As shown in Figure 1, a hybrid sys-

tem can be configured by coupling a PEMFC with a battery. 

The left section of the figure shows the PEMFC system, which 

served as the main power source, along with the auxiliary equip-

ment necessary for operation. The right section illustrates the 

power systems required to operate the batteries and motors. To 

operate the fuel cell stack, not only the stack itself but also a fuel 

supply system that provides hydrogen and oxygen, auxiliary 

equipment such as a coolant pump and seawater pump for stack 

cooling, and controllers, must be included. The power system 

consists of inverters, converters, motors, and batteries, all of 

which are required for the motor operation. 

In a PEMFC/battery hybrid propulsion vessel, the total power load 

is the sum of the power consumed by the auxiliary equipment for 

fuel-cell operation and the power required by the motor and onboard 

loads. The energy management system (EMS) determines the load 

(A) of the fuel cell based on the current power demand. The battery 

is charged when the power produced by the fuel cell exceeds the 

power demand of the vessel. Conversely, when the power demand of 

the vessel is greater than the fuel cell output, the battery discharges 

to maintain power balance [17]. 

3. Modeling of the Fuel Cell System

The voltage generated by the fuel cell stack can be expressed 

using Equation (1) [18]. 

𝑉௖ ൌ 𝐸௖ െ 𝑉௔௖௧ െ 𝑉௢୦௠ െ 𝑉௖௢௡௖  (1) 

where 𝑉௖ is the voltage of a single fuel cell, 𝐸௖is the open-circuit 

voltage, 𝑉௔௖௧ is the activation voltage loss,  𝑉௢୦௠  is the ohmic 
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resistance loss, 𝑉௖௢௡௖ is the concentration-loss voltage. The stack 

voltage can be expressed as the product of the single-cell voltage 

and number of cells, according to Equation (2). 

𝑉௦௧௔௖௞ ൌ 𝑛 ൈ 𝑉௖        (2) 

Multiplying by the current gives the power, as shown in Equa-

tion (3). Additionally, the efficiency of the stack can be expressed 

by Equation (4), 

𝑃௦௧௔௖௞ ൌ 𝑛 ൈ 𝐼 ൈ 𝑉௖    (3) 

𝑛௦௧௔௖௞ ൌ
௏೎

ଵ.ଶହ
ൈ 100   (4) 

The maximum mass of hydrogen that can react in a fuel cell is 

given by Equation (5), 

𝑚ுଶ,௠௔௫ ൌ
ெಹమ

ଶி
ൈ 𝑛 ൈ 𝐼    (5) 

Considering the hydrogen mass and power consumption of the 

two-phase cooling pumps and blowers, the overall system effi-

ciency equation can be expressed using Equation (6). In addi-

tion, the mass of hydrogen supplied to the stack should be less 

than or equal to the maximum hydrogen mass, as indicated by 

Equation (7), 

𝑛௦௬௦௧௘௠ ൌ
௉ೞ೟ೌ೎ೖି௉೛ೠ೘೛

௠ಹమൈଷ଴ଷହ଺
 ,          (6) 

𝑚ுଶ ൏ 𝑚ுଶ,௠௔௫              (7) 

The parameters of the fuel cell model used in this study are 

listed in Table 1. These parameters were simulated using various 

mathematical models and calculated as state variables of the sys-

tem. 

Table 1: Fuel cell specifications 

Model 
Calculation condition 

and unit 
Data 

PEMFC stack 

Number of cells [-] 404

Operating temperature 
of stack [K] 

358 

Active cell area of one 
cell [𝑐𝑚ଶ] 

380 

Stoichiometric 
ratio 

Fuel [-] 1.2

Oxidant [-] 2

Humidity 
Anode Inlet gas [%] 100

Cathode Inlet gas [%] 100

Figure 2: Comparison of stack’s single-cell voltage between exper-

iments and simulations 

Figure 2 presents the simulation and experimental results for the 

single-cell voltage of the fuel cell stack. The simulation was per-

formed by gradually increasing the current density after the stack 

temperature reached 70℃. 

The simulated and experimental voltages of the fuel cell stack 

exhibited a maximum deviation of 0.02 V, which corresponded 

to an error of 5%. Furthermore, a comparison of the simulated 

and experimental data confirms that both exhibit similar trends. 

4. Simulation of the PEMFC/Battery Hybrid

System 

The hybrid power system, including the fuel cell stack, can be 

configured as shown in Figure 3.  

Figure 3: Power System Configuration 
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Table 2: Hybrid system specifications 

Model 
Calculation condition 

and unit 
Data 

PEMFC stack 

Power[kW] 180

Voltage[V] 140-260

Reference Tempera-
ture[K] 

338 

Battery 

Capacity[Ah] 360

Voltage[V] 560

Initial SOC[%] 60

Motor Peak 
Power 

Power[kW] 200 

DC-Grid Voltage[V] 1500

The system consists of a PEMFC rack composed of four 50 

kW fuel cell stacks, a battery, direct current (DC)–DC converters, 

DC–alternating current inverters, and a motor system. When a 

propulsion signal is generated or an internal load occurs, the 

power demand fluctuates and is managed by the fuel cell system 

and battery. Table 2 lists the specifications of the power system 

used in the study. 

When all power devices achieve balance within the system, the 

power equation can be expressed as follows: 

𝑃௉௘௠௙௖ ൅ 𝑃஻௔௧
ା ൌ 𝑃ெ௢௧௢௥ ൅ 𝑃஺௨௫ ൅ 𝑃஻௔௧

ି      (8) 

where 𝑃௉௘௠௙௖  represents the power generated by the fuel cell, 

𝑃஻௔௧
ା  represents the power discharged by the battery, 𝑃஻௔௧

ି  repre-

sents the power used to charge the battery, 𝑃ெ௢௧௢௥ represents the 

power required to drive the motor according to user demand, and 

𝑃஺௨௫ represents the power required for the auxiliary equipment 

and internal systems of the vessel. The open-circuit voltage dur-

ing the discharging and charging processes of a battery can be 

represented by the following equations [19]: 

Charging mode: 

𝐸஻௔௧ವ೔ೞ
ൌ 𝐸଴ െ 𝐾

𝑄௠௔௫

𝑄௠௔௫ െ 𝑄௧
𝑖∗ െ 𝐾

𝑄௠௔௫

𝑄௠௔௫ െ 𝑄௧
𝑄௧ 

           ൅𝐴𝑒𝑥𝑝ሺെ𝐵𝑄௧ሻ 

 (9) 

Discharging mode: 

𝐸஻௔௧಴೓೒
ൌ 𝐸଴ െ 𝐾

𝑄௠௔௫

0.1𝑄௠௔௫ െ 𝑄௧
𝑖∗ െ 𝐾

𝑄௠௔௫

𝑄௠௔௫ െ 𝑄௧
𝑄௧ 

           ൅𝐴𝑒𝑥𝑝ሺെ𝐵𝑄௧ሻ   (10) 

where 𝐸஻௔௧,஽௜௦  and 𝐸஻௔௧,஼ℎ௚ represent the open-circuit voltage 

during battery discharge and charging, respectively, 𝐸଴ denotes 

the constant voltage of the battery, 𝐾is the polarization constant, 

 𝑖∗refers to the low-frequency current dynamics, 𝑄௧ is the current 

charge of the battery, 𝐴 is the exponential coefficient for the bat-

tery voltage, and 𝐵is the exponential coefficient for the battery 

capacity. The state of charge (SOC) of the battery at a specific 

time can be defined according to Equation (11) [20]: 

𝑆𝑂𝐶௧ ൌ 𝑆𝑂𝐶଴ሺ0ሻ െ
ொ೟

஼೟
𝜂௖  (11) 

where 𝑆𝑂𝐶଴  represents the initial state of charge of the battery, 

𝐶௧ is the battery capacity, and 𝜂௖is the efficiency constant of the 

battery. 

The battery used in this study is a lithium battery, which is the 

most efficient when operating within an SOC range of 50–80%. 

In addition, during rapid changes in the system, the battery was 

charged or discharged to handle the peak power. However, it 

should be controlled to ensure that the current does not exceed 

the maximum value specified by the manufacturer. 

Furthermore, this study investigated the dynamic behavior of a hy-

brid fuel cell/battery system in the time domain using a Simulink-

based model. The simulation was conducted continuously with a 

fixed step size of 0.001 s over a total simulation period of 30'0 s. The 

primary input variables were defined based on the motor’s speed and 

load demand according to the operational scenarios, and the analysis 

encompassed system-wide energy flow, control responses, and ther-

mal characteristics. 

5. Analysis of Simulation Results

 Figure 4 shows the motor’s rotational speed configuration (in 

RPM) used for the simulation of the 200 kW hybrid ship, de-

signed to generate data under various load conditions for the fuel 

cell/battery hybrid ship system. The RPM work profile represents 

the control signals derived from the user operations, which are con-

verted into motor RPM commands. The maximum and minimum 

RPM values were determined based on the motor’s specifications, 

and the resulting profile was used as the primary input for the simu-

lation. The simulation environment was designed to output the state 

variables of each subsystem in response to the dynamically changing 

RPM inputs. 

Figure 5 shows the power variations in the fuel-cell/battery 

hybrid system in response to the defined motor’s speed and 

onboard load. Specifically, fuel cell power (in blue) indicates 

the power generated by the fuel cell system, whereas motor and 
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auxiliary power (in magenta) refers to the combined power re-

quired for motor operation, according to the given RPM profile 

and consumption by auxiliary systems. The battery power (in 

red) denotes the contribution of the battery, exhibiting negative 

and positive values during charging and discharging, respec-

tively. 

Before the 50-s mark in the simulation, the fuel cell output ex-

ceeded the required power. This indicates that the required power 

is lower than the minimum power output of the fuel cell, and that 

the battery power becomes negative, indicating that the battery is 

being charged. Hence, before 50 s, both the motor and onboard 

loads required less power than the minimum generated by the 

Figure 6: Analysis of Fuel Cell System Equipment Data  

(a: Stack load, b: Coolant temperature, c: Stack temperature, d: Coolant heat exchange ratio) 

Figure 5: Analysis of Fuel Cell System Power Data 

Figure 4: Plot of Motor’s Rotational Speed (Revolutions 

Per Minute (RPM)) as a Function of time (Work Profile)



San Kimㆍ Kyoung-Kuk Yoonㆍ Sang-Kyun Park 

Journal of Advanced Marine Engineering and Technology, Vol. 49, No. 3, 2025. 6          211 

fuel cell, and the excess energy was used to charge the battery. 

In the proximity of the 50-s mark, the required power for the 

motor also increased as the motor RPM increased, reaching the 

minimum power output of the fuel cell. The battery power began 

to converge from the negative region toward zero, indicating that 

as the motor load increased, the charging rate of the battery de-

creased.  

The motor power demand, shown in magenta color in Figure 

5, exhibits a trend similar to that of the motor’s speed (in RPM) 

in Figure 4, even though the motor’s speed yields a stepped pat-

tern without fluctuations, whereas the corresponding power out-

put yields overshoot and undershoot responses. This discrepancy 

is due to the control delays caused by the switching actions and 

the inertia of the motor shaft. 

In the 100–200 s range, the motor’s demand and battery pow-

ers continued to display similar trends to those observed at 50 s. 

However, as the motor RPM increased, the overshoot in the mo-

tor power became more pronounced at each step, and the maxi-

mum discharge power of the battery increased. Upon reaching 

the 200-s mark, the motor’s speed started to decrease, and the 

motor’s demand power yielded an undershoot response in the op-

posite direction compared with that in the 50–150-s interval. 

Once the motor’s speed stabilized, the motor power demand 

eventually leveled off after a short period, a phenomenon at-

tributed to system inertia and control delays, similar to the re-

sponse attained when the motor’s speed increased. 

During the 200–300 s interval, the motor’s demand power and 

battery power continued to exhibit patterns similar to those ob-

served during the 150–200 s interval. However, as the motor’s 

speed decreased, the intensity of the undershoot of the motor’s 

power became less pronounced. Battery charging occurred when 

the fuel-cell power exceeded the motor demand at 200 s and 250 

s, and the undershoot at 200 s was greater than that at 250 s. 

Figure 6 shows the detailed responses of the fuel cell system 

subject to variations in motor’s speed. The load on the fuel cell 

stack (a) was determined by the power management system, 

which adjusted the cell’s current to match the required power de-

mand. In this simulation, the load was proportionally increased 

or decreased according to the power demand, resulting in a pat-

tern that closely followed the motor load profile. 

The state variables of the cooling system in response to the fuel 

cell load included the (b) inlet temperature of the coolant entering 

the stack, (c) temperature of the fuel cell stack, and (d) the cool-

ing ratio, which corresponded to the opening rate of the 3-way 

valve that directed the coolant flow toward the heat exchanger. 

Specifically, the coolant inlet temperature shown in Figure 6(b) 

varied significantly depending on the load conditions. During the 

low-load phase (50–100 s), the coolant entered the stack at a rel-

atively high temperature of approximately 330–350 K. As the 

load increased (at approximately 150 s), the inlet temperature de-

creased to approximately 325–330 K. During the highest load pe-

riod (150–200 s), it reached a minimum range of approximately 

325–328 K. After the load decreased (200–300 s), the coolant 

temperature increased again to 320–330 K and 325–330 K. This 

pattern reflects thermal regulation toward the target control tem-

perature of the stack; when subjected to a low load, the warmer 

coolant helps raise the stack temperature, whereas when sub-

jected to a high load, the cooler coolant enhances heat removal. 

These observations indicate that the coolant inlet temperature is 

actively controlled to maintain the fuel cell operation within its 

optimal efficiency range. 

As shown in Figure 6(c), when the stack load increases or de-

creases, the stack temperature momentarily deviates from the 

control set point (338 K) but rapidly converges within approxi-

mately 30 s, confirming the responsiveness of the thermal control 

system. 

The cooling ratio shown in Figure 6(d) represents the propor-

tion of coolant heated by the fuel cell stack directed to the heat 

exchanger, and is determined by a 3-way valve controlled by a 

proportional integral (PI) controller. The actuation speed of the 

valve reflects the temperature-tracking responsiveness of the 

cooling system, whereas the degree of convergence of its value 

indicates the thermal stability. At the time of maximum load (ap-

proximately 150 s), the cooling ratio approached 0.4, suggesting 

that the system was designed to accommodate significant thermal 

loads with an appropriate safety factor. 

Therefore, by evaluating the temperature tracking speed and ther-

mal stability of the system, it is possible to back-calculate design pa-

rameters such as the PI controller gains, maximum mass flow rates 

of the coolant and seawater pumps, and effective heat transfer area 

of the heat exchanger. These parameters can then be adjusted accord-

ing to a predefined safety factor to guide the system design.  

Figure 7 shows the changes in the battery’s SOC and current 

during the same simulation. The current was defined as positive 

during discharging and negative during charging. 

The SOC increased as the excess power generated by the fuel 

cell was used to charge the battery because the motor power de-

mand at the initial RPM was smaller than the fuel cell output. As  
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Figure 7: Battery Variation According to Operating Condi-

tions (SOC, Current) 

the simulation time approached 50 s, the power generated by the 

fuel cell balanced the motor power demand and the SOC stabi-

lized at a certain level. After 50 s, an overshoot occurred that 

temporarily accelerated the motor as the motor load increased, 

causing the battery to discharge and the SOC to decrease. Once 

the fuel cell load reached the motor power demand, the battery 

discharging process ended and the SOC remained stable. 

From 100 s onward, the system underwent a similar discharge 

and stabilization process as the motor load increased, as observed 

at 50 s. Additionally, as the motor load increased, the intensity of 

the peak power during the control interval also increased, leading 

to an amplified control signal in which the fuel cell power mo-

mentarily exceeded the motor load. Between 100 and 150 s, the 

fuel cell load was adjusted by the PI controller. During this time, 

the battery was charged, slightly increasing the SOC. A similar 

process occurred from 150 s to 200 s, with excess power from 

the fuel cell charging the battery and maintaining the system’s 

power balance while the fuel cell power converged. 

After 200 s, the motor load decreased. When the target load 

was reached, temporary deceleration occurred, and the power 

values experienced an undershoot, opposite to the behavior ob-

served between 50 and 150 s, generating excess fuel cell power. 

To maintain the balance between the fuel cell excess and the re-

quired power, the battery was briefly charged, leading to a tem-

porary increase in the SOC at approximately 200 s and 250 s. As 

the fuel cell system stabilized, the SOC value became more stable 

manifested by a gradual charging process. 

Comparison of the slopes of the SOC values during periods of 

low SOC (150–200 s) and high SOC (50–100 s, 250–300 s) 

shows that as the SOC increases, the slope of the graph decreases. 

This indicates that the system controls the charging intensity ac-

cording to the charge level of the battery to maintain a specific 

SOC range. 

The current values of the battery show that during the over-

shoot power occurrence at 50, 100, and 150 s, the battery dis-

charges and currents are positive. At 200 and 250 s, when an un-

dershoot occurs, the battery charges and the current becomes 

negative. Considering the battery specifications, this corresponds 

to a maximum C-rate of approximately 0.14, which is lower than 

that specified by the manufacturer.  

Consequently, the simulation can be used to evaluate the hy-

drogen consumption of the fuel cell and the corresponding SOC 

variation in the battery for a given operational profile. This ena-

bles the estimation of design parameters such as battery capacity 

and DC/DC converter duty ratio, considering the ship’s opera-

tional profile and mission duration. Furthermore, because the 

simulator allows for a flexible configuration of work profiles and 

system specifications, it can be applied to economic assessments, 

optimization studies, and evaluation of various EMS control 

strategies. 

6. Conclusion

The objective of this study was to implement a simulation en-

vironment for a hybrid fuel cell/battery propulsion system for 

ships. The results of this study can be summarized as follows: 

①  A 200 kW PEMFC was modeled, and single-voltage data

were compared and validated using experimental data. In

addition, the power system components, including the fuel

cell system, battery, and motor were modeled, and a simu-

lation environment was established by integrating these

components.

② It was observed that when the temperature of the fuel cell

stack was lower than the control temperature, the valve was

controlled to increase the temperature of the stack so that

the heat generation exceeded the cooling rate. Conversely,

when the stack temperature was higher than the control tem-

perature, the valve was controlled to decrease the stack tem-

perature by ensuring that the heat generation was less than

the cooling rate. This demonstrated that the cooling system

of the fuel cell stack was regulated to maintain the control

temperature of the stack.
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③ The hybrid fuel cell/battery system implemented in this

study operated the fuel cell continuously while charging and

discharging the battery (which had a fast response time) to

maintain the power balance during instantaneous power

fluctuations.

④ In the simulation, the time required for the system to stabi-

lize due to variations in the motor’s speed was much smaller

than the actual load fluctuation period of the ship. Therefore,

it was confirmed that the hybrid fuel cell/battery system was

designed to achieve fast responses and could stably track

specific load conditions.

As a result, the proposed simulation environment enables the 

extraction of design parameters, such as PI controller gains, 

pump flow rates, and heat exchanger area, as well as battery siz-

ing and converter configurations based on operational profiles. 

Additionally, the flexibility of the simulator allows its application 

in economic evaluations, system optimization studies, and EMS 

strategy testing, providing a practical foundation for real-world 

marine hybrid propulsion design. 
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