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SUMMARY 
 
This project developed a MATLAB-based tool to compare different energy management strategies 

(EMS) for fuel cell–battery hybrid systems used in mobile machinery. The tool aims to minimize the 

Total Cost of Ownership (TCO) by optimizing how energy is distributed between the fuel cell and the 

battery under real-world conditions. 

The hybrid system model includes detailed components: a fuel cell stack, battery, DC/DC converter, 

inverter, electric motor, and auxiliary systems. It accurately simulates power and energy flows, 

efficiency losses, and dynamic behaviors. A key feature is a fuel cell degradation model that accounts 

for operational factors such as start-stops, power demand fluctuations, and idle periods—helping to 

estimate long-term system performance and cost. 

Developed within the H2Modus project, the tool helps engineers and researchers assess EMS 

approaches based on efficiency, cost, and component lifespan. By providing a standardized platform 

for EMS evaluation, it supports more informed decisions in designing and controlling hybrid powertrains 

for cleaner, more efficient industrial vehicles. 
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1 INTRODUCTION AND GOAL 
1.1 Introduction 

Why the EMS Comparison tool? 

In the mobile machinery sector, growing concerns over fossil fuel depletion and environmental 

degradation caused by emissions have intensified the demand for sustainable powertrain solutions. 

Machines such as excavators and forklifts face increasing pressure on stricter emission regulations (E. 

Hosseinzadeh, 2013). While some electric mobile machines rely solely on batteries, these systems 

often suffer from weight issues, limited range, and the need for substantial charging infrastructure. 

Fuel cells offer a promising alternative by generating electricity through electrochemical reactions, 

resulting in minimal emissions compared to traditional internal combustion engines (ICEs) (M.-H. Shin, 

2016). Given their environmental benefits, fuel cell electric hybrid systems are emerging as viable 

replacements for ICE and battery-only configurations, particularly in demanding applications like 

forklifts and excavators (N. Sulaiman, 2015), (Y. Liu, 2020). These hybrids can significantly reduce fossil 

fuel use and nearly eliminate harmful emissions (M.-H. Shin, 2016). 

To maximize the benefits of such systems, it is essential to manage power flow effectively between the 

fuel cell and the battery. An optimized energy management system (EMS) ensures this distribution is 

both efficient and cost-effective. This research focuses on identifying EMS strategies that reduce the 

total cost of ownership. 

The H2Modus project—a consortium of 25 partners including 16 SMEs—addresses critical challenges in 

the deployment of fuel cell hybrid systems, such as component sizing, system control, safety, logistics, 

and cost. As part of this initiative, a dedicated EMS comparison tool is being developed. This tool will 

compare optimized EMS configurations based on parameters like load profiles and component 

specifications. In alignment with H2Modus objectives, the tool aims to reduce operational costs while 

supporting the integration of fuel cells into mobile machinery. The performance of the generated EMS 

will also be benchmarked against other strategies using the EMS comparison tool developed in 

MATLAB. 

1.2 Goal of the EMS comparison tool 

It is important to support the transition toward sustainable mobile machinery by developing and 

evaluating optimized energy management strategies for fuel cell hybrid powertrains. Through the EMS 

comparison tool the study aims to identify and benchmark control strategies that ensure efficient 

power distribution between fuel cell and battery systems, with the ultimate objective of minimizing the 

total cost of ownership for machines such as forklifts and excavators. 

 

Therefore the goal is defined as: 



 
 

 
 
H2MODUS EMS COMPARISON TOOLAND CORE MODEL 6/70 

The goal of this EMS comparison tool is to evaluate and compare different Energy Management 

Strategies (EMSs) for a fuel cell–battery hybrid propulsion system, with the objective of automatically 

identifying the most cost-effective control strategy in terms of Total Cost of Ownership (TCO) based upon 

a given load cycle and sizing (battery fuel cell combination). 

2 BACKGROUND INFORMATION ON H2 SYSTEMS 
Hydrogen (H₂) systems have emerged as a promising solution in the transition towards cleaner and 

more sustainable energy technologies, particularly in sectors where conventional battery-electric 

systems face limitations. A hydrogen system typically includes a hydrogen storage unit, a fuel cell 

stack, power conditioning components (such as DC/DC converters), and often an auxiliary battery. The 

core of the system is the fuel cell, which electrochemically combines hydrogen and oxygen to generate 

electricity, with water vapor and heat as the only byproducts. This process results in high energy 

conversion efficiency and zero harmful emissions at the point of use, making it a compelling alternative 

to internal combustion engines (ICEs) and reducing overall environmental impact. 

In mobile machinery applications — such as construction equipment, logistics vehicles, and industrial 

machines — hydrogen systems offer several advantages over pure battery-electric configurations. They 

provide higher energy density, faster refueling times, and extended operational ranges, addressing key 

challenges related to downtime, payload limitations, and charging infrastructure. When paired with a 

battery in a hybrid architecture, hydrogen systems can balance the high energy storage capacity of 

hydrogen with the fast transient power response of batteries. This synergy allows for more efficient 

operation under variable load conditions, improved component lifespan, and optimized energy usage. 

As such, hydrogen fuel cell hybrid systems represent a practical and scalable solution for decarbonizing 

the mobile machinery sector while maintaining performance and operational flexibility. 

3 CORE MODEL 
3.1 Goal 

The goal of the core model is to provide a physics-based simulation framework that supports both the 

EMS comparison tool and the sizing tool by accurately representing the energy flows, power 

distribution, and efficiency losses within a fuel cell hybrid propulsion system. 

 

To achieve consistent and reliable analyses across different applications, a common core model has 

been developed to simulate the interactions between key components of the hybrid powertrain, 

including the fuel cell stack, battery, DC/DC converter, inverter, electric motor, and auxiliary loads. As 

shown in Figure 1, the model ensures compliance with fundamental conservation laws of power and 

current, while accounting for component-specific efficiencies and electrical characteristics. This model 

serves as the computational backbone for evaluating energy management strategies and system sizing 

decisions, enabling performance benchmarking and optimization under realistic operating conditions. 
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3.2 Design 

3.2.1 Overview of the model 

Both for the sizing tool as the EMS comparison tool the same core model is used to run the analyses. 

Figure 1 represents the energy flow and interactions within the chosen model of the hybrid propulsion 

system powered by a fuel cell stack and battery, with included the relevant components as converter, 

inverter, and the electric motor (M) driving the vehicle. A more detailed explanation of the key 

components and their functions is given in the separate paragraphs.  

 
Figure 1: Outline of the hybrid propulsion system. Picture from (Tazelaar, 2013). 

The sum of powers in propulsion system obeys a conservation law, the power balance [W]: 

𝑃𝑃𝐹𝐹𝐹𝐹𝐹𝐹 + 𝑃𝑃𝑆𝑆 = 𝑃𝑃𝑑𝑑 + 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎  (3-1) 

With: 

𝑃𝑃𝐹𝐹𝐹𝐹𝐹𝐹: net fuel cell stack power [W] 

𝑃𝑃𝑆𝑆: storage/battery power at terminals [W] 

𝑃𝑃𝑑𝑑: Power demand for work [W] 

𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎: Auxiliary power [W] 

 

The sum of current in propulsion system also obeys a conservation law, the current balance [A]: 

𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹 + 𝐼𝐼𝑆𝑆 = 𝐼𝐼𝑑𝑑 + 𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎 (3-2) 

with: 

𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹: net fuel cell stack current [A] 
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𝐼𝐼𝑆𝑆: storage/battery current at terminals [A] 

𝐼𝐼𝑑𝑑: Current demand for traction [A] 

𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎: Auxiliary current [A] 

 

The efficiencies are expressed as follows: 

𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐: DC/DC converter efficiency 

𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖 : Inverter efficiency [-] 

𝜂𝜂𝐸𝐸𝐸𝐸 : Electromotor efficiency [-] 

 

The remaining variables in Figure 1 are defined as follows:: 

𝑉𝑉𝐹𝐹𝐹𝐹 : Voltage fuel cell stack at terminals [V] 

𝐼𝐼𝐹𝐹𝐹𝐹 : Fuel cell stack current [A] 

𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏: Voltage on DC bus [V] 

𝑉𝑉𝑆𝑆: Voltage storage/battery [V] 

 

The power for work, 𝑃𝑃𝑊𝑊 , is not included in this model as the project focuses solely on electric power 

generation and excludes the electric motor and its efficiency. 

 

3.3 Components 

3.3.1 Fuel cell 

Fuel Cell Stack: 

The fuel cell generates power 𝑃𝑃𝐹𝐹𝐹𝐹  [W] by consuming hydrogen 𝑚̇𝑚𝐻𝐻2 [kgs−1]. It is modelled with a look up 

table, see Figure 2, of the fuel cell stack polarization curve, such the stack voltage 𝑉𝑉𝐹𝐹𝐹𝐹  [V] and stack 

current 𝐼𝐼𝐹𝐹𝐹𝐹  [A] combination is given. The figure is based on interpretation of confidential data provided 

by members of the H2modus consortium. 
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Figure 2: Fuel cell I-V relation – breakpoints for look up table 

 

The fuel cell output is fed into the DC-DC converter which adjusts it to match the bus voltage 𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏  [V], 

which is aligned with the battery voltage 𝑉𝑉𝑆𝑆 [V]. The converter has a defined efficiency, 𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐 [-]. The net 

fuel cell power is fuel cell power after DC-DC converter: 𝑃𝑃𝐹𝐹𝐹𝐹𝐹𝐹 = 𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑃𝑃𝐹𝐹𝐹𝐹 . 

 

The desired power, 𝑃𝑃𝐹𝐹𝐹𝐹 𝑑𝑑𝑑𝑑𝑑𝑑 is given to the fuel cell as an input and translated to desired current [A] by 

using the power to current [A] lookup table curve, including degradation influences, see 3.4.1. A rate 

limiter is included, 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑝𝑝𝑝𝑝𝑝𝑝 or 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑛𝑛𝑛𝑛𝑛𝑛 [A/s], for limiting ramping up and ramping down. From the desired 

current [A] the delivered voltage is given with a lookup table representing the polarization curve. This 

voltage outcome is multiplied with the degradation factor,  𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑓𝑓 𝐹𝐹𝐹𝐹  [-], of the fuel cell, see 3.4.1.  

 

The consumed hydrogen is modelled by using the Faraday constant. Each hydrogen molecule delivers 

two electrons, which can be proportionally related to the stack current: 

𝑚̇𝑚𝐻𝐻2 = 𝑁𝑁𝐹𝐹𝐹𝐹
𝑀𝑀𝐻𝐻2
2𝐹𝐹

𝐼𝐼𝐹𝐹𝐹𝐹  (3-3) 

With 𝑁𝑁𝐹𝐹𝐹𝐹  being the number of cells in series,  𝑀𝑀𝐻𝐻2 representing the molair mass of hydrogen, 2 ∙

1.00797 ∙ 10−3 [kg/mol] and 𝐹𝐹 the Faraday constant, 96485 [C/mol]. 

 

The effects of stack temperature, operating pressure, and humidity—which significantly influence fuel 

cell performance—are not modeled. These variables are either assumed constant or their influence is 

embedded implicitly in the lookup tables. The hydrogen lost due to purging and leakage is also not 

taken into account. 
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3.3.2 Battery 

The battery is the second energy source which can be approached as an ohmic relation with an internal 

resistance 𝑅𝑅𝑆𝑆 [Ω] and open clamp voltage 𝑉𝑉𝑆𝑆0 [V]. This open clamp voltage on itself depend on SOC [%]. 

It delivers power 𝑃𝑃𝑆𝑆 [W] or receives it during charging. The battery connects directly to the DC bus 

voltage 𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏  [V]. 

The battery as energy storage is represented as an ideal voltage source with an internal resistance: 

𝑉𝑉𝑆𝑆 = 𝑉𝑉𝑆𝑆0 − 𝑅𝑅𝑆𝑆𝐼𝐼𝑆𝑆 

 
(3-4) 

 
Figure 3: Battery model 

The open clamp voltage, 𝑉𝑉𝑆𝑆0, depends on the SOC and temperature of the battery.  In this model the 

temperature is considered to be constant during operation and is neglected.  

The SOC is significantly influencing 𝑉𝑉𝑆𝑆0 which is approached with a lookup table following the 

breakpoints, see Figure 4. The final value for 𝑉𝑉𝑆𝑆0 is calculated by multiplying with the number of battery 

cells, 𝑁𝑁𝑆𝑆: 

𝑉𝑉𝑆𝑆0 = 𝑁𝑁𝑆𝑆𝑉𝑉𝐶𝐶𝐶𝐶0 (3-5) 

Power [W] can be derived: 

𝑃𝑃𝑆𝑆 = 𝑉𝑉𝑆𝑆𝐼𝐼𝑆𝑆 = 𝑉𝑉𝑆𝑆0𝐼𝐼𝑆𝑆 − 𝑅𝑅𝑆𝑆𝐼𝐼𝑆𝑆2 (3-6) 

and from this the current, 𝐼𝐼𝑆𝑆 , can be derived: 

 

𝐼𝐼𝑆𝑆 =
𝑉𝑉𝑆𝑆0
2𝑅𝑅𝑆𝑆

−
1

2𝑅𝑅𝑆𝑆
�𝑉𝑉𝑆𝑆02 − 4𝑅𝑅𝑆𝑆𝑃𝑃𝑆𝑆 (3-7) 
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Figure 4: Cell open clamp voltage in relation to SOC - breakpoints for look up table 

The amount of charge stored in the battery is represented by the SOC. To determine the SOC, coulomb 

counting is assumed. This implies that the SOC of the battery directly relates to the integral of the 

battery current: 

𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡) = 𝑆𝑆𝑆𝑆𝑆𝑆(0) −
1

𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
� IS
𝑡𝑡

𝑡𝑡=0
𝑑𝑑𝑑𝑑 (3-8) 

with 𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 [C], Coulomb, represents the battery's capacity to store charge.  SOC is expressed between 0 

– 1, which is converted to [%], 𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡)%. 

 

As the battery initial SOC never equals the end SOC (end of the load cycle), for good hydrogen 

consumption comparison the equivalent battery hydrogen consumption is calculated: 

𝑚𝑚𝐻𝐻2 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =
𝑆𝑆𝑆𝑆𝑆𝑆(0)% − 𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡)%

100
𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝜂𝜂𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿𝑉𝑉𝐻𝐻2
 (3-9) 

with 𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 the rated energy storage capacity of the battery, [J], 𝜂𝜂𝐹𝐹𝐹𝐹  the average fuel cell efficiency, set 

to be  𝜂𝜂𝐹𝐹𝐹𝐹 = 0.5 [−]. 

 

Transient effects in voltage response or hysteresis behavior during charging/discharging are neglected. 

Also dynamic electrochemical behavior, such as diffusion or capacitive effects are not modelled and 

the operating temperature of the battery is considered to be constant.  

 

3.3.3 Losses 

DC/DC converter:  

The power and current on the fuel cell can be derived in following way: 
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𝑃𝑃𝐹𝐹𝐹𝐹𝐹𝐹 = 𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑃𝑃𝐹𝐹𝐹𝐹  (3-10) 

𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹 = 𝑟𝑟𝐼𝐼𝐹𝐹𝐹𝐹  (3-11) 

With r [-] the input-output voltage ratio DC/DC converter: 

𝑟𝑟 ≈ 𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐
𝑉𝑉𝐹𝐹𝐹𝐹0 − 𝐼𝐼𝐹𝐹𝐹𝐹����𝑅𝑅𝐹𝐹𝐹𝐹

𝑉𝑉𝑆𝑆0
 (3-12) 

and with IFC���� the average current [A] on the fuel cell over the load cycle. In this study we make the 

assumption that the efficiency variation is not significantly influencing the results of component sizing 

or choice of EMS. For that reason The efficiency of the DC/DC converter is chosen to be constant with a 

value of 𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐 = 0.97 [−].  

 

Auxiliaries: 

Auxiliary systems consume a portion of the power 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 [W], reducing the net power available for work. 

The EMS dynamically controls the power split between the fuel cell and the battery to meet power 

demand while minimizing hydrogen consumption. 

Next relation can be applied: 

𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 = 𝛾𝛾𝑃𝑃𝑃𝑃𝐹𝐹𝐹𝐹 + 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎0 (3-13) 

With 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎0 defines the power offset and 𝛾𝛾𝑃𝑃 operation dependent auxiliary power ratio which can be 

defined with data analyses.  The auxiliary operation dependent power ratio is based upon the written 

work of (Barbir, 2013). Therefore, in this model 𝛾𝛾𝑃𝑃 = 0.19. 

For current a same type of relation holds which is the following: 

𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎 = 𝛾𝛾𝐼𝐼𝐼𝐼𝐹𝐹𝐹𝐹 + 𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎0 (3-14) 

With 𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎0 defines the current offset and 𝛾𝛾𝐼𝐼 operation dependent auxiliary current ratio which can be 

defined with data analyses. 

Assuming 𝐼𝐼𝑆𝑆� = 0 over the load cycle, for not depleting the battery, we can define: 

 

𝛾𝛾𝐼𝐼 = 𝑟𝑟 −
𝐼𝐼𝑑𝑑� + 𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎0

𝐼𝐼𝐹𝐹𝐹𝐹����
 (3-15) 

 

As 𝑉𝑉𝑆𝑆0 depends on the state of charge of the battery, on average, the open clamp voltage is equal to the 

open clamp voltage following from the average state of charge of the battery, 𝑉𝑉𝑆𝑆0𝑟𝑟𝑟𝑟𝑟𝑟 , which on itself is 

equal to the average battery voltage, 𝑉𝑉𝑆𝑆� : 

𝑉𝑉𝑆𝑆0���� = 𝑉𝑉𝑆𝑆0𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑉𝑉𝑆𝑆�  (3-16) 
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𝑉𝑉𝑆𝑆0𝑟𝑟𝑟𝑟𝑟𝑟  follows from the open clamp voltage SOC relation, Figure 4, and depends on the desired SOC. 

This assumption makes it possible to estimate 𝑟𝑟: 

𝑟𝑟 ≈ 𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐
𝑉𝑉𝐹𝐹𝐹𝐹0 − 𝐼𝐼𝐹𝐹𝐹𝐹����𝑅𝑅𝐹𝐹𝐹𝐹

𝑉𝑉𝑆𝑆0
≈ 𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐

𝑉𝑉𝐹𝐹𝐹𝐹0 − 𝐼𝐼𝐹𝐹𝐹𝐹����𝑅𝑅𝐹𝐹𝐹𝐹
𝑉𝑉𝑆𝑆0𝑟𝑟𝑟𝑟𝑟𝑟

= 𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐
𝑉𝑉𝐹𝐹𝐹𝐹0 − 𝐼𝐼𝐹𝐹𝐹𝐹����𝑅𝑅𝐹𝐹𝐹𝐹

𝑉𝑉𝑆𝑆�
 (3-17) 

𝐼𝐼𝐹𝐹𝐹𝐹���� can be found by using the power to current [A] lookup table curve by implementing 𝑃𝑃𝐹𝐹𝐹𝐹����� into the 

lookup table, where 𝑃𝑃𝐹𝐹𝐹𝐹����� on itself is derived by: 

𝑃𝑃𝐹𝐹𝐹𝐹����� =
𝑃𝑃𝑑𝑑��� + 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎0
𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐 − 𝛾𝛾𝑃𝑃

 (3-18) 

Which uses the average power demand, 𝑃𝑃𝑑𝑑��� as an input, following from the given load cycle on the bus.  

𝐼𝐼𝑑𝑑�  can be derived by:  

𝐼𝐼𝑑𝑑� =
𝑃𝑃𝑑𝑑���
𝑉𝑉𝑆𝑆�

=
𝑃𝑃𝑑𝑑���

𝑉𝑉𝑆𝑆0𝑟𝑟𝑟𝑟𝑟𝑟������� (3-19) 

𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎0 is needed to calculate 𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎 ,  which is derived by:  

𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎0 =
𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎0
𝑉𝑉𝑆𝑆�

=
𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎0
𝑉𝑉𝑆𝑆0𝑟𝑟𝑟𝑟𝑟𝑟

 

 
(3-20) 

It is important to note that 𝛾𝛾𝐼𝐼 , 𝑟𝑟, 𝐼𝐼𝐹𝐹𝐹𝐹����, 𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎0  and 𝐼𝐼𝑑𝑑�  can only be estimated accurately if the chosen EMS is 

using a SOC controlled (using a desired SOC value), as the described parameters depends on an 

average SOC value. In the described tool, the only EMS that uses 𝛾𝛾𝐼𝐼 , 𝑟𝑟, 𝐼𝐼𝐹𝐹𝐹𝐹����, 𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎0  and 𝐼𝐼𝑑𝑑�  is the AS-C EMS, 

which indeed is a SOC controlled EMS. If an EMS uses a SOC controlled strategy, it can make use of a 

current demand instead of a power demand which can be estimated from the power demand, 𝑃𝑃𝑑𝑑: 

𝐼𝐼𝑑𝑑 =
𝑃𝑃𝑑𝑑
𝑉𝑉𝑆𝑆�

=
𝑃𝑃𝑑𝑑

𝑉𝑉𝑆𝑆0𝑟𝑟𝑟𝑟𝑟𝑟
 (3-21) 

Inverter: 

The inverter converts DC power 𝑃𝑃𝑑𝑑 [W], from the bus into AC power to drive the electric motor. It 

operates with efficiency 𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖  [-]. 

Motor: 

The motor (M) converts electrical power into power for work 𝑃𝑃𝑊𝑊 [W], operating with efficiency 𝜂𝜂𝐸𝐸𝐸𝐸 [-]. 

 

3.4 Components degradation 

3.4.1 Fuel cell degradation 

From a review study on degradation of PEM fuel cells (Kolfschoten, 2025), it follows that most 

important variables influencing degradation of PEM fuel cells are number of start stops, number of 

power fluctuations, high power load time and idle time.  
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Number of Start Stops 

Under startup-shutdown conditions, a hydrogen-air interface at the anode of a PEMFC can cause a high 

interfacial potential difference at the cathode. This can lead to severe corrosion of the carbon material 

at the cathode, resulting in Pt catalyst particles falling off the carbon carrier, and possible aggregation 

and recombination of the ionomers. This can impede the mass transfer process between protons and 

water, reducing the ElectroChemical Surface Area (ECSA) and increasing the electrical resistance. 

These factors have a significant negative impact on the durability of the PEMFC. 

Number of Power Fluctuations 

Using the fuel cell dynamically will cause the internal temperature, pressure and water state to 

fluctuate. At high load more water is produced then at low loads, at which the membrane can even 

dehydrate. This causes the membrane to expand and contract that gives rise to mechanical stresses. 

These stresses can cause cracking of the membrane itself but also detachment from the catalyst layer 

or cracks forming in the catalyst layer. The results are higher contact resistance, lower ECSA, higher 

mass transfer resistance, so lower efficiency and lower maximum current. During dynamic operation 

the air and fuel mass streams going into the cell might be delayed, causing local air of fuel starvation. 

When there is (locally) insufficient air to create water, hydrogen is locally formed at the cathode. This 

hydrogen can then react in other locations in the cell to form water but locally this reaction creates hot 

spots which degrades the cell locally. When there isn’t enough hydrogen locally this can cause air to 

cross over to the anode causing the same degradation as during start-stop operation. It is observed 

that the dynamic load conditions also reduce the ECSA. 

High power load time 

Literature shows that high power load time increases the risk of gas starvation, water flooding and local 

overheating. It results in hot spot formation which accelerates chemical degradation of the membrane 

and also sintering of the Pt catalyst.  

Idle time 

Idling can also be seen as very low loads. At these low loads the cell voltages are the highest. The high 

voltage can cause the formation of radicals that can attack the chains in the membrane, ultimately 

leading to holes in the membrane. The main degradation mechanism is thought to be hydrogen 

peroxide radicals action on polymer end groups with remaining terminal connections involving H. In this 

degradation mechanism, oxygen molecules infiltrate from the cathode to the anode, where oxygen from 

the anode side can reduce the Pt catalyst to create HOO and HO radicals, causing membrane 

breakdown. Fluorocarbon is the backbone of PFSA; membranes are destroyed by radical assault, which 

has a direct impact on membrane mechanical strength and proton conductivity. Any terminal bonds in 

the polymer that include H can be attacked by these radicals. 

In the presence of peroxide radicals, this type of chemical attack is high at an active temperature above 

90 °C and when humidity levels are minimal. Furthermore, pollution of transition metal ions, hydrogen 

https://www.sciencedirect.com/topics/materials-science/peroxide
https://www.sciencedirect.com/topics/materials-science/mechanical-strength
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crossover, and changes in operating conditions can all have a direct impact on the chemical 

deterioration of the PFSA membrane. 

At the cathode the platinum can dissolve and deposit at larger sized particles which decreases the 

electrochemical surface area (ECSA), and therefor reactivity, of the catalyst. This reduced reactivity 

causes an increase in the voltage needed to start the reaction, thus reducing the efficiency of the 

reaction. 

 

Degradation model 

A second result from the degradation on PEM fuel cells is the usage of a degradation model 

incorporating above variables. The equation is reported and tested in studies (Pucheng Pei, 2008) and 

(Peng Ren, 2020), with the equation: 

𝑇𝑇𝑓𝑓 =
∆𝑃𝑃

𝑘𝑘𝑝𝑝(𝑃𝑃1𝑛𝑛1 + 𝑃𝑃2𝑛𝑛2 + 𝑃𝑃3𝑡𝑡1 + 𝑃𝑃4𝑡𝑡2) (3-22) 

 

With 𝑃𝑃1 = 0.0000593 is the load change operation parameter in  [%/cycle] 

𝑃𝑃2 = 0.00196 is the start stop parameter in [%/cycle]  

𝑃𝑃3 = 0.00126 is the idle condition operation parameter in [%/hr]  

𝑃𝑃4 = 0.00147 is the high power load operation parameter [%/hr] 

 

The variable 𝑛𝑛1 is the load change variable with number of power fluctuations per hour [-/hr]. 𝑛𝑛2 is the 

start stop variable with number of start stops per hour [-/hr]. 𝑡𝑡1 is the idle condition variable with idle 

time per hour [hr/hr]. 𝑡𝑡2 is the high power load variable with high power load time per hour [hr/hr]. 

∆𝑃𝑃 stands for the limited decreased value from beginning to the end of lifetime expressed in [%] 

degradation. In this model we use ∆𝑃𝑃 = 20 % decreased value to end of lifetime. This can be adapted 

according to other or new standards.  

𝑇𝑇𝑓𝑓  stands for the lifetime of the fuel cell until end of lifetime, in [hr].  

𝑘𝑘𝑝𝑝 stands for the accelerating coefficient [-] which can be seen, according to our vision, as a calibration 

coefficient which in the articles case is an accelerating coefficient belonging to accelerated stress 

tests, see (Pucheng Pei, 2008). The article uses a value for 𝑘𝑘𝑝𝑝 = 1.72. 

 

In this model, the accelerating coefficient 𝑘𝑘𝑝𝑝 is begin re-calibrated according to this study practical use 

of a fuel cell ∆𝑃𝑃 = 20 % and fuel cell suppliers lifetime, for example  𝑇𝑇𝑓𝑓 = 30000 hr, see (Hyster-Yale 

Materials Handling, 2025) under “normal fuel cell operation”. Since the web page does not clearly define 

what is considered normal fuel cell operation, the authors of this study interpret 'normal fuel cell 

operation' as follows:: 

𝑛𝑛1 = 2 [ −/hr]: 2 power fluctuations per hour.  
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𝑛𝑛2 = 0.125 [−/hr]: 1 start stop per 8 hour load cycle.  

𝑡𝑡1 = 0.0208 [hr/hr]: 10 minutes idle time per 8 hour load cycle.  

𝑡𝑡2 = 0.2 [hr/hr]: 0.2 hour high power load per hour.  

 

According to above estimation, in this example the model estimated value for the accelerating 

coefficient is: 

𝑘𝑘𝑝𝑝 = 0.9749 [-]. 

 

It is important to emphasize that this degradation equation and the calibrated acceleration coefficient 

are based solely on literature involving accelerated stress tests, which differ from real-world fuel cell 

usage. Furthermore, the newly estimated acceleration coefficient, 𝑘𝑘𝑝𝑝, is determined through discussion 

rather than empirical validation. Therefore, the results of this model should be interpreted with these 

assumptions in mind. Future research should refine the model by further developing the equation and 

recalibrating the acceleration coefficient using data from fuel cell suppliers and real-world fuel cell-

battery combinations. 

∆𝑃𝑃 can also be expressed in a degradation factor, which is used for modeling the degraded polarization 

curve: 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑓𝑓 𝐹𝐹𝐹𝐹 .  

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑓𝑓 𝐹𝐹𝐹𝐹 = 1 −
∆𝑃𝑃
100

 (3-23) 

The core model make use of degradation analyses by dropping the voltage of the polarization curve of 

the fuel cell by multiplying the stack voltage with 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑓𝑓 𝐹𝐹𝐹𝐹 . 

In the model, the calculated lifetime is constrained by the supplier's specified lifetime and cannot 

exceed it. As a result, it is implemented as a cutoff, with each degradation phase rescaled accordingly.  

Extracting n1  

Extracting the power fluctuations per hour, 𝑛𝑛1, is done by computing the changes in gross power output 

of the fuel cell 𝑃𝑃𝐹𝐹𝐹𝐹 . It calculates the difference between consecutive power values to identify upward 

and downward changes (positive and negative deltas). It then sums these changes and normalizes 

them using the rated power of the fuel cell with the gross maximum power, 𝑃𝑃𝐹𝐹𝐹𝐹 𝑚𝑚𝑚𝑚𝑚𝑚.  

Extracting n2 and t1 

Extracting start stop,  𝑛𝑛2, and idle time 𝑡𝑡1 is derived from 𝑃𝑃𝐹𝐹𝐹𝐹  by identifying periods when the fuel cell 

power 𝑃𝑃𝐹𝐹𝐹𝐹  is below a minimum threshold 𝐹𝐹𝐹𝐹𝐹𝐹 𝑚𝑚𝑚𝑚𝑚𝑚. Using a switch point, based on the start stop time 

(how much time is counted before evaluated as start stop sequence), it distinguishes between short 

idle dips and true off periods. The function iterates over the power signal to count how long the cell is 

idle versus off and tracks transitions into the off state. 

Extracting t2 
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Extracting 𝑡𝑡2 is done by analyzing 𝑃𝑃𝐹𝐹𝐹𝐹  and extract the moment where the fuel cell power output exceeds 

90% of its maximum capacity 𝑃𝑃𝐹𝐹𝐹𝐹 𝑚𝑚𝑚𝑚𝑚𝑚. It identifies all such instances and computes the total time spent 

above this threshold by multiplying the number of high-power samples by the simulation time step, then 

converts this to 𝑡𝑡2.  

 

3.4.2 Battery degradation 

For battery degradation the same approach is copied as for the fuel cell, based upon findings in (Bolun 

Xu, 2016), it is for this tool acceptable to count the number of battery cycles and calculate from that 

variable the lifetime of the battery, the so called cycle aging: 

𝑇𝑇𝑏𝑏 =
∆𝑄𝑄
𝐵𝐵1𝑚𝑚1

 (3-24) 

With 𝐵𝐵1 = 20
3000

= 0.0067  is the battery cycle operation parameter in [%/cycle] and is approached by a 

rated number, considering 3000 rated cycles for 20% degradation. The variable 𝑚𝑚1 is the battery cycle 

variable with number of battery cycles per hr [-/hr]. 

 

∆𝑄𝑄 can also be expressed in a degradation factor, which is used for modeling the degraded polarization 

battery curve: 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑓𝑓 𝑆𝑆.  

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑓𝑓 𝑆𝑆 = 1 −
∆𝑄𝑄
100

 (3-25) 

  
The core model does not makes use of in between degradation analyses of the battery, instead the 

sizing and EMS comparison tool make use of above relation for calculating the amount of battery 

packages needed for replacement. The polarization curve of the battery is set to a fixed degradation 

amount of 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑓𝑓 𝑆𝑆 = 0.9 in the sizing and EMS comparing analyses. 

Extracting m1 

The battery cycle variable 𝑚𝑚1 is derived by analyzing the number of battery SOC fluctuations per hour, 

normalized by the battery’s cycle life. It sums all absolute SOC changes over time, divides by 2 to 

convert an up-and-down change into one full cycle, and then by 100 to scale the result. 

4 EMS 
4.1 Goal and function of EMS 

The goal of an Energy Management System (EMS) in a hydrogen-based hybrid propulsion system is to 

optimize the power distribution between the fuel cell and the battery to ensure efficient, reliable, and 

cost-effective operation. Its objective is to minimize hydrogen consumption, extend components 

lifetime, and maintain system performance under varying load conditions. 
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4.2 Investigated EMSs 

The comparison of four energy management strategies (EMSs) —SOC-based control, Analytical 

Solution on Current (AS-C), Equivalent Consumption Minimization Strategy (ECMS), and Fuzzy Logic 

(FL)— is conducted using the EMS comparison tool developed in MATLAB. Tabel 1 provides a concise 

overview of each strategy, highlighting their underlying principles, as well as advantages and 

disadvantages. This structured comparison supports the evaluation of each EMS in terms of costs, 

efficiency, adaptability, and implementation complexity, facilitating informed decision-making for 

hydrogen-based hybrid energy systems. 

 

Tabel 1: EMSs compared 

EMS Type Explanation Main Advantages Main Disadvantages 
SOC EMS 
 
SOC-based 
controller 

Uses battery state of 
charge (SOC) and a lookup 
table to determine power 
split between fuel cell and 
battery. 

- Simple to implement 
- Low computational cost 
- Tuned based on empirical data 

- Not adaptive to changing 
conditions 
- May be suboptimal under 
dynamic loads 
- No consideration of efficiency 
losses 

AS-C EMS 
 
Analytical 
Solution on 
Current 

Optimizes current split 
using internal resistance 
values of fuel cell and 
battery, minimizing 
internal losses. 

- Mathematically optimal under 
modeled conditions 
- Accounts for internal losses 
- Based on physical parameters 

- Sensitive to model accuracy 
- Less adaptive to real-time 
system changes 
- Requires precise resistance 
measurement 

ECMS EMS  
 
Equivalent 
Consumption 
Minimization 
Strategy 
 

Minimizes total equivalent 
fuel cost dynamically 
using real-time power 
demand and equivalence 
factors. 

- Real-time optimality 
- Balances battery health and fuel 
usage 
- Adaptive to varying load and 
conditions 

- Requires tuning of equivalence 
factors 
- Higher computational 
complexity 
- Risk of suboptimality if tuning 
is poor 

FL EMS 
 
Fuzzy Logic 
controller 

Uses linguistic rules and 
expert knowledge to 
determine power split 
based on SOC and power 
demand. 

- Handles nonlinear and uncertain 
systems well 
- Easy to incorporate expert intuition 

- Performance highly dependent 
on rule quality 
- Requires careful tuning and 
validation 
- No guaranteed optimality 

 

From the comparison, it can be concluded that while the SOC-based strategy offers simplicity and ease 

of implementation, it lacks adaptability and can be less efficient under dynamic conditions. The AS-C 

method provides a physically grounded and mathematically optimal solution under fixed assumptions 

but is sensitive to parameter accuracy. ECMS stands out as a dynamic and real-time optimization 

approach, offering a strong balance between performance and system health, though it requires careful 

tuning. Finally, Fuzzy Logic provides flexibility and handles nonlinear behavior effectively, but depends 

heavily on the quality of the defined rules. 
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4.3  EMSs 

4.3.1 SOC EMS 

SOC: It the SOC-based control strategy, which is a straightforward energy management approach that 

uses the battery's state of charge (SOC) as the primary control variable to determine how to split the 

power demand between the battery and the fuel cell, based on a lookup table. The goal is to minimize 

hydrogen consumption, with optimal settings derived from findings of relevant partners within the 

H2Modus project. 

 

Figure 5: Example of State of Charge (SOC) based EMS - breakpoints for look up table 

Figure 5 illustrates an example of the State of Charge (SOC) Energy Management Strategy (EMS) used 

in a hybrid hydrogen propulsion system. The exact settings for the SOC control depends on the sizing of 

the components (battery – fuel cell combination) and follows from the Sizing tool. 

The x-axis represents the State of Charge (SOC) percentage of the battery, while the y-axis represents 

the fuel cell ratio, which indicates how much power the fuel cell contributes relative to its maximum 

capacity. 

This strategy is designed to optimize fuel cell operation by regulating its power output based on the 

battery’s SOC. The fuel cell operates at full capacity when the SOC is at or below 50%, gradually 

reducing power as SOC increases. Beyond 80% SOC, the fuel cell is completely turned off, preventing 

unnecessary hydrogen consumption and allowing the battery to handle the energy demand. When the 

SOC drops back below 50%, the fuel cell reactivates to recharge the battery and support power 

demands. Some extra rules have been implemented to improve performance with relatively small 

battery packs. When the power demand is higher than what the current setpoint and the maximum 

battery power can achieve, the fuel cell current setpoint is increased. Likewise, when the power demand 
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is lower than the fuel cell setpoint minus the minimum battery power (charging power) the fuel cell 

setpoint is lowered. 

The fuel cell contributes its maximum gross power output when SOC is at or below 50%. As the SOC 

rises between 50% and 80%, the fuel cell power decreases linearly. At 80% SOC, the fuel cell is turned 

off to avoid overcharging the battery. 

Breakpoints (Dashed Lines): 

Green dashed line (~50% SOC): Minimum SOC threshold where the fuel cell starts operating at full 

power.  

Orange dashed line (~80% SOC): Maximum SOC threshold where the fuel cell is turned off to prevent 

excessive hydrogen consumption. 

The fuel cell’s gross maximum power is defined under the assumption of 100% state health. If the fuel 

cell degrades over time, its ability to provide gross power diminishes. Despite degradation, the power 

demand is still sent to the fuel cell, potentially leading to suboptimal operation. If the fuel cell cannot 

meet the demand, the battery compensates by supplying additional power. 

 

This SOC-based control approach is widely used in hybrid hydrogen systems to optimize efficiency, 

extend fuel cell lifespan, and reduce hydrogen consumption. Companies working on hydrogen 

propulsion systems can adjust these breakpoints (50% and 80%) to match specific vehicle or system 

requirements. If not adjusted dynamically, degradation of the fuel cell over time may lead to 

inefficiencies in the power management strategy. 

 

4.3.2 AS-C EMS 

AS-C: Analytical Solution on Current. Refers to the analytical solution on the level of voltages and 

currents, see (Tazelaar, 2013), with the first order battery efficiency model. Optimal current division 

between fuel cell and battery relies on the current split ratio, 𝜙𝜙𝐼𝐼 = 𝑓𝑓(𝑅𝑅𝑆𝑆,𝑅𝑅𝐹𝐹𝐹𝐹) for minimizing hydrogen 

consumption, based on the manufacturer specifications and measured parameter values for the 

internal resistances of fuel cell stack and battery. With 𝑅𝑅𝑆𝑆 the internal resistance storage of the battery 

[Ω]  and 𝑅𝑅𝐹𝐹𝐹𝐹   the internal resistance of the fuel cell stack [Ω].  

The losses in the power train are dominated by the internal losses in the fuel cell system, the losses in 

the battery and the losses in the DC/DC-converter. Based on the model equations, these losses are 

expressed in cost function: 

𝐽𝐽(𝐼𝐼𝐹𝐹𝐹𝐹) = � (𝐼𝐼𝐹𝐹𝐹𝐹2 𝑅𝑅𝐹𝐹𝐹𝐹 + 𝐼𝐼𝑆𝑆2𝑅𝑅𝑆𝑆)𝑑𝑑𝑑𝑑

𝑡𝑡𝑓𝑓

𝑡𝑡=0

 

  

(4-1) 

Constraint A:  
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𝐼𝐼𝑆𝑆 = 𝐼𝐼𝑑𝑑 + 𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎 − 𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹 = 𝐼𝐼𝑑𝑑 + 𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎0 − (𝑟𝑟 − 𝛾𝛾𝐼𝐼)𝐼𝐼𝐹𝐹𝐹𝐹   (4-2) 

Constraint B: 

Minimum amount of energy left in the battery at the end of considered driving cycle. 

Expressed as: 

� 𝐼𝐼𝑆𝑆 𝑑𝑑𝑑𝑑

𝑡𝑡𝑓𝑓

𝑡𝑡=0

= 0 (4-3) 

 

Combining cost function 𝐽𝐽  with constraints A and B, using a Lagrange multiplier, realizes a Lagrange 
function: 

𝐿𝐿(𝐼𝐼𝐹𝐹𝐹𝐹 , 𝜆𝜆) = � {𝐼𝐼𝐹𝐹𝐹𝐹2 𝑅𝑅𝐹𝐹𝐹𝐹 + [𝐼𝐼𝑑𝑑 + 𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎0 − (𝑟𝑟 − 𝛾𝛾𝐼𝐼)𝐼𝐼𝐹𝐹𝐹𝐹]2𝑅𝑅𝑆𝑆} 𝑑𝑑𝑑𝑑 +
𝑡𝑡𝑓𝑓

𝑡𝑡=0
 

𝜆𝜆 � [𝐼𝐼𝑑𝑑 + 𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎0 − (𝑟𝑟 − 𝛾𝛾𝐼𝐼)𝐼𝐼𝐹𝐹𝐹𝐹] 𝑑𝑑𝑑𝑑

𝑡𝑡𝑓𝑓

𝑡𝑡=0

 

 

(4-4) 

to be minimized. 

When following Euler-Lagrange, the necessary conditions for a minimum are that the partial derivatives 
towards variables 𝑃𝑃𝐹𝐹𝐹𝐹  and 𝜆𝜆 to be zero: 

𝜕𝜕𝜕𝜕(𝐼𝐼𝐹𝐹𝐹𝐹,𝜆𝜆)
𝜕𝜕𝐼𝐼𝐹𝐹𝐹𝐹

= 0 and 𝜕𝜕𝜕𝜕(𝐼𝐼𝐹𝐹𝐹𝐹,𝜆𝜆)
𝜕𝜕𝜕𝜕

= 0 

Leaving only one solution giving an optimal fuel cell power, 𝐼𝐼𝐹𝐹𝐹𝐹∗  : 

𝐼𝐼𝐹𝐹𝐹𝐹∗ =
1

𝑟𝑟 − 𝛾𝛾𝐼𝐼
(𝐼𝐼𝑑𝑑� + 𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎0) + 𝜙𝜙𝐼𝐼(𝐼𝐼𝑑𝑑 − 𝐼𝐼𝑑𝑑� ) (4-5) 

𝜙𝜙𝐼𝐼: Current Split ratio [-] 

Dominantly defined by the ratio of the internal losses in the fuel cell stack and the battery. Leaving with 
a causality problem: solved by assuming that average current demand over the past approximate the 
future current demand. Power Split ratio can be interpreted by formulating it with next relation: 

𝜙𝜙𝐼𝐼 =
(𝑟𝑟 − 𝛾𝛾𝐼𝐼)2𝑅𝑅𝑆𝑆

𝑅𝑅𝐹𝐹𝐹𝐹 + (𝑟𝑟 − 𝛾𝛾𝐼𝐼)2𝑅𝑅𝑆𝑆
 (4-6) 

The current split ratio can be interpreted by formulating it with next relations: 

𝛥𝛥𝐼𝐼𝑑𝑑 = 𝐼𝐼𝑑𝑑 − 𝐼𝐼𝑑𝑑�  (4-7) 

and: 

𝐼𝐼𝑆𝑆 = (1 − 𝜙𝜙𝐼𝐼)𝛥𝛥𝐼𝐼𝑑𝑑 (4-8) 
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The resulting EMS strategy can be visualized as follows: 

 

Figure 6: Optimizing energy management strategy as combined feed forward path and feedback control loop. 
Picture from (Tazelaar, 2013). 

With a proportional controller, this control loop is stable and has already a zero steady state error, for 
zero mean disturbances. As the main disturbance, the current demand Id, is clearly not zero mean, a 
bias is included. As bias, an estimate of the expected average current suffices: 

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ≈ 𝐼𝐼𝐹𝐹𝐹𝐹����. 

As the battery dynamics are slow compared to the variations in 𝐼𝐼𝐹𝐹𝐹𝐹∗ ,the minimum in the fuel consumption 
is not very sensitive to the value of the proportional action. Still, a proper choice for the proportional 
action should not result in a very fast response of the loop, as this would increase losses and not exploit 
the storage size of the battery, see [].  
 
As the closed loop transfer function could be defined as: 

𝐻𝐻𝑐𝑐𝑐𝑐 =
𝑆𝑆𝑆𝑆𝑆𝑆
𝑆𝑆𝑆𝑆𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟

=
𝐾𝐾(𝑟𝑟 − 𝛾𝛾𝐼𝐼)

𝑠𝑠𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝐾𝐾(𝑟𝑟 − 𝛾𝛾𝐼𝐼)
 (4-9) 

The K value can be chosen based upon a time constant of the closed loop system: 

𝐾𝐾 =
𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝜏𝜏𝑐𝑐𝑐𝑐(𝑟𝑟 − 𝛾𝛾𝐼𝐼)
 (4-10) 

Whereby 𝜏𝜏𝑐𝑐𝑐𝑐  should be chosen in order of hours (𝜏𝜏𝑐𝑐𝑐𝑐  ~ 3600 [𝑠𝑠]) 

In the tool the K value is gained with an extra factor 10 to achieve most stable result in SOC control. 

Figure 6 introduces more parameters, which need elaboration. 𝐼𝐼𝐹𝐹𝐹𝐹0: Baseline for fuel cell current based 
upon past driving cycle which keeps SOC constant. 

𝐼𝐼𝑑𝑑�� + 𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎0:  Estimated average current demand plus base load auxiliary power calculated from baseline 
𝐼𝐼𝐹𝐹𝐹𝐹0. All used to calculate an estimated optimal fuel cell power: 𝐼𝐼∗𝐹𝐹𝐹𝐹  

 

4.3.3 ECMS EMS 

ECMS: The Equivalent Consumption Minimization Strategy (ECMS) optimizes the power split between a 

battery and fuel cell in the system by minimizing the total energy cost. It converts energy from both 

sources into an equivalent fuel consumption, balancing efficiency, battery SOC, and hydrogen usage in 
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real-time. This ensures efficient operation while preserving battery health and meeting power demands 

dynamically. An equivalence factor 𝛼𝛼 = 𝑓𝑓(𝐾𝐾𝑆𝑆,𝐾𝐾𝐹𝐹𝐹𝐹) ensures optimal devision between fuel cell and 

battery, with 𝐾𝐾𝑆𝑆 the battery penalty coefficient [-] and 𝐾𝐾𝐹𝐹𝐹𝐹  the fuel cell penalty coefficient [-]. 

 

The EMS is designed to reduce hydrogen consumption and extend the lifespan of fuel cells. The core 

idea of the ECMS is to transform instantaneous electric consumption from the battery into equivalent 

hydrogen consumption and to minimize the sum of equivalent hydrogen consumption and hydrogen 

consumption from the fuel cell. The main concept is to minimize the instantaneous optimization 

problem by introducing a cost function that depends only on current system variables (instantaneous 

fuel cell efficiency and instantaneous battery’s state of charge).  

The optimal equation can be described as: 

𝑚𝑚𝑚𝑚𝑚𝑚�𝑓𝑓�𝑥𝑥(𝑡𝑡)� + 𝛼𝛼 ∙ 𝑔𝑔(𝑥𝑥(𝑡𝑡)) (4-11) 

Where, 𝑓𝑓(𝑥𝑥(𝑡𝑡)) is instantaneous fuel consumption at time t (kg/s), 𝑔𝑔(𝑥𝑥(𝑡𝑡)) is the battery equivalent 

hydrogen consumption (kg/s) at time t and 𝛼𝛼 is the equivalence factor. 

The objective function can be defined as: 

𝑚𝑚𝑤𝑤(𝑡𝑡) = 𝐾𝐾𝐹𝐹𝐹𝐹(𝑡𝑡)𝑚𝑚𝐹𝐹𝐹𝐹(𝑡𝑡) + 𝐾𝐾𝐵𝐵𝐵𝐵(𝑡𝑡)𝑚𝑚𝐵𝐵𝐵𝐵(𝑡𝑡) (4-12) 

Where, 𝑚𝑚𝑚𝑚(𝑡𝑡) is the total hydrogen consumption at time t in [kg/s] 

𝑚𝑚𝐹𝐹𝐹𝐹(𝑡𝑡) is the hydrogen consumption from the fuel cell at time t in [kg/s]  

𝑚𝑚𝐵𝐵𝐵𝐵(𝑡𝑡) is the battery equivalent fuel consumption at time t in [kg/s]  

𝐾𝐾𝐹𝐹𝐹𝐹(𝑡𝑡) is the fuel cell penalty coefficient.  

𝐾𝐾𝐵𝐵𝐵𝐵(𝑡𝑡) is the battery penalty coefficient. 

 

𝐾𝐾𝐹𝐹𝐹𝐹 =

⎩
⎪
⎨

⎪
⎧�1 − 2 �

𝜂𝜂 − 𝜂𝜂𝑜𝑜𝑜𝑜𝑜𝑜
𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚 − 𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚 

��
2

 if 𝜂𝜂 ≥  𝜂𝜂𝑜𝑜𝑜𝑜𝑜𝑜  

�1 − 2 �
𝜂𝜂 − 𝜂𝜂𝑜𝑜𝑜𝑜𝑜𝑜

𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚 − 𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚 
��

2

 if 𝜂𝜂 <  𝜂𝜂𝑜𝑜𝑜𝑜𝑜𝑜

 (4-13) 

 

Where 𝜂𝜂 is the instantaneous fuel cell efficiency in [%]. 𝜂𝜂𝑜𝑜𝑜𝑜𝑜𝑜  is the optimal fuel cell efficieny, [%], 𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚  is 

the maximum fuel cell efficiency, [%] and 𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚 is the minimum fuel cell efficiency, [%]. The fuel cell 

penalty coefficient makes sure the fuel cell operates at the optimal efficient region (𝜂𝜂 > 50%). When fuel 

cell system efficiency is lesser than optimal fuel cell efficiency, a high penalty value 𝐾𝐾𝐹𝐹𝐹𝐹  is calculated as 

shown in Figure 7, to lower the fuel cell power and thereby lowering hydrogen consumption. 
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Figure 7: Fuel cell efficiency versus penalty coefficient 

𝜂𝜂𝑜𝑜𝑜𝑜𝑜𝑜  is the optimal fuel cell efficieny, [%],  

 

𝐾𝐾𝐹𝐹𝐹𝐹 =

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧ �1 − �

𝑢𝑢 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜
𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 

��
10

 if 𝑢𝑢 <  𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚

�1 − �
𝑢𝑢 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜

𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 
��

10

 if 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑢𝑢 ≤   𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚

�1 − �
𝑢𝑢 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜

𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 
��

10

 if 𝑢𝑢 >  𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚

 (4-14) 

Where 𝑢𝑢 is the instantaneous State of Charge, SOC [%]. 𝑆𝑆𝑆𝑆𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜 is the setpoint SOC [%],  𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 is the 

maximum SOC [%] and 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚  is the minimum SOC [%]. The battery penalty coefficient makes sure the 

SOC values of battery are kept within the SOC limits. When battery SOC decreases, high 𝐾𝐾𝐵𝐵𝐵𝐵 value is 

imposed on the battery power, preventing battery discharge as shown in Figure 8. 

Hydrogen consumption of the fuel cell [kg/s] at time t and Battery equivalent hydrogen consumption of 

the fuel cell [kg/s] at time t is defined as: 

𝑚𝑚𝐹𝐹𝐹𝐹(𝑡𝑡) =
𝑃𝑃𝐹𝐹𝐹𝐹

𝜂𝜂𝐹𝐹𝐹𝐹(𝑡𝑡) ∙ 𝐿𝐿𝐿𝐿𝑉𝑉𝐻𝐻2
 (4-15) 

and  

𝑚𝑚𝐵𝐵𝐵𝐵(𝑡𝑡) = 𝛼𝛼(𝑡𝑡)
𝑃𝑃𝐵𝐵𝐵𝐵(𝑡𝑡)

𝜂𝜂𝐵𝐵𝐵𝐵(𝑡𝑡) ∙ 𝐿𝐿𝐿𝐿𝑉𝑉𝐻𝐻2
 (4-16) 

Where, 𝑃𝑃𝐹𝐹𝐹𝐹  is the fuel cell power [W], 𝑃𝑃𝐵𝐵𝐵𝐵 is the battery power [W], 𝜂𝜂𝐹𝐹𝐹𝐹  is the fuel cell efficiency [%], 𝛼𝛼 is 

the equivalence factor [-], 𝜂𝜂𝐵𝐵𝐵𝐵 is the transform efficiency [%] which is the combination of the fuel cell 

efficiency, DC/DC converter efficiency and the battery charge/discharge efficiency and 𝐿𝐿𝐿𝐿𝑉𝑉𝐻𝐻2  [MJ/kg] is 
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the lower heating value of hydrogen. 

 
Figure 8: Battery Penalty Variation 

Equivalence Factor: Equivalence factor 𝛼𝛼 describes the relative efficiency of battery usage compared to 

fuel cell usage. The equivalence factor 𝛼𝛼 dictates the distribution of power between the battery and the 

fuel cell. It adapts dynamically in real time to variations in power demand, battery’s SOC and fuel cell’s 

efficiency. The equivalence factor is influenced by the penalty coefficients, which penalize the fuel cell 

and battery, it is influenced by the associated efficiencies related to the battery and the fuel cell. When 

the relative efficiency of battery usage compared to fuel cell usage is high: 𝛼𝛼 >1. Conversely, when the 

relative efficiency of battery usage compared to fuel cell usage is low: 𝛼𝛼 <1. When 𝛼𝛼 =1, the power 

distribution between the fuel cell and the battery is equal. 

 

The Energy management system is subject to certain constraints: 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =

⎩
⎪
⎨

⎪
⎧

𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑃𝑃𝐹𝐹𝐹𝐹 + 𝑃𝑃𝐵𝐵𝐵𝐵
𝜂𝜂 ≥  𝜂𝜂𝑜𝑜𝑜𝑜𝑜𝑜

𝑆𝑆𝑆𝑆𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑢𝑢 ≤ 𝑆𝑆𝑆𝑆𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚

−𝑑𝑑𝑑𝑑 ≤
𝑃𝑃𝐹𝐹𝐹𝐹(𝑡𝑡) − 𝑃𝑃𝐹𝐹𝐹𝐹(𝑡𝑡 − 1)

𝑇𝑇
≤ 𝑑𝑑𝑑𝑑

𝑃𝑃𝐹𝐹𝐹𝐹 ≠ 0

 (4-17) 

 

The power demand from the load must be met by the fuel cell power and the battery power at each time 

step. The fuel cell is operated in the high efficiency zone; by operating the fuel cell in this high-efficiency 

range or the optimal region, the EMS minimizes hydrogen consumption. Operating outside this range 

can lead to excessive fuel consumption from the fuel cell (soft constraint). The instantaneous state of 

charge of the battery dictates the usage of the battery’s energy with respect to the battery’s penalty 

coefficient. Therefore, the battery’s SOC must be maintained within the SOC limits as it influences the 
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usage of the battery’s energy (soft constraint). The PEM fuel cell incurs mechanical stress on the 

membrane when there are rapid fluctuations in power demand which affects the electrochemical 

reaction. Therefore, the fuel cell’s dynamic power change rate must be minimized to increase the 

lifetime of the fuel cell. The dynamic power change limitation dP [W/s] depends majorly on the sizing of 

the fuel cell i.e., the fuel cell’s maximum power. The dynamic power change rate was found to be 1/15  

of the maximum fuel cell power. Frequent start-stop cycles can degrade the fuel cell’s components and 

decrease its lifetime. Therefore, the fuel cell start-stop operation (soft constraint) is limited to increase 

the lifetime of the fuel cell by ensuring a minimum power for the fuel cell to maintain its operation 

preventing start stops. 

 

To minimize the total hydrogen consumption, there is a need to find the optimal power distribution 

between the battery power and the fuel cell power. The power split between the battery and the fuel cell 

depends on the equivalence factor (𝛼𝛼). To find (𝛼𝛼): 

𝑚𝑚𝑚𝑚𝑚𝑚 𝑚𝑚𝑤𝑤(𝑡𝑡) = 𝐾𝐾𝐹𝐹𝐹𝐹(𝑡𝑡)𝑚𝑚𝐹𝐹𝐹𝐹 + 𝐾𝐾𝐵𝐵𝐵𝐵(𝑡𝑡)𝑚𝑚𝐵𝐵𝐵𝐵(𝑡𝑡) (4-18) 

𝑚𝑚𝑚𝑚𝑚𝑚 𝑚𝑚𝑤𝑤(𝑡𝑡) = ��𝐾𝐾𝐹𝐹𝐹𝐹(𝑡𝑡)
𝑃𝑃𝐹𝐹𝐹𝐹(𝑡𝑡)

𝜂𝜂𝐹𝐹𝐹𝐹(𝑡𝑡)𝐿𝐿𝐿𝐿𝑉𝑉𝐻𝐻2
+ 𝐾𝐾𝐵𝐵𝐵𝐵(𝑡𝑡)

𝛼𝛼(𝑡𝑡)𝑃𝑃𝐵𝐵𝐵𝐵(𝑡𝑡)
𝜂𝜂𝐵𝐵𝐵𝐵(𝑡𝑡)𝐿𝐿𝐿𝐿𝑉𝑉𝐻𝐻2

� 𝑑𝑑𝑑𝑑
𝑡𝑡

0

 (4-19) 

 

Which lead to minimizing the following Lagrangian: 

𝐿𝐿 = ��𝐾𝐾𝐹𝐹𝐹𝐹(𝑡𝑡)
𝑃𝑃𝐹𝐹𝐹𝐹(𝑡𝑡)

𝜂𝜂𝐹𝐹𝐹𝐹(𝑡𝑡)𝐿𝐿𝐿𝐿𝑉𝑉𝐻𝐻2
+ 𝐾𝐾𝐵𝐵𝐵𝐵(𝑡𝑡)

𝛼𝛼(𝑡𝑡)𝑃𝑃𝐵𝐵𝐵𝐵(𝑡𝑡)
𝜂𝜂𝐵𝐵𝐵𝐵(𝑡𝑡)𝐿𝐿𝐿𝐿𝑉𝑉𝐻𝐻2

� 𝑑𝑑𝑑𝑑
𝑡𝑡

0
+ 𝜆𝜆(𝑡𝑡)(𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑡𝑡) − 𝑃𝑃𝐹𝐹𝐹𝐹(𝑡𝑡) − 𝑃𝑃𝐵𝐵𝐵𝐵(𝑡𝑡)) 

(4-20) 

 

Which lead to following solution: 

𝑃𝑃𝐹𝐹𝐹𝐹 =
𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑡𝑡)

(1 + 𝛼𝛼(𝑡𝑡))
 (4-21) 

𝑃𝑃𝐵𝐵𝐵𝐵 = 𝛼𝛼(𝑡𝑡)
𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑡𝑡)

(1 + 𝛼𝛼(𝑡𝑡))
 (4-22) 

With 𝛼𝛼(𝑡𝑡) expressed as: 

 

𝛼𝛼(𝑡𝑡) =
𝐾𝐾𝐹𝐹𝐹𝐹(𝑡𝑡)𝜂𝜂𝐵𝐵𝐵𝐵(𝑡𝑡)
𝐾𝐾𝐵𝐵𝐵𝐵(𝑡𝑡)𝜂𝜂𝐹𝐹𝐹𝐹(𝑡𝑡)

 (4-23) 

An equation was formulated to charge the battery using the available surplus fuel cell power, without 

using regenerative braking. 
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𝑃𝑃𝐵𝐵𝐴𝐴𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐾𝐾𝐵𝐵𝐵𝐵(𝑡𝑡)(𝑃𝑃𝐹𝐹𝐹𝐹_𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑃𝑃𝐹𝐹𝐹𝐹(𝑡𝑡)) (4-24) 

The difference between 𝑃𝑃𝐹𝐹𝐹𝐹_𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑃𝑃𝐹𝐹𝐹𝐹(𝑡𝑡) represents the unused power of the fuel cell which is 

directed to charge the battery at time t. This battery charging 𝑃𝑃𝐵𝐵𝐴𝐴𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  [W] occurs only when the fuel cell 

is not fully utilized to meet power demand. The battery charging is controlled by the inclusion of the 

battery penalty coefficient 𝐾𝐾𝐵𝐵𝐵𝐵(𝑡𝑡) ensuring that the battery is charged based on the instantaneous 

battery SOC. If the SOC increases, battery penalty coefficient 𝐾𝐾𝐵𝐵𝐵𝐵(𝑡𝑡) decreases, reducing battery 

charging 𝑃𝑃𝐵𝐵𝐴𝐴𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎   and vice versa. Also, when the SOC reaches its limit, the battery penalty coefficient 

𝐾𝐾𝐵𝐵𝐵𝐵(𝑡𝑡) becomes zero eventually ending charging. 

 

EMS working principle 

• The goal is to minimize the instantaneous total hydrogen consumption, which includes both 

actual hydrogen consumption by the fuel cell and the equivalent hydrogen consumption from 

the battery.  

• The EMS works based upon real-time variables - fuel cell efficiency, battery SOC, and power 

demand at every time step.  

• Power demand is split between the fuel cell and battery based on the equivalence factor (α), 

which represents the relative efficiency of using the battery compared to the fuel cell.  

• The equivalence factor is influenced by the penalty coefficients where the fuel cell penalty 

coefficient and the battery penalty coefficients varies dynamically with respect to the 

instantaneous fuel cell efficiency and battery SOC respectively.  

• The battery penalty coefficient is very low or zero at higher battery SOC, therefore battery power 

is prioritized.  

• The battery penalty coefficient is high at lower battery SOC punishing battery discharge.  

• When fuel cell efficiency decreases fuel cell penalty coefficient increases, penalizing fuel cell 

usage. This shifts power demand to the battery, reducing fuel cell hydrogen consumption and 

degradation and when the fuel cell efficiency decreases below the optimal fuel cell efficiency, 

fuel cell penalty coefficient increases sharply limiting its usage.  

• When fuel cell efficiency is optimal or high: fuel cell penalty coefficient is very low, allowing 

more fuel cell usage.  

• The dynamic power change constraint controls power fluctuations in fuel cell power, preventing 

mechanical stress on the membrane that increases the rate of fuel cell degradation.  

• The degrading start-stop operation is prevented by operating the fuel cell at a minimum fuel cell 

power charging the battery.  
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4.3.4 FL EMS 

FL: The fuzzy logic (FL) control strategy is an advanced energy management approach that uses a set 

of linguistic rules to determine how to split the power demand between the battery and the fuel cell, 

based on input variables such as battery state of charge (SOC) and power demand. The goal is to 

achieve an efficient balance between minimizing hydrogen consumption and maintaining battery SOC. 

 

Fuzzy logic control (FLC) is a control strategy that uses truth level as opposed to the standard true or 

false Boolean logic (one or zero). When a renewable hybrid system consists of a FC and battery, the 

FLC is utilized for control and monitoring. Fuzzification, fuzzy interface, and defuzzification are the 

three primary control steps in fuzzy control. Fuzzification is a process that takes input numbers and 

turns them into fuzzy values. A variety of membership functions, including triangular, trapezoidal, and 

Gaussian distribution, are used to contour the inputs to a membership degree ranging from zero to one. 

To use the fuzzy interface for mapping the fuzzy values, the fuzzy IF/THEN rules are activated. Finally, 

output values are produced by the defuzzification process. The main advantage of fuzzy control is the 

intuitive pattern where the action taken is represented by rules and depends on the experience. The FLC 

is used in hybrid power systems as a control strategy and is used in optimization applications [5]. The 

general fuzzy controller is given below: 

 
Figure 9:  General fuzzy controller 

The membership functions of 𝑆𝑆𝑆𝑆𝑆𝑆bat , 𝑃𝑃d and 𝑃𝑃FC is given. Mamdani method of fuzzy interface approach 

is used along with centroid method for defuzzification. 
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Tabel 2: Fuzzy logic system for controlling fuel cell power 

 
Tabel 2 represents a fuzzy logic system designed for controlling the EMS of the fuel cell. The system 

utilizes two input variables: Demand Power (W) and Battery SOC (%). Based on these inputs, the fuzzy 

logic system determines the necessary contribution from fuel cell, expressed in terms of Low (L), 

Medium (M) or High (H) output. 

Demand Power is the power demand on the bus with auxiliary power included, 𝑃𝑃𝑑𝑑 + 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎. The maximum 

power in the tables example is given as 12000 W. This maximum, and all values within 0 W and 12000 

W changes automatically per load cycle and sizing combination.  

The fuzzy logic table above employs a diagonal rule base configuration, which indicates the 

interactions between two variables. Here’s why using a diagonal pattern is considered an effective 

approach for such systems: [1] [2] [3] [4]  

Although the table does not represent a complete diagonal rule-based configuration, a similar pattern is 

used because it equally helps prevent the battery from being drained excessively and extends battery 

life by reducing the equivalent hydrogen consumption of the battery and . It focuses on reliability, 

predictability, and a balanced hybrid approach that ensures power demands are met without 

compromise. It’s well suited for scenarios that require consistent power output, quick adaptation to 

demand fluctuations and high reliability even if it consumes a higher rate of hydrogen fuel 

consumption. 

  

• It facilitates a balanced response to both Battery SOC and Demand Power by ensuring that 

power supply and storage utilization are managed efficiently. 

• Helps maintain smooth transitions between output states by avoiding sudden changes in the 

control output. 
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• Reduces drastic overshoot or undershoot of power allocation by providing intermediate steps 

that smooth the system’s response.  

• Offers better adaptability for real-time control, especially for applications where both battery 

SOC and power demand fluctuate regularly. 

• Allows for optimal hydrogen usage ensuring that hydrogen is consumed proportionately to both 

the surplus demand power and the battery SOC preventing situations where hydrogen is used 

too aggressively when the battery still has available capacity. 

• The system reduces the chances of overconsuming hydrogen in low-demand scenarios where 

battery capacity is sufficient.  

 

Input variables: 

Demand Power (W) - Figure 10 visualizes the demand power input across multiple levels, ranging from 

0 W (minimum demand) to maximum demand depending upon the system used. The level of demand is 

divided into maximum of nine intervals. The maximum number of membership function improves the 

system efficiency.  The gradation allows for efficient control over varying load requirements based on 

the operational status of the system. 

 
Figure 10: Input membership functions Pd+Paux 

Battery SOC (%) - Figure 11 visualizes the battery SOC is classified into percentage ranges from 20% to 

100% in intervals of 10% dividing into nine membership inputs. The SOC values determine when the fuel 

cell needs to step in to fulfil power requirements, ensuring the battery is neither overcharged nor 

discharged too rapidly.  

 
Figure 11: Input membership functions SOC 

Output Variables  

Figure 12 shows the output membership function to be send to the fuel cell. 

Scenario 1: Low (L) - Low Demand and High SOC 
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In this scenario, the output is generally L, meaning that the contribution of the fuel cell will be zero or 

ranging between L and M, typically indicating that the battery’s SOC is sufficient to meet the current 

power demand with the fuel cell kept idle to preserve fuel mostly  

 

 
Figure 12: Output membership functions gross Fuel cell Power 

Scenario 2: Medium (M) - Medium Demand and Mid-range SOC 

Here, the output is often M, indicating the fuel cell operates at medium power output in-between the 

operating ranges, varying between the Low and High according to the requirements such that the fuel 

cell should assist moderately to ensure system stability. 

Scenario 3: High (H) - High Demand and Low SOC 

In this situation, the output is H, suggesting that the fuel cell will be required to provide maximum power 

output or ranging between M to H to fulfil the demand effectively requiring the fuel cell to actively 

supply energy.  

 

Advantages of this Representation 

• Fine Control: The use of nine distinct membership functions allows for fine control over the 

output, making the system highly adaptable to various load and battery conditions. 

• Efficient Energy Usage: By defining output levels as L, M and H the system can optimize the use 

of the battery and fuel cell, preserving fuel when battery power suffices and only calling for 

higher fuel cell output when necessary. 

• Battery preservations: The logic helps ensure that the battery is neither overworked nor 

depleted too rapidly, thus extending battery life and improving overall system reliability. 

• Adaptive Fuel Cell usage: The system effectively balances the demand on the fuel cell, 

providing a seamless transition between low, medium and high-power outputs to ensure 

uninterrupted power supply. 
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5 EMS COMPARISON TOOL 
5.1 Goal 

Based on the power demand profile of a representative load cycle, four EMSs are analyzed and 

compared across multiple aspects. A key outcome of the analysis is the impact of EMS choice on TCO, 

which includes both operational and component replacement costs. Critical influencing factors include 

the lifetime of key components—such as the fuel cell and battery—and the cost of hydrogen fuel. These 

elements significantly affect overall cost efficiency, especially since limited component lifetimes can 

require expensive replacements. Given that both component longevity and hydrogen consumption can 

be optimization targets, the optimal EMS is not always obvious. This EMS comparison tool helps 

determine the most beneficial control strategy for a given load demand and component sizing, 

providing insight into which EMS offers the most economical solution over the vehicle’s lifetime. 

 

Therefore the goal of the EMS comparison tool is the following: 

The aim of this tool is to evaluate and compare four different Energy Management Strategies (EMSs) for 

a fuel cell–battery hybrid bus propulsion system, with the objective of identifying the most cost-effective 

control strategy in terms of Total Cost of Ownership (TCO). 

 

5.2 Inputs 

The different inputs for the tool are important variables to get a correct estimation of the cost of 

ownership. 

1. Load cycle [W]: representative customers load cycle which represents 𝑃𝑃𝑑𝑑 on the bus. If 𝑃𝑃𝑊𝑊 is 

given, it should be converted to 𝑃𝑃𝑑𝑑 , see Figure 1.  

2. Fuel cell power [W]: initial gross maximum fuel cell power, which is power following from fuel 

cell supplier specs. This represents the gross maximum power at 100% state of health.  

3. Battery capacity [kWh]: battery capacity at 100% state of health following form battery selection 

supplier spec. 

4. Degradation step amounts [-]: the amount of steps the model need to execute in order to reach 

20% fuel cell degradation. 

5. Start stop time [s]: how much time [s] does the degradation toolbox counts before heading to 

start stop counting instead of idle time counting.  

6. Step size [s]: step size to be chosen such it represents correct estimation of the load cycle 

input. 

7. Operational years [yr]: operational calendar years the customer total cost of ownership is based 

on. 

8. Load cycle hours per year [hr/year]: the amount of hours per year the selected setup will run in 

an average year. 
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9. Yearly OPEX percentage [%/yr]: used yearly OPEX percentage for calculating OPEX, for example 

4%. This defines the OPEX ratio 𝜎𝜎𝑂𝑂𝑂𝑂  [-/yr] for calculating the total cost of ownership. 

 

5.2.1 Load cycle input restrictions 

1. Start-stop events are implicitly defined by the uploaded load cycle: if the fuel cell idles for more 

than one minute, it is considered a start-stop sequence. These sequences must be derived 

directly from the provided load cycle. 

2. Start and stop events at the beginning and end of the load cycle (e.g., representing a daily load 

cycle) are not included in the uploaded data. The tool automatically adds one start-stop 

sequence to account for this. 

 

5.3 Total cost of ownership 

Based upon finding in the following (K. Blok, 2020), a total cost of ownership [€] is formulated: 

𝑇𝑇𝑇𝑇𝑇𝑇 = 𝐶𝐶𝐻𝐻2 + 𝐶𝐶𝐹𝐹𝐹𝐹 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 + 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑂𝑂𝑂𝑂𝑂𝑂𝑋𝑋𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − 𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  (5-1) 

with: 

𝐶𝐶𝐻𝐻2: hydrogen costs [€], fixed hydrogen price. 

𝐶𝐶𝐹𝐹𝐹𝐹 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 : fuel cell replacement costs [€], fixed price. 

 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 : battery package replacement costs [€], fixed price. 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐶𝐶𝐹𝐹𝐹𝐹 + 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏 (5-2) 

with: 

𝐶𝐶𝐹𝐹𝐹𝐹 : Fuel cell price [€], fixed price. 

𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏: Battery package price [€], fixed price. 

𝑂𝑂𝑂𝑂𝑂𝑂𝑋𝑋𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑂𝑂𝑂𝑂 ∙ 𝜎𝜎𝑂𝑂𝑂𝑂 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (5-3) 

with: 

𝑂𝑂𝑂𝑂: Operational Years (investment years) [yr]. 

𝜎𝜎𝑂𝑂𝑂𝑂: OPEX ratio [-/yr]. 

𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = (1 − 𝑢𝑢𝐹𝐹𝐹𝐹)𝑠𝑠𝐹𝐹𝐹𝐹𝐶𝐶𝐹𝐹𝐹𝐹 + (1 − 𝑢𝑢𝑏𝑏𝑏𝑏𝑏𝑏)𝑠𝑠𝑏𝑏𝑏𝑏𝑏𝑏𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏 (5-4) 

with: 

𝑢𝑢𝐹𝐹𝐹𝐹 : usage rate [-] of the latest replaced fuel cell which is not fully degraded.  

𝑢𝑢𝑏𝑏𝑏𝑏𝑏𝑏: usage rate [-] of the latest replaced battery package which is not fully degraded. 
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𝑠𝑠𝐹𝐹𝐹𝐹 :  resale factor [-] for the latest replaced fuel cell which is not fully degraded. 

𝑠𝑠𝑏𝑏𝑏𝑏𝑏𝑏 :  resale factor [-] for the latest replaced battery which is not fully degraded. 

 

5.4 Tool running process 

When running the tool all inputs are processed and the tool starts to run. The steps the tool execute are 

the following: 

1. It uses fuel cell power and battery capacity to determine the polarization curves of the fuel cell 

and battery.  

2. It uses the fuel cell power, battery capacity and load cycle inputs to optimize all four given 

EMSs (SOC EMS, AS-C EMS, ECMS EMS and FL EMS). All EMSs depend on the load cycle and 

sizing of battery fuel cell combination. 

3. The tool determines the degradation interval with the degradation step amounts and runs the 

model according to the amount of degradation steps. In each degradation step the following 

occurs: 

- The tool checks if the 𝑃𝑃𝐹𝐹𝐹𝐹����� > 𝑃𝑃𝐹𝐹𝐹𝐹 𝑚𝑚𝑚𝑚𝑚𝑚: If for a certain amount of fuel cell degradation the 

average fuel cell power 𝑃𝑃𝐹𝐹𝐹𝐹����� is higher than the maximum fuel cell power 𝑃𝑃𝐹𝐹𝐹𝐹 𝑚𝑚𝑚𝑚𝑚𝑚 (which 

drops with the lifetime of the fuel cell), the tool stops running the loop. 

- EMS comparison model is executed twice: 

o First run checks the final State of Charge (SOC) of each EMS after running the load 

cycle. This end value is used as input value for the second run. It makes sure the 

SOC is either stabilized or dropped to much such the tool notices certain EMS is 

not functioning anymore. 

o Second run: run to analyze the functioning of each EMS in relation to degradation 

and main important variables per EMS: 

 𝑃𝑃𝐹𝐹𝐹𝐹 ,𝑉𝑉𝐹𝐹𝐹𝐹 , 𝐼𝐼𝐹𝐹𝐹𝐹 ,𝑃𝑃𝑆𝑆,𝑉𝑉𝑆𝑆, 𝐼𝐼𝑆𝑆 

 SOC values 

 Total hydrogen consumption 

 Fuel cell degradation variables 𝑛𝑛1, 𝑛𝑛2, 𝑡𝑡1, 𝑡𝑡2 

 Battery degradation variable, 𝑚𝑚1 

 Calculating fuel cell lifetime 𝑇𝑇𝑓𝑓  for given degradation step  

 States 𝑇𝑇𝑓𝑓 = 𝑇𝑇𝑏𝑏  

 Calculates battery degradation step ∆𝑃𝑃𝑆𝑆 with 𝑇𝑇𝑏𝑏  and 𝑚𝑚1 

 At the end of the loop the polarization curve look up table of the fuel cell 

drops with the degradation factor belonging the loop: 𝑉𝑉𝐹𝐹𝐹𝐹 = 𝑉𝑉𝐹𝐹𝐹𝐹 ∙ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑓𝑓  

- At the end of all runs the tool creates relevant pictures per EMS: 
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o Check if EMS can keep SOC within 0 – 100%: If not, the EMS cannot keep the total 

system operational from a certain moment of fuel cell degradation. 

o Check if the EMS can deliver 𝑃𝑃𝑑𝑑 𝑙𝑙𝑙𝑙𝑙𝑙 within 95% of the 𝑃𝑃𝑑𝑑. If not, the EMS cannot 

keep the total system operational from a certain moment of fuel cell degradation. 

100
|𝑃𝑃𝑑𝑑 𝑙𝑙𝑙𝑙𝑙𝑙 − 𝑃𝑃𝑑𝑑|����������������

𝑃𝑃𝑑𝑑���
≤ 5 % (5-5) 

o Total cost of ownership, nr. of fuel cell used, nr. of battery used, time to 

degradation, cumulative hydrogen consumption, fuel cell degradation variables per 

degradation phase of fuel cell, 𝑃𝑃𝐹𝐹𝐹𝐹 , 𝑃𝑃𝑆𝑆 , 𝑃𝑃𝑑𝑑 and SOC. 

o EMS Comparison report.pdf is generated with full analyses and advise for selected 

input variables.  

6 RESULTS 
All results are presented in the EMS Comparison report.pdf. an example load cycle is presented, see 

attachment. For given load cycle, first the Sizing tool automatically calculates the sizing and SOC EMS 

settings which is given as an input for the EMS comparison tool. 

 

7 CONCLUSION 
This study addresses the critical need for sustainable powertrain solutions in mobile machinery by 

focusing on hydrogen-based fuel cell–battery hybrid systems. The growing regulatory pressure to 

reduce emissions and dependency on fossil fuels has driven interest in fuel cell technologies, which 

offer significant environmental and operational advantages over internal combustion engines and pure 

battery-electric systems. 

A central contribution of this work is the development of an Energy Management Strategy (EMS) 

comparison tool that evaluates and benchmarks different EMS approaches for fuel cell hybrid systems. 

The tool's primary objective is to evaluate and compare different Energy Management Strategies (EMSs) 

for a fuel cell–battery hybrid bus propulsion system, with the objective of automatically identifying the 

most cost-effective control strategy in terms of Total Cost of Ownership (TCO) based upon a given load 

cycle and sizing (battery fuel cell combination). 

At the core of the EMS comparison tool lies a physics-based hybrid powertrain model, which obeys 

energy and current conservation laws and incorporates detailed component-level models, including 

those for the fuel cell stack, battery, DC/DC converter, inverter, and electric motor. Efficiencies, dynamic 

behaviors, and system constraints are taken into account to simulate system performance with high 

fidelity. 

The fuel cell degradation model integrates key operational stressors—such as start-stops, power 

fluctuations, idle time, and high-load durations—into a lifetime prediction framework. This model 
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enables the EMS comparison tool to account for long-term durability implications, further enhancing its 

TCO evaluation capability. 

Based on the output generated by the tool, as presented in Comparison Report.pdf, a comprehensive 

comparison is provided for four different Energy Management Strategies (EMSs). These strategies are 

automatically generated based on the given system sizing and load cycle requirements. The report 

offers a clear overview of the Total Cost of Ownership (TCO) for each EMS, taking into account all user-

defined inputs. Additionally, it highlights and analyzes the key factors that influence the final TCO, 

offering detailed insights into how each EMS performs from both technical and economic perspectives. 

8 DISCUSSION 
The quality of the results produced by the EMS comparison tool strongly depends on the accuracy of 

the degradation models for both the fuel cell and the battery. Degradation directly impacts the total 

cost of ownership (TCO), as the timing of fuel cell or battery replacement during the investment period 

is determined by the estimated lifetime. Therefore, it is critical that degradation models are as accurate 

as possible. 

However, current lifetime estimation methods for fuel cells are based on limited and weak foundations 

in the literature. Most available data relies on accelerated stress tests, which differ significantly from 

real-world operating conditions. As such, re-calibration of the fuel cell degradation model is necessary 

for each specific fuel cell type. Although this is implemented in the current model, more accurate 

calibration could be achieved through field testing. The current degradation relation used for fuel cells 

is based on sparse findings, and the justification for its use remains limited due to the lack of robust 

data. 

In contrast, more literature is available on battery degradation. Nevertheless, due to time constraints 

and the simplified approach adopted in this project, the battery degradation model has been kept as 

simple as possible and is closely aligned with the fuel cell model. There is clear potential for improving 

this model in the future, including the integration of factors such as calendar aging and temperature 

effects. 

Since the TCO is the key output of the tool, further research should focus on improving the accuracy of 

future projections. Given that the investment period typically spans several years—often around ten—

additional factors should be considered in the model. These could include inflation, long-term hydrogen 

price forecasts, and other economic parameters. 

Currently, the EMS comparison tool includes four different energy management strategies: SOC EMS, 

AS-C EMS, ECMS EMS, and FL EMS. These strategies were selected for initial evaluation based on 

findings from the literature. However, some issues have been observed. For example, the FL EMS is a 

relatively slow controller and performs poorly when the system sizing or load profile changes. 

Additionally, the ECMS EMS is based on a thesis project, but some of its internal estimations lack clear 
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justification or transparency. Also ECMS strategy demands careful tuning, which could not be realized 

within the scope of this work.  

For future work, it is recommended to thoroughly reassess all selected EMS strategies. A stronger 

foundation should be established for their inclusion, with clear reasoning and validation to ensure they 

scale effectively with varying system sizes and load demands. 
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