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Abstract 

A promising approach for defossilization in the transport sector is 

using the polymer electrolyte membrane fuel cell (PEMFC) as an 

energy converter for propulsion in combination with green hydrogen. 

Furthermore, hybridization can bring an additional gain in efficiency. 

In a hybrid electric vehicle (HEV) powertrain, including FCHEV, at 

least two power sources (e.g., an FC system (FCS) with a hydrogen 

storage system and a high-voltage battery (HVB)) provide the 

required propulsion power. Thus, the powertrain topology and the 

energy management strategy (EMS) of an FCHEV are more complex 

than those of a conventional powertrain. To ensure a cost- and time-

efficient development process, the FCHEV powertrain concept and 

its functions must be verified and evaluated early. To this end, this 

study presents the design and setup of an FC-in-the-Loop (FCiL) test 

platform as a tool for the systematic development of an FCHEV 

powertrain under realistic operating conditions. Hence, a medium 

size FCHEV is modeled with quasistatic sub-models of the 

powertrain components. The full-vehicle model is validated against 

measurement data of a commercially available FCHEV on a 4-wheel 

chassis dynamometer in a driving cycle. Based on the FCiL test 

methodology, the sizing of the FCS and HVB is demonstrated. It is 

found that for a low-load driving cycle such as the WLTC, a 110 kW 

FCS and a 1.6 kWh HVB can achieve a good result regarding low 

hydrogen consumption. Furthermore, two different EMS schemes, 

the power follower strategy (PFS) and the equivalent consumption 

minimization strategy (ECMS), are implemented and evaluated. With 

the ECMS, hydrogen consumption can be reduced by 1.6 % 

compared to the PFS. Moreover, the trade-off behavior between 

minimum hydrogen consumption and reduced dynamics of the FCS 

is investigated. Reducing the dynamic operation of the FCS by one-

third results in an additional hydrogen consumption of only about 0.8 

%. 

Introduction 

To achieve the defossilization of the transport sector, alternative 

propulsion concepts have increasingly become the focus of attention 

in research activities in the automotive industry in recent years. Next 

to the Battery Electric Vehicle (BEV), the Fuel Cell Electric Vehicle 

 

1 This is the peer-reviewed version of the following article: Steindl, C. and Hofmann, P., “Systematic Development Approach for a Hybrid Electric 

Powertrain Using Fuel-Cell-in-the-Loop Test Methodology,” SAE Technical Paper 2023-01-0494, 2023, which has been published in final form at 

https://doi.org/10.4271/2023-01-0494. 

(FCEV), combined with green hydrogen, can play an essential role in 

the transformation process from fossil driven to local zero-emission 

propulsion systems. The advantages of the PEMFC, which make it 

attractive for use as an energy converter for propulsion in vehicles, 

are high efficiency, simplicity, no toxic emissions, high power 

density, and low operating temperature [1, 2]. Despite these positive 

aspects of the PEMFC technology, some challenges exist, especially 

durability and cost [3, 4, 5]. These issues must be overcome before 

the PEMFC can make a commercial breakthrough and achieve a 

significant market share as an energy converter for vehicle 

propulsion. The durability of the PEMFC is mainly affected by the 

transient operation of the PEMFC due to dynamic load requests in 

vehicles [6,7]. During frequent load changes, stress factors occur for 

the PEMFC, such as hydrogen and oxygen undersupply. These lead 

to a degradation of the corresponding electrodes and subsequently to 

a degradation of the performance of the PEMFC [8]. Thus, it is 

crucial to test the fuel cell system (FCS) and verify its functionality 

during the development process under transient operating conditions 

such as those in an automotive application. 

Hybridization of the powertrain can contribute to overcoming the 

lifetime issue of the PEMFC and thus improving its reliability. 

Likewise, it enables a reduction of the energy demand for propulsion 

[9, 10]. In particular, a combination of an FCS, a hydrogen storage 

system (HSS), and a second power source, like a traction battery, in a 

fuel cell hybrid electric vehicle (FCHEV) can reduce hydrogen 

consumption. Actual available large-volume production FCEVs (e.g., 

Toyota Mirai 2nd Gen., Hyundai Nexo) are designed as an FCHEV. 

They use a traction battery as a secondary power source [11, 12]. In 

an FCHEV, both energy sources can independently provide the 

energy necessary for propulsion. In this context, a reliable energy 

management strategy (EMS) is needed. The main task of the EMS is 

to control the power split between the FC system and the traction 

battery considering the actual power demand of the driver [13]. 

Overall, an FCHEV results in a more complex powertrain topology 

and energy management strategy than a conventional powertrain. 

Thus, the development of an FCHEV is more challenging. For 

example, more effort must be made to verify and evaluate the EMS 

and its various functions. This makes it necessary to do the testing for 

verification and validation of the EMS at an early stage of the 

development process to be efficient in terms of cost and time [14, 
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15]. Therefore, the Hardware-in-the-Loop (HiL) test methodology in 

the automotive industry is well-established and a common 

development approach [16, 17]. A HiL platform consists of a 

physical and a virtual subsystem. The so-called hardware under test 

(HUT) represents the physical part. The real-time simulation of the 

remaining system depicts the virtual subsystem. Both subsystems are 

connected via a physical interface and constantly exchange 

information [18, 19, 20]. Based on this bidirectional information flow 

between the subsystems, effects due to the interaction are considered, 

and thus an investigation of the HUT under realistic conditions is 

enabled. Furthermore, parameters in the virtual environment can be 

easily adapted and optimized, as expected from offline simulation 

[21, 22]. 

Fuel-Cell-in-the-Loop (FCiL) is a specific form of HiL, where the FC 

system is the investigated hardware embedded in the real-time 

simulation environment. In the existing literature, a limited number 

of studies utilize the FCiL test methodology for development in 

automotive applications. R.M. Moore et al. [23, 24] introduced the 

FCiL test methodology for automotive applications. They presented it 

for use in designing and evaluating FCs and FC systems. In Ref. [25], 

with the help of the FCiL test methodology, the transient power 

response of the FC system is assessed, and the control algorithm of 

the boost converter used by the FCS is validated. Some FCiL 

platforms have been used to design and evaluate different EMSs [26, 

27, 28, 29, 30]. The studies mentioned before utilize a reduced-scale 

approach for their FCiL platforms due to lower costs and less 

complex test stands than a full-size HiL platform. Here an FCS with a 

lower maximum output power than the actual system is used. In the 

existing literature, typically, lab-scale FCS are investigated with a 

maximum power range from 500 W to 1.2 kW. These lead to scale 

factors for the output power of the FC system from 8 to 267, 

depending on the vehicle application. 

Nevertheless, based on literature analysis, two particular lacks are 

identified regarding the development process of FCHEV powertrains. 

• There is a particular shortcoming regarding the interrelated 

powertrain design and validation process of an FCHEV 

powertrain. Validation of the system, and thus information 

on whether or not the system meets the requirements for the 

intended use, is an essential part of the development 

process. Furthermore, simultaneous development is crucial 

due to the coupling of powertrain design and the EMS of an 

FCHEV [31]. There is a gap in the existing literature 

regarding the two aspects mentioned before. This is 

because, on the one hand, in the studies discussed earlier, 

the design of the powertrain components was considered 

independently from the EMS in the design and evaluation 

using the FCiL test methodology. On the other hand, only a 

simultaneous development of the powertrain components 

and the EMS of FCHEV is carried out based on purely 

simulative studies without experimental evaluation, as in 

[32, 33, 34]. 

 

• Another gap exists in evaluating FCHEV powertrains and 

the respective EMS under realistic conditions. In available 

studies, the reduced-scale approach for FCiL platforms is 

chosen for the reasons mentioned earlier, such as less 

complexity and lower costs. The validity range of 

investigations with small scale factors is limited due to the 

associated assumptions. 

This contribution aims to establish a systematic development 

approach of powertrain concepts and EMSs of an FCHEV using 

FCiL test methodology. In addition, the current work shall provide a 

step toward an evaluation under more realistic conditions of designed 

FCHEV powertrains and respective EMSs by introducing an FCiL 

platform with a medium size FC system. 

This study is structured as follows. The first section deals with the 

principles of the systematic development approach. This section also 

contains the modeling of the full-vehicle model of an FCHEV and its 

validation against measurement data of a commercially available 

FCHEV on a 4-wheel chassis dynamometer in a driving cycle, the 

development of EMSs as well as the design and setup of the FCiL 

test methodology. The second section outlines the results of 

powertrain component sizing and assessment of different EMSs 

obtained with the FCiL platform. The final section summarizes the 

work and highlights the most significant findings. 

Methodology 

This section first gives an overview of the principle workflow of the 

holistic development approach for FCHEV powertrains. Then the 

numerical and experimental methods used for the investigations are 

outlined.  

Development Approach 

A holistic approach is chosen for designing and evaluating 

powertrain concepts and EMSs of an FCHEV. The workflow of this 

systematic methodology can be seen in Figure 1. Initially, a pure 

simulative design of powertrain concepts and EMSs is conducted. 

Subsequently, promising variants are evaluated at the test stand in the 

FCiL operation. As part of a feedback loop, the findings of this 

evaluation can be fed into future developments.  

 
Figure 1 Workflow for design and evaluation of powertrain concepts and 
EMSs of an FCHEV 

Studied FCHEV Powertrain 

The investigations within this work are carried out with a generic 

FCHEV. The main parameters of the powertrain components are 

based on 2016 Toyota Mirai data, except for the FCS. The data basis 

for the FCS is a scaled-up version, which is implemented on the test 

stand and described later in this article. The main reason for selecting 

the 2016 Toyota Mirai is that measurement data on a 4-wheel chassis 

dynamometer in a driving cycle is available in Ref. [35] to validate 

the vehicle’s longitudinal dynamics. However, the full-vehicle model 

is set up so that it can be easily re-parameterized and validated when 

other data is available. The principal layout of the modeled 

powertrain topology is shown in Figure 2.  
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Figure 2 Powertrain architecture of the modeled FCHEV 

The hydrogen storage system feeds the FCS with hydrogen. The FCS 

is connected to the high-voltage (HV) DC bus with a unidirectional 

DC/DC converter. In contrast, the HV battery (HVB), also known as 

the traction battery, is coupled by a bidirectional DC/DC converter 

with the HV DC bus. This enables the charging and discharging of 

the HVB. The low-voltage (LV) DC bus consists of auxiliary 

consumers (e.g., lighting system, power steering, etc.), and the LV 

battery (LVB) is linked via a DC/DC converter to the HVB. Further 

down the line, the HV DC bus provides the required electrical power 

through an inverter to the E-Machine (EM). The mechanical 

propulsion power of the EM is then supplied to the wheels via the 

drive shaft of the EM, a single-speed transmission, and a final drive. 

Modeling 

The model of an FCHEV is set up in the simulation environment 

MATLAB/Simulink. The modeling focuses on the FC hybrid 

powertrain's longitudinal dynamics and energy management. Thus, a 

forward modeling approach is chosen to simulate the longitudinal 

vehicle dynamics of the FCHEV. In this model approach, a time-

dependent velocity profile is specified, and a driver model is used to 

calculate the necessary accelerator or brake pedal position based on 

the control difference between the actual speed of the vehicle and the 

reference speed of the driving profile. In the EMS, the driver 

commands are converted into a power demand for acceleration or 

deceleration. Accordingly, if an acceleration is requested decision 

about power allocation between the FCS and the HVB is made. In 

this context, the EMS makes a power request to the FCS and the 

HVB. These supply the E-Machine with the necessary power for 

propulsion, considering their respective limits. This information and 

power flow direction correspond to the action direction in real vehicle 

applications. Therefore, this modeling approach enables a good 

representation of reality. Figure 3 shows an overview of the full-

vehicle model. It mainly consists of the driving profile, driver, energy 

management strategy, powertrain, and vehicle dynamics models. The 

following is a brief discussion of the sub-models used. The 

powertrain components are modeled based on the approaches 

presented in [36].  

 
Figure 3 Full-vehicle model of the investigated FCHEV 

Driving Profile 

The evaluation of the hydrogen consumption for different powertrain 

concepts and EMSs is conducted based on the worldwide harmonized 

light vehicles test cycle (WLTC) class 3b driving profile. For 

validation purposes of the vehicle dynamics model and part of the 

powertrain model, the ADAC Eco-Test cycle is used. Figure 4 

depicts the velocity profiles as a function of time for the investigated 

driving cycles. 

 
Figure 4 Velocity profiles of the investigated driving cycles 

Driver 

The inputs of the driver model are the reference vehicle velocity 

coming from the driving profile and the actual vehicle velocity, 

which is calculated in the vehicle dynamics model. The driver model 

determines the difference between the before mentioned velocities. 

Subsequently, driver commands are generated to minimize the 

control difference. These commands are then sent to the EMS for 

further processing. In this work, a proportional-integral (PI) 

controller is utilized to mimic the behavior of a real driver.  

Energy Management Strategy 

The main task of the energy management strategy is to allocate the 

power optimally between the different sources of the hybrid electric 

powertrain, always following the driver’s power demand. In an 

FCHEV, the EMS regulates the interaction between the fuel cell 

system and the secondary energy source, which is, in this study, a 

traction battery. Thus, the EMS substantially influences the multiple 

sources operating range and operating conditions. This implies a 

significant effect on hydrogen consumption and powertrain 

component lifetime and enables the definition of specific objectives 

(e.g., hydrogen consumption minimization, component degradation 

reduction, etc.), which EMS shall consider.  

There exists a variety of approaches for EMSs. As described in [37, 

38, 39, 40], they can be classified into two main categories, rule-

based and optimization-based. 

The rule-based approaches rely on pre-defined rules and regularities. 
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Hence, they profit from their simplicity with the main disadvantage 

of obtaining not optimal power split solutions. In contrast, 

optimization-based EMSs are characterized by using an algorithm to 

minimize a cost function considering specific constraints (e.g., 

battery state of charge, power limits). Inherently they can obtain 

optimal solutions regarding power allocation, but with the decisive 

drawback of requiring more computational effort compared to the 

rule-based EMSs [41, 42]. 

This study focuses on a systematic approach to EMS development for 

FCHEV. For this purpose, a base EMS is designed and evaluated 

regarding the trade-off between minimum hydrogen consumption and 

reduced dynamic operation of the FCS. The latter can be seen as a 

measure on the system level to prolong FC lifetime. In addition, a 

second EMS is developed and used to compare representatives of the 

different approaches for EMS regarding solution quality. Therefore, 

already existing schemes of EMS are used as a basis for further 

development and optimization. 

The base EMS in this article is the power follower strategy (PFS), 

also called the load follower strategy, a rule-based EMS. It is a well-

known scheme used by several authors [43, 44, 45] as EMS in an 

FCHEV. The basic idea behind this EMS is that the FCS serves as the 

primary power source and follows the transient load requirements. A 

power range (PFCS, min, PFCS, max) is defined to operate the FCS with 

the highest possible efficiency.  The HVB compensates for the 

differences between the FC system's output power and the driver's 

demanded power. The operating state of the FCS depends on the 

current state of charge (SoC) of the HVB and its power limits, as well 

as on the power limits of the FCS. Figure 5 shows the main rules for 

turning the FCS on and off.  

 
Figure 5 Main rules of the power follower strategy 

When the SoC of the HVB falls below the lower limit SoClow, the 

FCS is activated, regardless of the required power (zone C). If an 

operating point in zone B is reached, the FCS is activated and follows 

the load demand. Furthermore, the FCS remains active if the SoC is 

between the limit values SoClow and SoChigh, and a power is requested 

that exceeds the maximum allowed output power of the FCS PFCS, max. 

In this case, the FCS is operated at its maximum power PFCS, max 

(zone D). The difference between the maximum power of the FCS 

and the power demand is provided by the HVB, considering its power 

limits. The FCS is switched off when the actual SoC of the HVB 

exceeds the SoChigh limit (zone A). Furthermore, the FCS is switched 

off when the value of SoC is between the limit values SoClow and 

SoChigh, but the requested power is lower than the minimum allowed 

power of the FCS PFCS, min (zone E). In addition, the FCS is operated 

when the power demand exceeds the maximum permissible power of 

the HVB. 

An optimization-based approach is chosen as the second EMS, the 

so-called equivalent consumption minimization strategy (ECMS). For 

the first time, the ECMS for application in an FCHEV was introduced 

by Paganelli et al. [46]. Since then, several authors [47, 48, 49] have 

widely used and further developed it. The ECMS is based on the two 

fundamental thoughts that in an HEV, all the energy used for 

propulsion ultimately comes from the chemical energy carrier, such 

as hydrogen, and the battery is only used as an intermediate energy 

buffer. Any electrical power drawn from the battery during a 

discharge phase must later be fed back to the battery using hydrogen 

in the FCS or through recuperation. The operating principle of the 

ECMS is given in Figure 6.  

 
Figure 6 Principle of the ECMS a) discharging and b) charging of the HVB 

The ECMS follows the approach that equivalence factors are used to 

establish equality between the actual hydrogen consumption of the 

FCS and the electrical energy provided by the HVB. Depending on 

whether the HVB is currently being charged or discharged, the 

electrical power represents a future virtual fuel consumption or a 

future virtual fuel saving. The equivalent fuel consumption at any 

given time t can be determined with equation 1: 

𝑚̇𝑓,𝑒𝑞𝑢(𝑡) = 𝑚̇𝐹𝐶𝑆(𝑃𝐹𝐶𝑆(𝑡)) + ⋯ 
 

+ 𝑠𝑑𝑖𝑠(𝑡)
1

𝜂𝐻𝑉𝐵(𝑃𝐻𝑉𝐵)

𝑃𝐻𝑉𝐵,𝑝𝑜𝑠(𝑡)

𝑄𝑙ℎ𝑣
+ ⋯ 

 

+ 
𝑠𝑐ℎ𝑔(𝑡)𝜂𝐻𝑉𝐵(𝑃𝐻𝑉𝐵)𝑃𝐻𝑉𝐵,𝑛𝑒𝑔(𝑡)

𝑄𝑙ℎ𝑣
 

(1) 

where,   

𝑚̇𝑓,𝑒𝑞𝑢  …  equivalent fuel consumption  

𝑚̇𝐹𝐶𝑆 … hydrogen consumption of the FCS  

PFCS …  output power of the FCS  

PHVB … output power of the HVB  

sdis … equivalence factor for the case of discharge  

schg … equivalence factor for the case of charge  

𝜂𝐻𝑉𝐵  … efficiency of the HVB  

𝑄𝑙ℎ𝑣 … lower heating value of H2 at 25 °C  

(119.95 MJ/kg) 

 

 

For both EMSs presented, a parameter set exists that gives the best 

result regarding the objective of the EMS (e.g., minimization of 
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hydrogen consumption, reduction of the dynamic operation of the 

FCS) for the considered driving cycle. For the PFS, this parameter set 

is represented by parameters PFCS, min, and SOClow. In the ECMS, the 

best result can be found with an optimal pair of equivalence factors 

(sdis and schg). The particle swarm optimization algorithm, 

implemented in MATLAB [50], is used to solve this optimization 

problem. This algorithm enables the determination of a global 

extremum (e.g., minimum hydrogen consumption) while considering 

specific constraints (e.g., power limits, charge-sustaining). In the 

optimization process, the parameters are varied until the best solution 

is reached. For the comparability of results, the charge-sustaining of 

the HVB is defined as the crucial constraint of the optimization 

problem. Here, the SoC of the HVB must reach the same value at the 

end of the drive cycle as at the beginning. Simulation results with a 

lower SoC are penalized and, thus, are not favorable for the 

optimization algorithm. 

In the scope of the systematic development approach, the designed 

EMSs need to be evaluated. Therefore, the FCiL test methodology, 

which is presented later, is selected in this article. For this purpose, 

some rules must be added to the EMSs for practical reasons. A 

hysteresis with a minimum runtime of FCS for 3 seconds and a 

minimum shutdown period of 2 seconds is implemented to mitigate a 

permanent switching on and off of the FCS. If the EMS wants to shut 

down the FCS and the required runtime is not reached, the FCS 

solely provides the power demand. Furthermore, an automatic 

shutdown is intended for negative driver power demands.  

Powertrain 

The powertrain model can be further divided into the following sub-

models the differential and transmission, E-Machine, the power 

electronics (inverter and DC/DC converters), the high-voltage 

battery, the fuel cell system, and the auxiliary consumers. In 

modeling, special care was taken to ensure that the full-vehicle model 

is suitable for pure simulative investigations and FCiL operation on 

the test stand. Further requirements for the design of the full-vehicle 

model were modularity, scalability, and real-time capability. Based 

on modularity, sub-models like the EMS can be easily exchanged and 

quickly integrated into the full-vehicle model through defined 

interfaces. The scalability of the powertrain components allows a 

comprehensive influence analysis of the different powertrain 

concepts regarding hydrogen economy. The real-time capability of 

the model must be ensured for FCiL operation on the test stand and 

requires a computationally efficient model. 

Thus, all energy converters are modeled with quasistatic efficiency 

maps. The efficiency-based modeling approach generally enables 

computational-efficient simulations for fuel economy predictions of 

complex powertrain topologies. Moreover, this method provides 

accurate simulation results. Hence, it is widely used for developing 

powertrain concepts and EMSs for FCHEVs [51, 52]. Furthermore, 

due to the low numerical effort [36], it is also suitable for real-time 

applications such as Hardware-in-the-Loop simulation.  

Transmission and Final Drive 

The transmission and the final drive are combined into one sub-

model with a total gear ratio of 8.779 [53], and an overall efficiency 

of 96 % is assumed. 

E-Machine 

The E-Machine is the core element of the electric propulsion system. 

A permanent magnet synchronous machine is modeled with generic 

data for the investigations. The EM is described using an efficiency 

map-based approach for an electric motor/generator. Figure 7 shows 

the efficiency map with the full-load characteristic curves for the 

motor and generator operation of the EM. 

 
Figure 7 Efficiency map of the E-Machine 

In the motor operation of the EM, the maximum torque is 335 Nm. 

The motor and generator operation of the EM is limited to a top 

speed of 12 500 1/min by the internal control of the EM. In both 

generator and motor operation of the EM, efficiencies greater than 90 

% are achieved over a wide operating range. 

Power Electronics 

In the inverter model, only the power losses are considered. The 

inverter's efficiency typically has a maximum value of 99 % and 

remains above 90 % for most operating ranges [2]. Hence, a constant 

efficiency of 97 % is assumed over the entire operating range. 

The HV DC/DC converters for the FCS and HVB are modeled with a 

constant efficiency of 97 %. In contrast, the efficiency of the LV 

DC/DC converter, which supplies the auxiliary consumers with 

power from the HV DC bus, is assumed to be 92 %.  

High-Voltage Battery  

The HVB or traction battery is modeled using a steady-state 

equivalent circuit consisting of an ideal voltage source and an internal 

resistor connected in series, as shown in Figure 8. The model of the 

HVB used in this article applies the quasi-static battery model at the 

cell level, allowing easy scalability for component sizing studies. 

Here, the energy content of the HVB is varied based on the number 

of cells and their configuration within the battery pack. 

 
Figure 8 Equivalent circuit of the HV battery 

The modeled battery is a nickel-metal-hydride battery in the default 

configuration with a nominal voltage of 224.8 V and a nominal 

energy content of 1.6 kWh. The battery pack is realized with 34 

modules connected in series. Each module consists of a series 

=

Ri

UBattUOCV

IBatt
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connection of 6 single cells with a nominal voltage of 1.2 V and a 

rated capacity of 6.5 Ah. The open circuit voltage and internal 

resistance are based on the data presented in [54]. Figure 9 shows the 

open circuit voltage (OCV) and the internal resistance for charging 

(Rchg) and discharging (Rdis) of a single cell. In addition, to consider 

the influence on the mass of the whole powertrain in the case of 

scaling the HVB, a gravimetric energy density of the battery pack of 

around 34 Wh/kg is assumed. This assumption is based on the data 

available in [55] for a NiMH battery pack with a nominal energy 

content of 1.6 kWh, which corresponds to the default configuration 

for the investigations in this study. 

 
Figure 9 OCV and internal resistance of a battery cell according to the SoC 

Fuel Cell System 

A PEMFC system with a maximum output power of 110 kW is 

considered the basic variant for the study. The FCS mainly consists 

of an FC stack and three subsystems air supply, hydrogen supply, and 

thermal management. The modeled FCS is a scaled version of a 

commercial 22 kW FCS implemented on the test stand. This means 

that for the base variant of the investigated FCS, a scale factor of 5  

(= 110 kW/22 kW) is in the FCiL platform applied. Further details 

regarding the FCS implemented on the test stand are outlined in the 

description of the FCiL platform later in this article. To model the 

FCS, a map-based approach is used. The model’s input is the 

electrical power requested by the EMS, and the output is the 

hydrogen consumption. First, the required load current is determined 

as a function of the net output power of the FCS. This is done by 

using a look-up table indexed to the polarization curve, which 

characteristically describes the performance of the FCS. Figure 10 

shows the polarization curve and the relationship between net output 

power and load current of the modeled FCS with a maximum power 

of 110 kW. As indicated before, the data presented in Figure 10 are 

scaled measurement data obtained with the FCS with 22 kW 

implemented on the test stand.      

 
Figure 10 Polarization curve of the fuel cell stack 

Once the load current is evaluated the hydrogen consumption of the 

FCS can be calculated using equation 2: 

𝑚̇𝐻2 =  
𝐼𝐹𝐶 ∙ 𝑀𝐻2

𝜐 ∙ 𝐹
∙ 𝑛𝑐𝑒𝑙𝑙  (2) 

where,  
 

𝑚̇𝐻2 … hydrogen consumption of the FCS in g/s 
 

IFC … load current of the FCS in A 
 

MH2 … molar mass of hydrogen (2.02 g/mol) 
 

υ …  number of electrons transferred from each 

mole of hydrogen (2)  

F … Faraday constant (96 485 C/mol) 
 

ncell … cell count of the FC system in 1 
 

 

For the component sizing study, this model also considers the 

increase, respectively, the decrease in mass as it is scaled up or down. 

To this end, a value of 0.32 kW/kg is assumed for the gravimetric 

power density of the FCS. FCSs realized as stand-alone modules, 

typically have values of 0.28 to 0.59 kW/kg [56, 57, 58]. 

Auxiliary Consumers 

While driving, some auxiliary consumers, such as lighting systems, 

power steering, and entertainment systems, require energy for their 

operation. In an FCHEV, this is provided in the form of electrical 

energy. To consider the auxiliary consumers, a constant power 

demand of 700 W is assumed and set up in the model as a continuous 

load drawn from the LV DC bus. 

Vehicle Dynamics 

Assuming that the vehicle is a point mass, the equilibrium of forces 

for the longitudinal motion can be described with the following 

equation 3: 

𝑚𝑒𝑞𝑢𝑖𝑣,𝑣𝑒ℎ

𝑑𝑣𝑣𝑒ℎ

𝑑𝑡
=  𝐹𝑡𝑟𝑎𝑐 − 𝐹𝑎𝑒𝑟𝑜 − 𝐹𝑟𝑜𝑙𝑙 − 𝐹𝑔𝑟𝑎𝑑𝑒 (3) 

where,  
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mequiv,veh … equivalent mass of the vehicle in kg  

𝑑𝑣𝑣𝑒ℎ

𝑑𝑡
 … acceleration of the vehicle in m/s²  

Ftrac … tractive force in N  

Faero … aerodynamic drag in N  

Froll … rolling resistance in N  

Fgrade … grade force due to road slope in N  

By dividing with the equivalent mass of the vehicle and integrating 

equation 3 according to time, the current vehicle speed can be 

calculated with the knowledge of the resulting resistance force for 

each time step. The equivalent mass corresponds to the sum of the 

test and rotating mass of the vehicle. For the investigations, the 

parameters of the 2016 Toyota Mirai are taken from [35], and the 

equivalent test mass is calculated according to [59]. The resulting 

resistance force is modeled with a data-driven approach based on 

measurement data and can be described as a function of the vehicle 

velocity with the following equation 4:  

𝐹𝑟𝑒𝑠,𝑟𝑜𝑎𝑑 =  𝐹0 + 𝐹1 ∙ 𝑣𝑣𝑒ℎ + 𝐹2 ∙ 𝑣𝑣𝑒ℎ
2 

(4) 

where,  

Fres …  resulting road load force in N  

vveh …  vehicle velocity in km/h  

F0 … road load coefficient in N  

F1 … road load coefficient in N/(km/h)  

F2 … road load coefficient in N/(km/h)²  

 

The road load coefficients are evaluated using a coast-down test on a 

flat track within the study [35]. Table 1 lists all relevant data 

regarding vehicle dynamics.  

Table 1 Key parameters of the full-vehicle model 

Equivalent test mass 1904.5 kg 

Road load coefficient F0 169.17 N 

Road load coefficient F1 0.3491 N/(km/h) 

Road load coefficient F2 0.0319 N/(km/h)² 

Dynamic wheel radius 0.33415 m 

 

Fuel Cell-in-the-Loop Platform 

In this study, the reduced-scale HiL approach is selected for the FCiL 

platform. Here, the physical hardware available on the test stand is an 

FCS with a maximum power lower by a scaling factor than the 

original FC system in the powertrain. With this FCiL test 

methodology, cost-effective investigations can be made at a very 

early stage of development compared to a platform with a full-scale 

FCS. In addition, as part of the powertrain design phase, the reduced-

scale FCiL platform offers the possibility of investigating FCS with 

different output power rates instead of just one specific FCS. Overall, 

this approach allows a cost-efficient and diverse use in development. 

Setup 

Figure 11 shows the schematic layout of the FCiL platform. This 

mainly consists of two subsystems. The first subsystem represents the 

actual physical hardware available, the FCS. The FCS is 

implemented on a test stand consisting of a 30 kW PEMFC stack, a 

hydrogen supply system, an air-supply system, the cooling circuits, 

and the measurement and control system. The load point of the FC 

system is set by a dynamic DC/AC inverter (battery simulator). The 

battery simulator feds the electrical power generated by the FC 

system during operation into the electricity grid. An additional power 

supply system supplies the balance of plant components (e.g., air 

compressor, hydrogen recirculation pump, coolant pump) with 

electrical power. A more detailed description of the test stand can be 

found in [60, 61]. 

The second subsystem is the real-time simulation of the remaining 

FCHEV. This includes the remaining powertrain components of the 

FCHEV, the driver model, the driving cycle, the EMS, and a test 

stand controller. The latter is the interface between the simulation and 

the test stand. It sets the load point of the FC system. In addition, the 

following function is implemented in the test stand controller for 

application reasons. If the EMS triggers a shutdown of the FCS, then 

the FCS is put into standby mode. In this standby mode, the FCS is 

operated at a low load current of 20 A. It remains in this standby state 

until the next trigger for a switch-on comes from the EMS. 

 
Figure 11 Principle layout of the FCiL platform 

Functionality 

In FCiL operation, the real-time capable simulation model, which 

runs on a real-time target computer, determines the electrical power 

demand of the FCS. The information about the power demand of the 

FCS is sent from the real-time target computer to the battery 

simulator. The battery simulator then sets the load point of the FCS. 

The measurement data from the sensors installed on the FCS test 

stand to determine the actual electrical power are transmitted to the 

simulation model via the interface of the real-time target computer. 

This data is further processed to react to the actual measured behavior 

in the simulation model, e.g., with a different load point. Thus, with 

the FCiL platform, the accurate operation of the FCS can be 

simulated in a vehicle environment, and the impacts, such as on 
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hydrogen consumption or dynamic behavior, can be evaluated 

experimentally. 

Validation of the FCHEV Simulation 

This section presents the evaluation of the vehicle dynamics model 

and part of the powertrain model from the final drive to the E-

Machine to obtain valid simulation results. Additionally, the 

performance of the calibrated driver model is determined. 

Validation of the Vehicle Dynamics and Part of the 

Powertrain    

For the validation, measurements from a commercially available 

FCHEV on a chassis dynamometer in a standardized driving cycle 

(ADAC Eco-Test cycle) are taken from [35]. In Figure 12, the 

measured and simulated electrical power of the E-Machine for the 

ADAC Eco-Test driving cycle are compared. It can be seen that the 

simulation results agree well with the measurement results. 

 
Figure 12 Validation of the FCHEV model in the ADAC Eco-Test cycle 

Furthermore, the simulated and measured energy demand of the  

E-Machine for the entire drive cycle is compared. The comparison is 

listed in Table 2. 

Table 2 Validation results of the FCHEV model in the ADAC Eco-Test cycle 

Result Measurement Simulation abs. Deviation 

Distance 

traveled in km 
35.5 35.6 0.3 % 

Energy demand 

in kWh 
5.97 5.92 0.8 % 

Specific energy 

demand in 

kWh/100 km 

 

16.82 16.63 1.1 % 

 

It can be seen that there is a deviation of only 1.1 % between the 

simulation and the measurement result regarding the specific energy 

demand of the E-Machine. There are two main reasons for the 

discrepancy. One reason is that simplifying model assumptions are 

made, which inevitably leads to a difference between simulation and 

reality. The second reason is that, due to the limited information in 

the literature available, in modeling data sets are used that only 

approximately correspond to the data of the actual vehicle. Due to the 

minor deviation of 1.1 %, it can be concluded that the model 

represents the actual behavior of the existing powertrain. In 

summary, the validation results demonstrate the sufficient level of 

detail of the full-vehicle model. 

Validation of the Driver Model 

The controller parameters are calibrated to minimize the deviation 

between the reference and the actual vehicle velocity. The calibration 

and validation of the driver model are done through simulation in the 

WLTC. To determine the control quality, the maximum deviation of 

the velocity with a tolerance of +- 2 km/h, as required by [59], is the 

crucial criterion. The simulation result is presented in Figure 13.  The 

evaluation shows a maximum absolute deviation between the 

reference and simulated velocity of 0.4 km/h. This is within the 

permissible tolerance mentioned before and confirms the proper 

calibration of the driver model. 

 
Figure 13 Validation of the driver model in the WLTC 

Results and Discussion 

In this section, selected EMSs and concepts of the powertrain are 

tested and evaluated in the WLTC by combining the experimental 

investigations with the FCiL operation on the test stand and a 

preliminary numerical study. The pure simulations, where the 

quasistatic model of the FCS is implemented, are used to find optimal 

parameter sets of the EMS for each investigated variant separately 

with the particle swarm optimization algorithm, as mentioned earlier. 

This is done to overcome the influence of wrongly chosen EMS 

parameters on the result. Furthermore, EMS parameters need to be 

calibrated in such a way as to guarantee the charge-sustaining 

operation of the HVB for a valid comparison of the results. For the 

tests with the FCiL platform, the optimal parameters are implemented 

in the EMS of the real-time simulation model. All investigations with 

the FCiL platform are conducted in a warmed-up state of the FCS. In 

particular, the conceptual design of the powertrain using the FCiL 

test methodology focused on the effect of FCS and HVB sizes on 

hydrogen consumption. The scope of the investigation of the EMSs is 

on their optimization, considering the hydrogen consumption and the 

dynamic operation of the FC system. 

The reference configuration for all investigations in this article is the 

previously described configuration of the FCHEV, essentially 

consisting of an FCS with a maximum power of 110 kW and an HVB 

with a nominal energy content of 1.6 kWh. Additionally, in the 

reference configuration of the FCHEV, the power follower scheme as 

EMS is implemented, and the gradient of FCS load current is limited 

to a maximum of 75 A/s. Figure 14 shows the evaluation results with 

the FCiL platform of the FCHEV with standard configuration in the 

WLTC. At the top of Figure 14, the electrical power of the EM and 
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the FCS net power over time for the FCiL test in the WLTC are 

depicted. The power follower strategy uses the FCS to provide the 

drive power solely from a minimum power demand (PFCS, min) of 11.4 

kW to high load demands. Below that, the HVB provides the required 

propulsion power. Furthermore, the bottom of Figure 14 shows that a 

charge-sustaining operation of the traction battery is ensured. 

 
Figure 14 Results of the FCiL test with the FCHEV in the standard 
configuration in the WLTC   

Sizing of Powertrain Components 

A sensitivity analysis with the FCiL platform is conducted to obtain 

an optimal sizing of powertrain components. Starting from the 

reference configuration of the powertrain, only one parameter is 

varied for the investigated variant. This is done to determine the 

parameter's influence on hydrogen consumption precisely. In the 

sensitivity analysis, the FCS maximum power varies from 88 to 132 

kW, and the HVB nominal energy content ranges from 0.8 to 2.4 

kWh. In addition, two promising parameter combinations are 

investigated: the 132 kW FCS combined with the 0.8 kWh HVB and 

the 88 kW FCS combined with the 2.4 kWh HVB. It is assumed that 

the disadvantages of a reduced FCS maximum power or reduced 

HVB nominal energy content can be compensated by an increased 

HVB nominal energy content, respectively, increased FCS maximum 

power. The remaining combinations are not considered beneficial and 

thus are not investigated further. This is because they would severely 

limit the functionality (88 kW FCS combined with 0.8 kWh HVB), or 

the effort is likely to be disproportionate to the benefit in terms of 

hydrogen consumption (132 kW FCS combined with 2.4 kWh HVB). 

The powertrain sizing analysis also considers the effect on powertrain 

mass. In Table 3, the results of the study are depicted. 

Table 3 Relative hydrogen consumption in % for component sizing in the 

WLTC 

  FCS max. power  

  88 kW 110 kW 132 kW 

HVB nominal 

energy content  

0.8 kWh - 102.1 102.4 

1.6 kWh 101.1  100  100  

2.4 kWh 100.9 100.1 - 

A good result regarding a minimum hydrogen consumption by sizing 

the powertrain components in the WLTC is achieved with the FCS 

maximum power of 110 kW and the HVB nominal energy content of 

1.6 kWh. The most significant negative impact on hydrogen 

consumption is for a configuration with an HVB with an energy 

content of 0.8 kWh and an FCS with a maximum power of 132 kW. 

This is mainly related to the limited performance capability of the 

HVB. Figure 15 shows a deceleration phase in the WLTC between 

790-800 s, where the power limits of the different battery variants can 

be seen. 

 
Figure 15 Comparison of different HVB sizes in the WLTC 

Furthermore, an FCS with reduced maximum power leads to a 

significant increase in hydrogen consumption. This is because the 

load point of FCS with reduced maximum power must be set to a 

higher load current to achieve the same output power as in the 

reference configuration of the FCS. Therefore, the FCS with the 

reduced maximum power is operated at a lower efficiency, as shown 

in Figure 16. 

 
Figure 16 Comparison of different FCS sizes in the WLTC 

Moreover, an increase in the FCS maximum power or the HVB 

nominal energy content does not influence hydrogen consumption 

significantly compared to the reference configuration. No significant 

gain could be achieved here since the WLTC is a driving cycle with 

low to medium load requirements. Therefore, the reference 

configuration of the FCS with 110 kW already operates under 

conditions of high efficiency, as shown in Figure 16. In addition, the 

reference configuration of HVB with 1.6 kWh is sufficient to meet its 

requirements as buffer energy storage (recuperation and support of 

the FCS) in the WLTC.    
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Optimization of the EMS 

The trade-off behavior between minimum hydrogen consumption and 

reduced dynamics of the FC system is investigated to optimize the 

EMS. Hence, the FCS's maximum allowed load current gradient 

varies from 50 A/s to 100 A/s. In addition, two different EMSs are 

compared concerning hydrogen consumption in the WLTC. In Table 

4, the results of the optimization of the EMS are depicted. 

Table 4 Relative hydrogen consumption in % for optimization of the EMS in 

the WLTC 

  FCS max. allowed current gradient  

  50 A/s 75 A/s 100 A/s 

EMS 
PFS 100.8 100 100 

ECMS - 98.4  -  

 

It is found that starting from the reference configuration of a 

maximum allowed load current gradient of the FCS of 75 A/s with a 

reduction by one-third, the additional consumption is only around 0.8 

%.  The limitation of the FCS load current gradient is realized with 

the hybrid function phlegmatization. Here, the HVB covers the 

driver's fast power demand, while the FCS follows the new power 

demand more slowly. Figure 17 shows two exemplary phases in the 

WLTC where a fast power demand for acceleration occurs. It can be 

seen that with an allowed FCS load current gradient of 50 A/s, the FC 

stack load current is raised more slowly compared to the variant with 

an allowed FCS load current gradient of 100 A/s. Hence, the HVB 

must supply more power to compensate for the difference between 

the power demand of the E-Machine and the FCS power output. As a 

result, the energy drawn from the battery to reduce the dynamic 

operation of the FCS is no longer available to minimize hydrogen 

consumption. In summary, reducing the dynamics of the FCS costs 

hydrogen. Nevertheless, it is found that a reasonable compromise can 

be achieved between reduced degradation of the FCS due to highly 

dynamic operation and only a small simultaneous increase in 

hydrogen consumption.  

 
Figure 17 Comparison of different phlegmatization rates in the WLTC 

Furthermore, it is shown that using the ECMS reduces hydrogen 

consumption by 1.6 % compared to the PFS for the same powertrain 

configuration. To achieve an optimal result with the ECMS regarding 

minimum hydrogen consumption, the optimal pair of equivalence 

factors of the ECMS is determined using the particle swarm 

optimization algorithm mentioned earlier. In this respect, the 

following values of the equivalence factors are found schg = 1.4018 

and sdis = 1.9806. A more detailed look at where the FCS is operated 

during the WLTC for both EMSs gives Figure 18. It can be seen that 

the ECMS tries to operate the FCS in the low to medium operating 

point range and, thus, in an efficient range when the power demand is 

low. Therefore, the ECMS carries out load point shifting of FCS at 

lower load requirements, thus charging the HVB. This means that 

sufficient energy in HVB is kept in advance, which can be used for 

load point shifting of FCS from higher to lower, more efficient loads 

when higher loads are required (e.g., highway driving). 

 
Figure 18 Comparison of the PFS and ECMS energy management strategy in 
the WLTC 

Conclusions 

This study presents a systematic development approach for the 

FCHEV powertrain and proves its feasibility as a tool for 

simultaneous numerical design and experimental evaluation under 

realistic operating conditions. To that end, a medium size FCHEV 

was modeled and validated. In parallel, a Fuel-Cell-in-the-Loop 

platform was designed and set up to evaluate the FCHEV powertrain 

concepts. In the first step, the FCiL test methodology was used to 

investigate the sizing of the FC system and the High-Voltage battery. 

It was found that for low-load driving cycles such as the WLTC, the 

combination of an FCS with a maximum power of 110 kW and an 

HVB with a nominal energy content of 1.6 kWh can achieve a good 

result in terms of minimum hydrogen consumption. This is mainly 

due to the following facts the FCS with 110 kW operates under high-

efficiency conditions, and the HVB with 1.6 kWh is sufficient to 

meet its requirements as buffer energy storage (recuperation and 

support of the FCS) in the WLTC. Based on the virtual scaling of the 

powertrain components, the versatile applicability of the FCiL 

platform was demonstrated. Furthermore, a rule-based and an 

optimization-based energy management strategy were implemented 

and evaluated with the FCiL platform to study the impact of the EMS 

scheme on hydrogen consumption. It was shown that with the 

optimization-based EMS (equivalent consumption minimization 

strategy – ECMS), hydrogen consumption can be reduced by 1.6 % 

compared to the rule-based EMS (power follower strategy – PFS). 

The main reason is that the ECMS uses load point shifting of the FCS 

to operate the FCS in high-efficient operating ranges. Moreover, the 

trade-off behavior between the hydrogen consumption and the 

dynamic operation of FCS was investigated for further optimization 

of the EMS. Reducing the dynamic operation of the FCS by one-third 

results in an additional consumption of only about 0.8 %. This shows 

a reasonable compromise between reduced degradation of the FCS 

due to highly-transient operation and only a small simultaneous 
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increase in hydrogen consumption. In summary, it is demonstrated 

that the presented FCiL test methodology offers an approach for a 

systematic design and evaluation of an FCHEV powertrain under 

realistic operating conditions. It can therefore contribute to reduce 

time and costs in the development process. 
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