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Abstract 

This thesis focuses on the topic of system integration of the polymer electrolyte 

membrane fuel cell (PEMFC) and design optimisation of a fuel cell hybrid electric 

vehicle (FCHEV) powertrain. Both of these aspects play a crucial role in the 

performance and sizing of components when integrated within an electric vehicle. 

At a system level, an optimised reactant gas management can reduce the fuel cell 

parasitic losses, thereby leading to an increased overall efficiency. The FCHEV 

powertrain design, incorporating the energy management system, involves fuel cell 

and battery sizing. Thus, the aim of optimising these can lead to reduced fuel 

consumption, system size and costs.  

A 5 kW PEMFC system running on dry hydrogen with appropriately sized balance 

of plant was built to conduct experimental studies and analysis of the gas supply 

systems. A particular scrutiny in our work was on the development of a novel 

hydrogen purging strategy in the anode compartment of the fuel cell, based on a 

parameter independent of operational time. Through experimental validation, an 

ideal range of purging with recirculation of hydrogen was proposed. Furthermore, a 

model-based design strategy, employing dynamic programming methodology, was 

devised with the objective of optimal component sizing that can be applicable to 

specific powertrain configurations. 
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1 Introduction 

There is a global drive to tackle the global warming issue. Though there are many 

causes contributing to the greenhouse gas (GHG) emissions, the mobility sector is 

seen as one of the main sectors where vehicle tailpipe emissions are a direct cause 

due to the usage of conventional fossil-based fuels. As a result, the automotive 

industry, followed by various others such as the energy, marine and aerospace 

industries, have begun to show a keen interest in carbon footprint reduction [1]. The 

effect of these harmful emissions, in particular the pollutant-based emissions, have 

proven to cause premature deaths and various respiratory problems in regions with 

polluted air quality [2]. Moreover, the problem is exacerbated due to the dependency 

on fossil fuel production on crude oil, which is prone to market fluctuations and 

only accessible to specific regions globally. In addition to this, causes such as 

increased energy demand and growing population have led to questions on energy 

security pertaining sole reliance on energy imports from oil producing economies. 

Moreover, road transport continues to see a growth globally. For example, the EU 

registered an annual growth of 2.1 % in a short span of 2017 to 2021 [3]. As a result, 

consumer behaviour and emission regulations globally are putting the automotive 

industry under increasing pressure to manufacture more efficient and less polluting 

vehicles. Thus, in order to tackle the above challenges the most favoured innovation 

in the mobility sector is electrification of the powertrain. Pure electrification in the 
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context of transport is applicable in mainly two types of electric vehicle (EV); battery 

and hydrogen fuel cell vehicle (FCEV) electrification. In the past decade, almost 

every major car manufacturer has released at least one urban style pure BEV. 

Although the FCEV industry faces numerous challenges and drawbacks, major car 

manufacturers have commercially released brands of FCEVs, in addition to having 

conducted a number of feasibility studies in form of a demonstration projects. 

This chapter presents a detailed overview of the topic of integration and 

optimisation of polymer electrolyte membrane (PEMFC) powertrains hybridised 

with batteries. The rationale and advantages of the technology in question are also 

discussed in this report. Relevant comparison and technology gaps are highlighted. 

At the end of this chapter, the project scope in the form of research aim and 

objectives as well as format of this thesis are described. 

1.1 Background and Motivation 

1.1.1 The Need for Electric Vehicles 

The concept of electrification is not a modern invention as it has existed long before 

the current advent of EVs. From a historical point of view, EVs made it to the roads 

in the late 18th century for the first time [4]. At that time, due to the immaturity of the 

technology, EVs failed to compete against conventional means of transport. With 

speeds of 15 km/h and range of 16 km EVs failed to excite the consumers over horse 

carriages. In the next couple of decades EVs suffered tremendously, compared to 

petrol cars, with range anxiety in particular. Especially when modernisation was at 
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its peak and longer travel distances were in demand across Europe and USA. A 

significant advancement in EVs at that time showed signs of their capability. The 

invention of regenerative braking made it possible for EVs to recover kinetic energy 

during braking, hence recharging the batteries - enhancing the vehicle range. Thanks 

to this concept the improvement in overall efficiency in urban driving mode 

commercialised in the form of hybrid electric vehicles (HEV).  

EVs come in various forms but the main intent behind their growth is, undoubtedly, 

zero-emission at the point of use. Earlier in the last decade, there were an estimated 

one billion automobiles on the road globally whilst it is predicted that this number 

will double by 2030 [5]. Reasons for this could be attributed to global population 

growth and industrialisation in developing nations such as China and India. As a 

result, this increase in EVs poses a significant challenge to the automotive industry 

in terms of converting conventional vehicles into greener EVs whilst building an 

appropriate infrastructure. This in turn brings about a series of hierarchical 

challenges such as the consumer behaviour, meeting the electricity demand for 

recharging EVs and disposal and recyclability of energy storage devices [6]. If the 

current and historical trend continues to dominate the automotive market, i.e. 

employing conventional fuels such as diesel and petrol, then naturally a rise in GHG 

emissions and deteriorated air quality would be the result. Thus, there is a dire need 

for adopting vehicles with electrified powertrain as the solution.  
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The debate of battery electric vehicle (BEV) competing against FCEV is 

unreasonable. There now exists a consensus amongst fleet operators and academics 

that each technology has to be designated based on the application and user case. 

BEVs due to their unmatchable simplicity of operation and low component number 

are considered to be the most viable option for mobility solutions where short range 

is a requirement such as scooters, passenger and light duty vehicles. On the contrary, 

hydrogen fuel cell technology can be applied to mobility applications where high 

energy requirement is needed. For example, long range passenger vehicles, trucks, 

rail and heavy duty vehicles. Of course, every FCEV powertrain has to be hybridised 

with a battery pack in order to store and recuperate energy. Thus, a clear synergy of 

both technologies complementing each other is noticed currently. 

1.1.2 GHG Emissions 

According to a ‘Mckinsey’ report, approximately 83 % of CO2 emissions are a result 

of combustion of fossil fuels [7]. The analysis concludes on seeing a replacement of 

ICE vehicles with full electrification by 2050, to tackle the current 75 % of all mobility 

GHG emissions from road transport. Furthermore, the three main culprits of the 

world’s GHG emissions are coal, oil and natural gas [8]. In 2022, crude oil took the 

second position in emitting approximately 11.2 GtCO2 equivalent, just next to coal in 

the first position of emitting 11.5 GtCO2 equivalent (see Figure 1). While there were 

major pledges by leading economies in the 2015 Paris Agreement aimed at avoiding 

the further rise in global warming, 2022 recorded the fifth warmest year with 
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temperatures risen by at least 1.1 C since pre industrial times [9]. The biggest 

contributors are China, USA, India, Indonesia and Russia. Figure 2 displays 

graphically the historical comparison between the aforementioned nations in terms 

of GHG emissions. Although China currently heavily relies on coal for power, 

approximately corresponding to a 67 % share of fossil fuels based energy in 

electricity production, there are plans in the national climate target policy to achieve 

carbon neutrality before 2060 [10]. On the other hand, the USA being the second 

biggest emitter on an annual basis has passed a climate and tax legislation aiming to 

stimulate the green energy development, at the same time targeting to cut GHGs by 

almost half the 2005 levels by 2030. GHG emissions not only contribute towards 

global warming, but also deteriorate the air quality.   

 
 

Figure 1: Global GHG emissions by fossil fuels from 2000 

to 2022 [8] 

Figure 2: Graphically displays the 

historical top five emitters of CO2 

globally from 1990 onwards [10] 

GtCO2 eq 
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1.1.3 Energy Security 

Security of supply is one of the essential pillars required for electrification, be it via 

BEV or FCEVs.  The majority of the developed regions in the world still mainly rely 

on fossil based fuels in their energy systems. However, many of these developed 

economies, especially across Europe and US, are beginning to take initiatives 

towards making a gradual and long-term shift away from oil & gas. In particular, the 

rapidly growing renewables have offered an incentive as a solution towards this 

transformation. Specifically, these renewables sources include bioenergy, 

geothermal, hydropower, ocean, wind and solar. While most of these are seeing a 

gradual growth, wind and solar have seen rapid growth and development – mainly 

due to the declining cost which provide a good business case [11].  

According to a recent report by the International Renewable Energy Agency 

(IRENA) [12], hydrogen as a fuel and energy vector could present itself as an energy 

disruptor, competing against the current energy mix. The last decade has noticed 

both an increased research and development activity. As a result of recent 

government policies globally, nations have conducted an increasing amount of 

innovation activities in hydrogen technologies and their value chain. This can be 

measured by observing hydrogen-related inventions in these regions, as illustrated 

in the form of flow of patents in Figure 3. Europe, Japan and the US take the lead on 

protecting inventions in the realm of hydrogen and its technologies, which revolve 

around fuel cells, hydrogen distribution, production and storage. Generally, this is 
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indicative of where there is scope for commercialisation. In addition, these are 

intended to cater for various markets such as energy, logistics, transport and 

industrial sectors. Although hydrogen technologies will not be cost competitive in 

the short term, the long term perspective could potentially be promising because of 

some key benefits. One of the most beneficial traits of hydrogen is that it can be 

produced at almost any location, provided there is a renewable source of energy. 

This, when considered in large-scale magnitude (in GW scale) can offer energy 

security for an economy which is currently subjected to fluctuations of fossil energy 

world trade prices. This topic is discussed in greater detail in the following chapter. 

 

Figure 3: Invention flow as a result of R&D activity in the realm of hydrogen and its technologies 

between 2010 and 2020 [12] 

Once produced, hydrogen can then be stored as  gas for an indefinite duration 

chemically, or chemically in the form of other compounds, such as Ammonia, albeit 
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with substantial conversion losses. For this reason, experts and analysts are of the 

opinion that hydrogen conversion business has the potential to unlock cost 

competition [12].  

The automotive industry is currently going through a major transition towards the 

electrification of vehicle propulsion powertrains. One of the main reasons for this 

can be attributed to reduction of the transport industry’s reliance on fossil fuel based 

resources. In addition to global warming effect of greenhouse gas emissions from 

burning fossil fuels, limited resources and availability are also other drawbacks of 

fossil fuels. In the case of Europe, another major reason for the drive towards vehicle 

powertrain electrification is to rely less on the oil imports and showcase the 

technological improvements in the form of novel, pure electric powertrains.  FCEVs 

are a good example which qualifies for zero tailpipe emissions, higher powertrain 

efficiency, longer drive range and short refuelling durations.  

1.1.4 Challenges for Fuel Cell Vehicles 

There have been immense developments in the recent years within the fuel cell 

hydrogen industry. In particular, the polymer electrolyte membrane (PEM) 

technology has seen great interest from leading industry players due to its 

applicability in various segments such as hydrogen production through 

electrolysers, and electricity supply to mobility through fuel cells. Despite these 

improvements there are still roadblocks preventing FCEVs from mass scaling and 

offering competiveness to other counterparts such as ICE and BEVs. The challenges 
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include cost, reliability of the stack, hydrogen supply, transportation and storage. 

However, of these challenges cost, storage and infrastructure continue to remain a 

hindrance in the upscaling of the hydrogen industry. Each of these three challenges 

is discussed in the following in more detail. 

The cost of hydrogen fuel cells are, currently, expensive when compared to 

conventional or battery technologies. As of today, the latest generation of Toyota 

Mirai is commercially available with a price tag of $61,500. On the contrary, a Toyota 

Camry Hybrid is available for less than half of Mirai at $26,200. Moreover, a pure 

battery electric option such as Tesla with significant added values such as 

acceleration performance and semi-autonomous characteristics, but which much 

longer refuelling time, is priced at approximately $52,500. While it can be argued 

that the production rate of Mirai significantly differs from the other two options, the 

material costs of fuel cells remains high due to the need for platinum within in the 

membrane. The Toyota Mirai is reported to contain approximately 30 g of platinum 

in the fuel cell stack [13]. However, in the recent past the costs have been brought 

down thanks to the innovation and development in the electrocatalysts field leading 

to lower platinum loading of approximately 10g per 80 kW stack or 0.125 g/kW at 

rated power [14].  

Although hydrogen has a high gravimetric energy density of 33 kWh/kg, its 

volumetric density is extremely low. Thus, traditional fuels such as petrol and diesel 

show ease of storage from a packaging. For storage on-board the vehicle, hydrogen 
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is compressed to high pressure range in order to store a desired mass for a pre-

evaluated journey range. Liquefaction of hydrogen is also an emerging trend 

approaching within the automotive industry due to higher volumetric density 

capability. However, compression is by far the most prevalent method of storing 

hydrogen as a fuel on-board a vehicle and can be compressed to either a standardise 

pressure of either 350 bar or 700 bar pressurised vessels. Storage through 

compression is relatively efficient as liquefaction of hydrogen is energy intensive 

due to cryogenic temperature [15]. It is currently difficult for the emerging 

alternative fuels such as hydrogen to compete against conventional fuels without 

government subsidies.  

Hydrogen infrastructure for consumers’ use remains scarce and not well connected. 

This poses a challenge for fleet operators in terms of refuelling in between the routes, 

thus, discouraging wider adoption of hydrogen FCEVs for mobility. However, there 

are new government initiatives in developed economies to scale the hydrogen 

refuelling infrastructure to cater for long haul trucks and light duty vehicles. For 

example, the European Commission agreed to scale up the deployment of battery 

charging and hydrogen refuelling infrastructures [16]. For the latter, it is anticipated 

to have a wider deployment of refuelling stations at every 200 km in all urban nodes 

by 2030. Hence. this work aims to address the above challenges partly by 

undertaking the system integration and design optimisation, leading to economical 

and durability benefits.  
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1.2 System and Design Optimisation 

An FCEV has an electrified powertrain which comprises of a fuel cell system as the 

primary and dominant power source while using an energy storage device as a 

secondary power source. The latter usually incorporates either a battery either pack 

or supercapacitor bank for automotive applications, in order to assist the fuel cell at 

times of peak power demand, as well as to store and recuperate energy. The multiple 

levels of control and management processes involved in such an electrified 

powertrain can be classified into two levels; low level system which manages the 

fuel cell system, and the supervisory level which encompasses the energy or power 

flow management.  

The hydrogen fuel cell stack requires a system comprised of multiple sub-systems in 

order to function. This entire system is commonly known as the fuel cell balance of 

plant (BoP). The BoP has to deal with reactants supply, electrical conditioning of 

power and thermal management via heat exchangers. Underperformance in any of 

these sub-systems will have a direct effect on the overall system performance. This in 

turn will have an impact on the vehicle fuel economy or the running costs. Thus, any 

attempt to optimise and improve the low level control system could result in gains 

such as increased durability of the fuel cell stack, better fuel economy and cost 

savings. 

Design optimisation refers to the sizing strategy of the power components within the 

powertrain. Over or under sizing these components will have an effect in the vehicle 
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performance. In the former case, this could result in increased costs, weight and 

volume, whereas in the latter case undersized power components will struggle to 

meet the transients, peak power demand, or complete the full range of the vehicle. 

This could also lead to enhanced degradation of the primary power source, resulting 

in lower operational hours or autonomy. Furthermore, it is imperative to have the 

energy management strategy (EMS) integrated and its operating strategy integrated 

within the design optimisation phase with the aim of taking realistic behaviour 

profiles into account. Most commonly, the EMS within the context of EVs would 

adopt either a charge-sustaining (CS), charge-depletion (CD) or the combination of 

the two strategies (CS-CD). These are applicable to both rule-based strategies (RBS) 

as well as model-based strategies such as model predictive control (MPC) which 

employ complex algorithms for optimality. The former is based on pre-defined rules 

from design experience or validation. RBSs have several advantages and shown 

good performance in commercial vehicles to date. Using these as the benchmark for 

further optimisation would allow a design engineer to benefit from realising the 

aforementioned gains. Moreover, the decisions made by the EMS will result in the 

desired split of the power flow from the different power sources for the traction 

requirements of the vehicle. Therefore, it is imperative that the EMS is integrated 

within the design study, with sufficient degree of complexity, to ensure that the 

achieved modelling results of the power components are realistic. Figure 4 below 

illustrates the different aspects of research work linked to fuel cell system and 

powertrain design optimisation. The research is focused between two key areas of 
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optimisation which have a direct impact on the overall system efficiency; the fuel cell 

system auxiliary control and the energy management strategy. In the former which 

can be referred to as ‘system integration’, the fuel and reactant gas supply and 

management are the key metrics whereas in the latter, ‘design optimisation’, the 

power flow between the fuel cell and the energy storage device is the focus. 

 

Figure 4: Research work visual compartmentalisation between fuel cell system and powertrain design 

optimisation. 

 

1.3 Research Aims and Objectives 

The hierarchical goal of this project was to undertake a holistic approach in the 

optimisation of both; the control and design of a FCEV hybridised with a battery 

pack. This research had an evenly split focus between the aforementioned 

optimisation aspects. Specifically, this included experimentally validated 
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optimisation techniques at a systems level within the fuel cell BoP and optimally 

sizing the power components through software modelling technique. The former 

required design and build of an experimental setup which offered an in-depth 

insight into system operation requirements in a laboratory-based environment, 

while the latter will used established methods of software optimisation based on a 

selected set of boundary conditions. 

The following specific objectives were identified; 

 Design and build of a 5kW PEMFC system with bespoke balance of plant 

enabling robust testing and validation. 

 Experimental optimisation of the PEMFC system, specifically the  anode 

hydrogen purging. 

 Construction and implementation of detailed vehicle model to be used with 

an integrated rule-based and an optimisation-driven control strategies. 

 Design optimisation of the fuel cell battery hybrid propulsion system via 

dynamic programming with the aim of optimal components sizing  

 Evaluation and identification of the potential improvement to the already 

implemented fuel cell system, modelling and optimisation. 

1.4 Thesis Structure 

In this thesis, chapter one provides an introduction specifying the research aims and 

objectives along with an overview of the research topic. Since the thesis covers 

experimental and modelling aspects, the literature review is integration into the 
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respective chapters, beginning from chapter 4. The content of the following chapters 

is as follows: 

Chapter 2 – Electrification through Hydrogen begins with the technical 

introduction of hydrogen fuel cells highlighting fundamental basis. These include 

theoretical principle of operation, construction and components that make up a fuel 

cell stack. The classification of electric vehicles, along with different powertrain 

architectures are showcased. Additionally, challenges such as low carbon hydrogen 

production and on-board hydrogen storage systems are discussed in this chapter. 

Finally, a comparison between the two most applicable energy storage technologies, 

battery and supercapacitor, is presented in the last segment of the chapter. 

Chapter 3 – Experimental Work discusses the practical implementation of the 

design and build of a 5 kW polymer electrolyte membrane fuel cell system. Each 

sub-system’s responsibility and tasks are described in detail. The development 

process of emulating a real system within a laboratory test bench is presented. This 

includes the instrumentation needed for safety, data sensing and logging and 

software to hardware interface for the control mechanism. Finally, the entire system 

processes used for experimentation in the subsequent chapter of the thesis will be 

explained. 

In Chapter 4 – PEMFC System Control the implementation of the system control is 

carried out with the aim of conducting experimentation. Specifically, the fuel cell 

system’s reactants gas management strategy is described and a novel anode purging 
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strategy is experimentally validated. Literature review on the topic is covered in the 

initial segment of the chapter. The rationale and process behind the strategy is 

discussed in detail. Finally, results of the purging strategy and the performance of 

the built system in chapter 3 are illustrated and scrutinised. 

Work in Chapter 5 – FCHEV Modelling and Simulation undertakes the modelling 

and simulation study of a fuel cell vehicle hybridised with a battery pack. The 

chapter starts with a literature capture of previous work on rule-based control 

strategies, followed by conducting an analysis on two distinct drive cycles. An in-

depth explanation of the model architecture build in AVL Cruise Software 

environment is provided. In addition, the chapter uses Toyota Mirai as the 

benchmark vehicle to analyse the developed model’s behaviour. 

The Design Optimisation topic is split into two chapters, Chapter 6 and Chapter 7, 

discussing strategy and implementation, respectively. The former chapter includes a 

literature review of the relevant work on the topic and description of the 

optimisation strategy developed in this work, based on chosen set of assumptions. 

The chapter introduces dynamic programming theory and its usage towards 

formulating an optimisation study.  In the subsequent chapter, the devised sizing 

strategy is implemented and results are analysed with two control strategies 

integrated: charge-depletion and charge-sustaining. 
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The final Discussion chapter of this thesis summarises the conclusions of each 

chapter in a concise and succinct manner. In addition, further work with an aim to 

improve and refine the obtained results is proposed. 
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2 Electrification via Hydrogen 

Hydrogen as an energy carrier is bound to be a promising fuel for various segments 

in almost all of the developed and emerging economies. Especially, in the mobility 

sector due to several advantages such as zero tailpipe emissions, competitive total 

cost of ownership post 2030, capability of offering longer range and forming a 

circular economy for rural applications. While hydrogen as a fuel has a superior 

energy density by mass compared to other fuels, the volumetric density of the fuel is 

considerably low. Thus, a targeted approach in the utilisation and implementation of 

this technology should be considered in order to establish a working business case. 

As such, major car manufacturers have taken the initiative to demonstrate the 

applicability of hydrogen technology in the automotive sector. Currently, several 

challenges remain and have hindered the uptake of this technology. Specifically, 

these include the low cost and low carbon production of hydrogen fuel with the aim 

of offering competitiveness with conventional fuels, and increased volumetric 

density of the on-board hydrogen storage systems.  

In this chapter, an overview of the working principle of hydrogen fuel cells and 

hydrogen production via various pathways is discussed. Additionally, the chapter 

describes the classification of electric vehicles (EV), powertrain architectures and 

comparison between battery and supercapacitor technologies. 
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2.1 Hydrogen Fuel Cells 

Polymer electrolyte membrane fuel cells (PEMFCs) electrochemically convert the 

chemical energy present in the fuel directly into electrical energy. Specifically, the 

hydrogen fuel is supplied into the fuel cells from the anode side and oxygen from 

the cathode side. Hydrogen is then oxidised into protons and electrons at the anode 

catalyst. The Nafion membrane is proton conducting and electronically insulating. 

As a result, the electrons are compelled to leave the anode side and pass through an 

external circuit in order to reach the cathode side, where the oxygen reduction 

reaction takes place [17]. The by-products of this reaction are heat and water, with 

no local carbon emissions, making PEMFCs zero-emission power. In addition, 

hydrogen fuel cell systems offer several superior features over conventional power 

systems such as high efficiency and power density, as well as low maintenance 

requirements and noise levels [18]. Fuel cell systems appear to be a viable alternative 

to traditional internal combustion engine or turbine power generators, linking with 

renewable energy sources to provide a sustainable energy system. However, in 

addition to the clear environmental benefits, fuel cells must also prove that they are 

a reliable and cost competitive alternative to the incumbent technologies. This will 

require fuel cell systems to have a compact design which can match the current 

requirements, especially in the automotive sector. 
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There are six different types of fuel cells, of which only four are widely commercially 

available at present. Hydrogen fuel cell systems offer numerous advantages over 

battery technology. These include higher efficiency, power density, scalability, 

indefinite electricity output provided there is fuel supply and lower power-to-

weight ratio.  

2.1.1 Fuel Cell Operation 

There are mainly two chemical equations that describe the operation of a fuel cell. 

These equations are explained below. To fully understand the operation of hydrogen 

fuel cells the structure of the fuel cell must be considered. At anode, the hydrogen 

fuel is oxidised which in turn releases electrons and produces H+ ions as shown in 

the equation below. 

2H2  → 4H+ + 4e− 
(2-1) 

This reaction being an exothermic reaction releases energy in the form of heat. 

Furthermore, at the cathode oxygen reacts with the electrons acquired from the 

electrode and H+ ions from the electrolyte to form water, as seen in the equation 

below. 

O2 + 4H+ + 4e− → 2H2O 
(2-2) 

Thus, the overall reaction which takes place in a hydrogen-air based fuel cell 

becomes; 
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2H2 + O2 → 2H2O + heat 
(2-3) 

There are other types of fuel cells that exist that are not as dominant currently as 

PEMFCs. These include alkaline (AFC), direct methanol (DMFC), phosphoric acid 

(PAFC), Molten carbonate (MCFC) and solid oxide fuels cells (SOFC). The 

aforementioned fuel cells are mainly distinguished based on the electrolyte material 

and operating temperature. In addition, the application for each type can generally 

be categorised as stationary or mobile application due to the system volumetric 

density and the auxiliary components required for safe operation (also referred to as 

the balance of plant). 

Table 1: Four commercially available different types of fuel cells with their characteristics. 

FC Type AFC PEMFC SOFC MCFC 

Electrolyte 

Aqueous 

KOH 

solution 

Solid polymer Ceramic solid such 

as ZrO2 

KCO3  

Temperature [oC] <100 60-100 600-850 650-700 

Fuel 

Hydrogen Hydrogen Natural gas, 

hydrogen, coal 

gass 

Natural gas 

Mobile ion OH- H+ O2- CO32- 

Bipolar plates 
Ni coated Graphite, coated 

stainless steel 

Ceramic, stainless 

steel 

Coated 

inconel 

2.1.2 PEMFC Components 

The polymer electrolyte membrane (PEM) fuel cell type of fuel cell consists of several 

layers of different materials. Each layer has a distinct function to contribute in the 
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operation. The PEM membrane, which is also considered as the heart of the fuel cell, 

is responsible for conducting protons and blocking electrons. The membrane 

material that is generally made from perflourosulphonic acid (PFSA), which is 

chemically based on polytetrafluoroethylene (PTFE), contains hydrophilic and 

hydrophobic regions. Furthermore, hydration of the membrane is a requirement for 

the transport of H+ ions. In addition, hydration has a strong influence on membrane 

conductivity. Normally, the conductivity increases by almost seven times when 

there is the membrane humidity level is increased from 10 % to 100 % [5]. The 

catalyst layer acts as an interface for the reaction to take place. The layer is generally 

made up of porous carbon support to which small platinum particles, typically of o 

size 2 to 3 nm, are loaded or dispersed onto. It should be noted that different loading 

proportions are used on anode and cathode sides, since the former, where the 

hydrogen oxygen reaction takes place has very high activity whilst the latter, where 

oxygen reduction reaction takes place has significantly lower activity. The main 

reason for using such nanoscale (0.2 mgPt/cm2 and 0.05 mgPt/cm2) loading is the 

high cost of Platinum. A labelled diagram of different layers, highlighting electron 

flow and microchannels, is illustrated in Figure 5a below. Figure 5b illustrate a block 

diagram of all the components and their interactions with each other. 
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(a) 

 

(b) 

Figure 5: Hydrogen fuel cell components, a: graphical representation of the cell within a stack, b: 

block diagram representation of FC components. PEM: polymer electrolyte membrane, CL: catalyst 

layer, GDL: gas diffusion layer, BPP: bipolar plate and MEA: membrane electrode assembly. 

2.1.3 Hydrogen Production 

One of the greatest advantages of hydrogen is that it can be produced from almost 

all primary energy sources, through either a chemical transformation process or 

electrolysis using electricity. The former category generally occurs in central large 

scale facility whereas the latter can also occur in a distributed facility. Low carbon 

production of hydrogen is possible through various methods. These include 
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conventional methods based on fossil fuels but with sequestration process (also 

referred to as carbon capture and storage). A well-to-tank (WTT) analysis of a 

particular fuel is generally a good methodology to calculate and compare GHG 

emissions. A report published by the Joint Research Centre under the EU 

Commission presents the emissions the hydrogen pathways as well as the WTT 

emissions [19]. The report allows for scrutinising the upstream and downstream 

emissions related to different hydrogen production pathways. 

Hydrogen is also claimed as the fuel which could act as the facilitator of the 

integration of the various sectors of the energy system. Hence, maximising the 

decarbonisation effort requires low carbon hydrogen production considering the full 

life cycle analysis. There are multiple types of hydrogen production pathways which 

are defined based on the intermediate processes involved and carbon footprint [20]. 

Currently, most of the global hydrogen production is achieved through steam 

methane reforming (SMR) using natural gas [21]. This method of hydrogen 

production is commonly referred to as ‘grey hydrogen’, where CO2 is released into 

the atmosphere. If, in this process, the CO2 is captured and permanently 

sequestrated then the hydrogen production pathway is called ‘blue hydrogen’. 

Furthermore, electrolytically produced hydrogen using renewable electricity such as 

solar and wind is classed as ‘green hydrogen’. Other shades of hydrogen include 

‘turquoise hydrogen’ which involves a methane pyrolysis process that generates 

carbon in a solid form and ‘pink hydrogen’ which utilises nuclear energy for water 
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electrolysis. Figure 6 below displays the different colours or shades of hydrogen 

production which are generally used as a reference in the industry. 

 

Figure 6: Different shades of hydrogen based on the source and process of production [20]. 

 

The UK government was one of the first globally to release a standard for the 

definition of low carbon hydrogen [22]. The document is meant to provide various 

industries guidance on the GHG emissions criteria when considering the production 

and usage of hydrogen. A general method of calculating the emissions within the 

scope 1 and 2 of the production process was expressed as below. 

ET = Efeedstock supply + Eenergy supply + Einput materials + Eprocess + Efugitive non-CO2 

+ ECCS process & infrastructure − ECO2 sequestration + Ecompression and purification 
(2-4) 

The standard takes into account considerations towards the supply of the feedstock, 

energy utilised in the form of electricity or heat, extraction of raw materials, energy 

for carbon capture and storage or sequestration as well as compression for storage. 

According to the UK’s National Grid [23], hydrogen can lead the way in meeting the 
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net zero targets by contributing towards the whole energy system, as well as in the 

hard to abate sectors such as industries like steel industry. Figure 7 demonstrates the 

carbon emissions for each shade of hydrogen production. It can be seen that green, 

blue and pink hydrogen are below the UK low-carbon hydrogen limit while 

hydrogen produced from biomass combined with carbon capture even contributes 

towards negative emissions.  

 

Figure 7: Carbon emissions for different shades of hydrogen, highlighting the low carbon hydrogen 

threshold [23]. 

2.1.4 On-board Hydrogen Storage 

Hydrogen storage on-board a vehicle is critical and presents several challenges. So 

far, the preferred and most established method of storing hydrogen as a fuel in the 

automotive industry has been compressed hydrogen storage tanks. This method 

involves  physical storage of hydrogen gas inside a high pressurised vessel. These 

vessels in the industry are classified into four different types; type I, type II, type III 
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and type IV (see Figure 8). The pressurised vessels are generally cylindrical in shape 

with different material and layering based on the classification. Type I storage 

vessels are all-metal material and are the heaviest of all categories, allowing up to a 

maximum of 50 MPa pressure. Type II vessels are similar to type I except there is an 

additional layer of glass fibre composite which allows for higher hydrogen content 

in the vessel, while having relatively lower tank weight. The metric, generally, used 

for this measure is the hydrogen fraction of the tank system, wt%. Type III 

compressed storage vessels are made of composite materials with aluminium liner 

around which carbon fiber is wrapped. Type III tanks have a tank density of 

approximately 4.2 wt % capable of storing at 70 MPa pressure. Type IV vessels are 

similar to Type III but have an additional layering with plastic liner which acts as the 

hydrogen permeation barrier and carbon fibre glass for structural load bearing 

(epoxy material), which enables this type of vessels to reach pressures higher than 70 

MPa [24]. A concise summary of each type of compressed storage technology is 

presented in Table 2. 
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Figure 8: Different types of compressed hydrogen storage tanks and their manufacturing procedures 

[24]. 

 

Table 2: Summary of different types of on-board hydrogen storage vessels 

 
Type I Type II Type III Type IV 

Components 

All metal 

construction 

Steel Vessel with 

Glass fibre 

composite  

Full composite 

overwrap with Metal 

(Aluminum) liner 

Full Carbon-fibre 

or Carbon-glass 

composite with 

HDPE liner and 

metallic boss 

Structural 

Load 

Metal body 

withstands the 

whole load 

Steel and composite 

materials share the 

load equally 

The composite 

structure bears the 

most load, and the 

metal liner takes only 

about 5% mechanical 

load 

Composite 

material carries the 

load  

Storage 

Pressure 

Up to 50 Mpa 

(500 bar) 

Highest pressure 

Tolerance (similar 

to type I) 

Up to 70 MPa (700 

bar) 

Up to 1000 bar 

Gravimetric 

density 

~ 1 wt% < 2.1 wt % < 4.2 wt% 4.4 – 5.7 wt% 

Weight 
High 30-40% less than 

type I 

Half of type II Lighter than type 

III 

Cost Low Low High High 
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2.2 Electric Vehicles Classification 

An EV consists of a powertrain which uses at least one electric motor for propulsion 

[25]. There are mainly two types of EVs which are classified on the basis of source(s) 

of propulsion and electrification level of the powertrain; hybrid electric vehicles 

(HEV) and pure electric vehicles (PEV). Figure 9 below illustrates a generic 

classification of EVs. By definition, fuel cell electric vehicles (FCEV) consist of a 

hybrid powertrain as they mostly include a battery and/or supercapacitors together 

with the fuel cell system. HEVs can then be further generally classified into four; 

micro-HEV, mild-HEV, full-HEV and Plugin-HEV (PHEV). Conversely, PEVs come 

in two forms; battery electric vehicle (BEV) and fuel cell electric vehicle (FCEV) [25]. 

The FCEV can be further classified into three; hybrid, plugin and range extender 

(REx) FCEVs. Furthermore, HEV and PEV have in them several strategies to save 

fuel, reduce emissions, extend vehicle range or ability to recharge the battery.  

 

Figure 9: Electric vehicles classification. 
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Table 3 summarises the specific technical terms in the literature and EV industry 

standard. Idle-stop or stop-start is when the vehicle’s ICE is turned off when the 

vehicle is at a standstill position. Power assist is when the electric motor in both 

types of EVs supplies propulsion in parallel to othe main power source, or also 

alone. Furthermore, regenerative braking is common in EVs with fairly large energy 

storage devices. Pure electric vehicle drive occurs when the propulsion from a 

hybrid powertrain is solely provided by a secondary source such as the battery pack. 

The plug-in option offers provision for the battery to be recharged from an external 

electricity supply.  

Table 3: Classification and characteristics of EVs. 

 Micro HEV Mild HEV Full HEV PHEV PEV 

Stop/Start   - - - 

Power assist     - 

Regen-Braking      

PEV Drive      

Plug-in charge      

Voltage 12 48+ 300+ 300+ 300+ 

 

: full capacity, : partial capacity, -: not applicable 

2.2.1 Commercial FCEVs 

Within the past two decades several automotive manufacturers showcased at least 

one concept FCEV. These include, amongst others, key players in the industry such 

as Toyota, Hyundai, Honda, Daimler, General Motors and BMW. Although, the 
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hype of hydrogen powered vehicles initiated from the passenger vehicle sector, the 

trend currently is also gaining momentum from the long haul and heavy duty trucks 

sectors [26], [27]. The primary reason for this shift can be attributed to the already 

existing market share and powertrain simplicity of the BEVs in the passenger vehicle 

industry. In addition, pure battery powertrain in the heavy duty industries is not 

technically feasible due to extremely low gravimetric energy density of batteries [28]. 

Figure 10 a & b display the second generation of Toyota Mirai and Hyundai Nexo 

which are currently commercially available in passenger vehicle industry for 

consumer use, respectively. Buyers of such vehicles can benefit from various 

incentives including free refuelling for a certain period of time after purchase. Figure 

10 c & d display the examples of FCEV technology in the long haul truck industries 

offered by Toyota and Nikola respectively. Both on-board storage and refuelling 

infrastructure remain a challenge for trucks as the high power requirement means a 

large volume of storage system which may be constrained due to packaging 

requirements, especially with 350 bar pressurised vessels. The lack of refuelling 

stations has hindered the market take-off by various fleet operators. However, the 

infrastructure is currently being ramped in European regions. 
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(a) (b) 

 
 

(c) (d) 

Figure 10: FC technology adoption in passenger car and long haul truck industries. a: Toyota Mirai, 

b: Hyundai Nexo, c: Nikola TRE FCEV truck d: Toyota FC logistic truck.  

2.2.2 Powertrain Architectures 

The powertrain architectures in an FCEV can take various forms based on the 

number of power sources, their placement and sizing. A topology relying solely on a 

fuel cell for propulsion while having no energy secondary power source is called 

pure FCEV (see Figure 11a). This architecture presents several disadvantages such as 

lower fuel economy due to the stack operating at inefficient points, absence of 

braking energy recuperation and enhanced fuel cell degradation [29]. The most 

common topology, which is widely adopted in various industries, hybridises the fuel 

cell with an energy storage device, illustrated in Figure 11 b and c. Such a topology 

mitigates the disadvantages seen in a fully fuel cell architecture. The energy storage 
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system (ESS) incorporated could either take the form of a battery or supercapacitor 

pack. The former is the most common solution primarily due to relatively lower 

costs. In addition, the combination of both battery and supercapacitor within a fuel 

cell dominant powertrain is seldom seen and known as fuel cell tri-hybrid vehicle 

(shown in Figure 11 d). 

 

Figure 11: Different topologies applicable in an FCEV, a: standalone FCEV, b: fuel cell hybrid electric 

vehicle with passive control over ESS, c: fuel cell hybrid with active control over ESS and d: fuel cell 

tri-hybrid with active control over both ESSs. 

The sizing of an FCEV can take place in three categories; hybrid, plug-in hybrid and 

range extender. In the hybrid architecture, the FC stack is dominant in power 

contribution and its size is significantly larger than the battery pack – which is used 

for transient peaks and energy recuperation. The plug-in hybrid option incorporates 

a large battery pack which can be recharged externally using the grid electricity. The 

rationale behind such an option is to consider the economic aspect based on the 

consumer prices of hydrogen gas and electricity at the refuelling or recharging 
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stations. The range extender architecture employs a small fuel cell, configured to 

maintain the relatively larger battery energy content.  

2.3 Energy Storage Systems 

A key component of a FCHEV is the energy storage system (ESS) which usually 

takes form of a battery or supercapacitor. The ESS is responsible for not only 

recuperating and storing energy, but also for supplementing the FC system in 

meeting the transient and peak power demands. Each of the aforementioned ESS 

technologies is discussed in detail in the following sections. 

2.3.1 Batteries 

There are a number of energy storage technologies, which can be used to supply and 

store energy on board. The system design of a propulsion system takes into account 

the selection criterion of an energy storage device based on several aspects such as 

cost, lifecycle, performance and size. Modern battery technologies have seen 

significant improvement in terms of cost, density and performance. Currently, there 

are three types of chemistries widely adopted within the automotive industry; lead 

acid, nickel metal hydride (NiMH) and lithium ion batteries. Almost all of the 

conventional vehicles use lead acid batteries for starting, ignition and lighting, while 

having a nominal cell voltage of up to 2 V. This type of battery chemistry, however, 

offers poor active mass utilisation and less favourable charge-discharge cycles which 

limits the practical energy content. NiMH chemistry played a role in the early years 

of EV industry offering a nominal cell voltage of up to 1.2 V with gravimetric and 
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volumetric energy densities of 80  Wh/kg and 250 Wh/L, respectively [30]. However, 

the coloumbic and energy efficiency of NiMH batteries are lower than even lead-acid 

batteries. For this reason, the emerging trend is a shift towards Lithium-ion batteries 

which have energy contents of up to 260 Wh/kg and 700 Wh/L with significantly 

higher Columbic (99%) and energy (up to 95%) efficiencies[31].  In addition, one of 

the main advantages of this battery chemistry is the possibility of having a vast 

range in the power to energy ratios when designing different powertrain 

architectures [32]. These improvements achieved in the battery technology were 

derived through innovation within the cathode chemistry which came as a result of 

the requirements from various sectors, through multiple generations as depicted in 

Figure 12.  

 

Figure 12: Gravimetric and volumetric energy densities evolution of Lithium-ion battery chemistry 

since 1990 to 2016 [31]. 
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Additional key parameters in the selection of a particular battery chemistry are the 

discharge and charge rates (C-rate). In the context of automotive application, the 

former parameter plays an important role in the propulsion of the vehicle during 

acceleration, where the electric motor requires a surge of current. A high discharge 

C-rate allows for more power release from the battery pack. On the other hand, the 

charge C-rate of plays an important role when the battery is recharge during events 

such as regenerative braking and deceleration when the kinetic energy is recovered. 

Figure 13 depicts the disparity between the discharge and charge characteristics of a 

Lithium-ion Nickel Manganese Cobalt (NMC) high voltage battery pack (rated 

power of 110 kW for 18 seconds, with energy content of 14.1 kWh) integrated in 

Audi A6 PHEV [33]. It can be noted that the peak discharge C-rate of the battery 

equals approximately 8C, whereas the charge C-rate is almost half of the discharge 

figure. Conversely, in a HEV powertrain architecture, where the battery acts as a 

secondary device, the C-rate values are significantly higher due to higher power-to-

energy ratio. For example, in the new generation of Toyota Mirai, the discharge C-

rate for the Lithium-ion battery is 26C for a capacity of only 1.2 kWh.  
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Figure 13: OEM integrated in Audi A6 PHEV high voltage battery discharge and charge power as a 

function of SoC and temperature [33]. 

2.3.2 Supercapacitors 

Supercapacitors work on electrostatic principles with no chemical reactions and no 

internal moving parts. They avoid the lifetime issues associated with chemical 

storage of batteries or mechanical issues associated with fly wheels. The emerging 

and widely adopted type in the automotive application is electric double-layer 

capacitors (ELDC), commonly known as supercapacitors. They offer millions of 

charge and discharge cycles, higher efficiency due to low resistance and high power 

density. EDLCs, when compared to conventional capacitors, are technically capable 
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of storing up to a 100 times more energy per unit mass. Another category of 

supercapacitors are pseudocapacitors which involve reversible and fast Faradic 

redox reaction for charge thereby increasing the capacitance. In other words, this 

type of capacitor stores charge through a Faradic process involving the transfer of 

ions electrostatically. Pseudocapacitors incorporate metal oxides, metal-doped 

carbon and conductive polymer electrode materials which offer relatively higher 

capacitance and lower ESR and costs than EDLC type [34]. Figure 14a displays a 

comparison between various energy storage technologies applied on automotive 

application, highlighting the superiority of FC and batteries in terms of energy 

density per unit mass compared to supercapacitors. On the contrary, EDLCs have 

superior characteristics in terms of gravimetric power density. Furthermore, Figure 

14b displays a techno-economic comparative summary of Lithium-ion and EDLC 

technology.  

 

 

(a) (b) 

Figure 14: Comparison of automotive energy storage technologies, a: Ragone plot depicting specific 

power vs specific energy, b: techno-economic comparison between Lithium-ion and EDLC energy 

storage systems [35]. 
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3 Experimental Setup 

A laboratory-scale test rig was designed and built for conducting experimental 

studies. A low temperature fuel cell stack procured from Ballard was repurposed for 

testing environment. This test rig involved construction of a 5 kW PEMFC system 

with bespoke Balance of Plant (BoP), which is responsible for gas supply, electrical 

and thermal management. Each subsystem was designed and programmed in order 

to realise various objectives. Where appropriate, some of the components were 

treated as ‘black boxes’, enabling simplicity. A number of components, such as the 

controller, sensors and converter, within the rig were either recalibrated or 

reconfigured upon procurement for enhanced accuracy purposes.  The software-

hardware interface selected was state-of-the-art and versatile, which can enable 

hardware in the loop (HiL) testing different settings. A robust embedded controller 

was used to control and run the system with fast processing power. The software 

architecture included reliable data monitoring and logging techniques within a 

sophisticated software programming system.  

In this chapter of the thesis, details of the entire experimental setup involving 

physical systems integration, hardware interface and software programming are 

presented. It must be noted that the components’ selection criteria did not take into 

account strict constraints such as cost, accuracy or size. Thus, imperfection in the 

context of system performance are bound to appear. Furthermore, the ambition 
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behind the system design and build must be emphasised, which was for testing 

purposes. In addition, the capabilities highlighted in this report are non-exhaustive, 

and thus encouraging of further improvements and studies.  

The structure of this chapter begins with describing the complete FC system design 

and build phases. Where applicable, a detailed level of instrumentation and wiring 

diagrams presented for the appropriate sub-system.  

3.1 Fuel Cell System 

The fuel cell system consists of the stack and the four main sub-systems. These are 

cathode, anode, thermal management and electrical sub-systems. Each of these has 

different responsibilities but are inter-dependent. In other words, for a stable output 

from the system, all four sub-systems play an imperative role with constant 

communication with each other. The hydrogen storage employed was a passive 

storage system procured from an industrial supplier. Thus, monitoring the fuel 

storage level was not possible. The power is generated by stack with the help of the 

BoP as auxiliary components are needed for safe system operation. The system is 

controlled by the software from a computer with the aid of multiple communication 

protocols via an embedded controller (also referred to as the FC controller). 

Measurement signals can be monitored and recorded for further analysis based on a 

user-specified sampling rate. Where applicable, calibration of the components was 

performed in order to reduce excess or unsafe use. Moreover, safety procedures 

were adopted to avoid electrical faults, gas leaks and miscommunication between 
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subsystems. For example, hydrogen leak detection devices were installed near anode 

inlet and outlets. 

The key stage of the design phase is the system integration. Where applicable, 

rationale and ratings of each component are determined and presented in this stage. 

The build phase is wherein the system is physically assembled based on process 

requirements. Hence, the work packages in this task included stack frame design, 

components selection and procurement, scaling of sensors for accuracy, electrical 

wiring, pipework for coolant liquid flow, and mechanical strength against vibration. 

Moreover, efforts were made to minimise alteration to the internal components of 

the stack to avoid unintended deterioration in performance. The specifications of the 

stack such as open circuit voltage (OCV), nominal and peak power, number of cells, 

stack design and material, dimensions, weight, coolant type, and pressure and flow 

are given in Table 4. Stack cell and active area geometries were not provided so 

estimates were made where applicable. 
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Table 4: FC BoP components summary 

* Brush-less Direct Current  

 Item Value 

PEFC Stack 

Number of cells 58 

Open Circuit Voltage (V) 56.5 

Nominal Power (W) 5,000 

Peak Power (W) 5,600 

Estimated active cell area (cm2) 200 

Flow field material (design) Graphite 

Weight (kg) 52 

Stack voltage range (V) 39 – 56.5 

Peak stack current (A) 130 

Hydrogen/fuel supply sub-

system 

Controllable BLDC (*) diaphragm 

recirculation pump 

24VDC, 2.5A 

Hydrogen feed pressure (bar) 1.3 

Purge solenoid valve (normally 

closed) 

24 VDC 

Purge frequency at max power (DE 

mode) 

10 per hour at 2 kW 

Purge frequency at max power 

(recirculation mode) 

4 per hour at 2 kW 

Air feed subsystem 

Controllable BLDC* cathode air 

blower 

48 VDC, 400 W 

Blower max. flow rate (lpm) 2,689 

Max required air flow rate (lpm) 658 

External/passive air humidifier Shell & tube  

Thermal management 

subsystem 

Radiator Air-cooled, fin type 

Coolant type De-ionised water 

Coolant pump 48 VDC, 1.5 A 

Data Acquisition/Control 

System 

National Instruments  cRIO 9054 

Maximum Sampling rate 250 kS/s 

Electronic Load 

Modular variable DC (I-mode, U-

mode or G-mode) 

 

Max voltage and Current  800 V, 200 A 

Sensors 

Cell voltage monitoring (CVM) unit  

Temperature sensor x 2  

Current transducers x 6  

Voltage transducers x 2  

Pressure sensor x 1  

Relative humidity sensor x 1  

Mass flow meter 

Hydrogen sensor x 1 
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The experimental setup consisted of a liquid-cooled  stack utilising dry hydrogen, 

and manufactured by Ballard Power Systems. The stack health at the time of 

conducting experiments was generally healthy, based on the OCV results obtained. 

The control system for the BoP was implemented on a test bench in a laboratory 

setting with mechanical strength provided by an aluminium frame design. The 

system included control of reactant flow and hydrogen purging, as well as and 

safety monitoring and the thermal management considerations. The BoP in question 

consisted of both passive and actively-controlled purpose-built units. LabVIEW 

software programming was adopted to represent the system control. In addition, 

data acquisition and software-hardware interfaces were implemented by using the 

modular, high-performance embedded controller compact RIO (cRIO) by National 

Instruments (NI). The main design objective of the BoP is to provide a stable 

maximum power output of up to 5 kW while catering to variations in external 

stimulus such as temperature or electrical load. In order for this to effectively take 

place the BoP requires mainly four subsystems; hydrogen fuel feed (in anode 

stream), oxidant feed (in cathode stream), thermal management and electrical 

subsystems. These are controlled and monitored using a software-based control 

system, interfaced with application-specific and fit-for-purpose instrumentation 

devices. The stack and the BoP were physically placed closed to each other to avoid 

excessive piping. Correct orientation of key components such as the blower, 

humidifier and purge valve is mandatory. Figure 15 and Figure 16 show CAD 

drawings of the FC stack with its BoP components attached to the front and rear 
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sides. An external coolant reservoir is required for the natural mixing and liquid 

storage. The rationale behind this is usually to avoid freezing of the coolant in sub-

zero temperatures. 

  

Figure 15: Fuel Cell stack with BoP rear CAD 

view 

Figure 16: Experimental fuel cell stack with BoP 

frontal CAD view 

3.2 Anode Subsystem 

The hydrogen feed subsystem is an important part of the FC system. The subsystem 

is responsible for supplying fuel to the anode stream of the stack at a regulated 

pressure. During operation, the pressure at the stack inlet is maintained at a low and 

safe pressure of approximately 1.2 -1.6 bar with the help of a compact, diaphragm-

based pressure regulator (see Figure 17). The principle operation of the regulator is 

such that when the downstream pressure is at or above the set pressure, the 

diaphragm valve helps to block the orifice and there is no flow of gas through the 
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regulator. On the contrary, when the downstream pressure drops the spring inside 

the pump is extended, enabling the valve plug to move away from the orifice, 

resulting in a flow of gas through the pump (see Figure 18). 

 
 

Figure 17: Diaphragm based pressure 

regulator [36]. 

Figure 18: Internals of the medium to low pressure 

regulator [36]. 

 

In the experiments conducted, the hydrogen flow rate was unregulated by means of 

an injector and measured using a high capacity mass flow meter (MFM) connected in 

series with the main supply (see Figure 19) . Since the available MFM was calibrated 

for air, through numerical calculations the MFM was recalibrated for measuring 

hydrogen gas flow rate. Thus, a conversion factor (𝐶𝐹𝑉) relationship was formed and 

implemented in the software, as expressed in equation (3-1);  

𝐶𝐹𝑉 = (𝐶𝑝,1 × 𝐷𝑛,1) ÷ (𝐶𝑝,2 × 𝐷𝑛,2) (3-1) 
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Where 𝐶𝑝 and 𝐷𝑛 are the heat capacity at constant pressure and normal density, 

respectively. As the mass flow is directly proportional to the densities and heat 

capacities, the flow at the outlet of the MFM can be determined using equation (3-2). 

𝐹2 =
𝐹1

𝐶𝐹𝑉
 (3-2) 

For safety purposes and emergency shutdown, solenoid valves and a hydrogen 

sensor (shown in Figure 20) were used. The latter device was procured due to its 

ability to provide signals for monitoring in the event of a gas leak within the system. 

Moreover, the compactness of the device meant that it could be installed within a 

close proximity of the locations most prone to leakages. The locations are usually at 

the inlets, outlets and recirculation joints. 

 

A controllable, low power and compact diaphragm-based BLDC pump was used for 

the recirculation of hydrogen gas into the anode stream. The twin-headed natured of 

 

 

 

Figure 19: Calibrated H2 MFM [37]. Figure 20: Hydrogen sensor [38]. 
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the pump (see Figure 21) enables for higher flow capability of up to 66 LPM while 

consuming only about 70 W of power. The diaphragm material was EPDM with 

Neoprene gaskets. It should be noted that these materials are highly prone to 

embrittlement from gases such as hydrogen and therefore, care must be taken 

during inspection processes for fatigue and ruptures. The principle operation of the 

pump is such that the shaft of the motor is attached to the diaphragms, via a 

mechanical plate, which are synchronised to take advantage of the differential 

pressure build up. This is achieved through the suction and discharge ports on each 

head of the twin-headed pump. A graphical illustration is provided in Figure 22 of 

this phenomenon.  

 

 

 

 

Figure 21: BLDC H2 

recirculation pump [39]. 

Figure 22: Recirculation process highlighting the suction and 

discharge ports of the recirculation pump [39]. 

 

It must be noted that, depending on the size of the fuel cell system and recirculation 

pump type, there will be an additional parasitic load demand. However, in the 

considered FC system, parasitic load due to hydrogen recirculation was minimal 

thanks to the compact and low power pump used. In the anode stream, periodic 
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purges from the channel were considered to be essential for avoiding inert gas 

accumulation and water flooding. In addition, recirculation of hydrogen into the 

anode stream is desirable for improving the fuel utilisation. A purging strategy, 

independent of time, was developed, experimentally implemented, and validated on 

the system. Furthermore, recirculation of the reactant in the anode stream facilitates 

with creating a constant flow. These aspects are discussed in greater detail later in 

this thesis in chapter 4. 

3.3 Cathode System 

The cathode sub-system has the responsibility of supplying enough air into the stack 

for the reaction to take place. Generally, this is achieved by employing a compressor 

or a blower. The former is predominantly used in the automotive applications where 

the response time is of importance due to the dynamics and the air stream has to be 

compressed for increased channel pressure. In smaller or stationary applications, a 

blower performs the similar job, however, without significant compression of the air. 

In this project, a controllable centrifugal blower was used. The blower has been 

tested and calibrated specifically to meet the needs of the stack. Specifically, to avoid 

fuel starvation an appropriate stoichiometric ratio value was experimentally 

scrutinised. Moreover, this posed a requirement of having a large scale flow rate 

meter in order to measure and validate experimentally. Thus, a test set up was 

prepared to carry out this task taking into the account the pressure drop due to the 

stack’s cathode channel geometry. The flow meter was connected in series with the 

humidifier outlet and stack inlet, as shown in Figure 23. The control signal of the 
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blower is an analogue signal with a voltage range of 0 – 10 V, corresponding to off 

state at 0 V and full power at 10 V. It should be noted that due to the inertia 

requirement of the integrated BLDC motor, the blower requires at least 1.5 V as the 

base load signal to operate.   

 

Figure 23: Blower calibration using experimental set up employing high flow rate meter. 

The blower performance was observed through multiple step changes 

experimentally while monitoring and recording the blower flow rate and power 

consumption. This enabled for an appropriate way of controlling the blower based 

on the required air flow rate. Figure 24 displays the blower’s responses to step 

changes controlled on the basis of stack’s air flow rate requirement, which in turn is 

dictated by the air stoichiometric ratio (ASR).  
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Figure 24: Cathode blower performance behaviour with step changes via analogue control signal 

Thus, through the experimental work conducted it was possible to conduct a 

simplistic sizing study. This meant that for a given ASR value and stack’s net power 

output, the flow rate measurements provided by the blower could be generated and 

recorded. Figure 25 illustrates the corresponding air flow rate, validated 

experimentally, as function of calculated stack power based on ASR value ranging 

from 2 to 6. In addition, the blower power is included to illustrate the non-linear 

behaviour in terms of power consumption which may lead to increased parasitic 

losses.  

Thus, regions where the blower reaches to maximum capabilities restricts the 

operation of up to ASR value of 5. Beyond this, the blower can be deemed 

undersized, as highlighted in the figure. It can noted that the selection of ASR value 
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plays a crucial role in the meeting the desired as well as the mitigating the parasitic 

losses. This aspect is discussed in the following chapter of this thesis. 

 

Figure 25: Cathode blower calibration based on the stack power and flow rate at different ASR values. 

This sub system also requires a mechanism of humidifying the air intake from the 

ambient which enhances the ionic conductivity. The experimental test rig in this 

project employs an external passive tube-in-shell dual state (gas and liquid) 

exchangers that transfer heat and water vapour between two gas streams. These can 

also operate as water-to-gas or gas-to-gas moisture exchangers. The water molecule 

are absorbed onto the inner layer of the Nafion membrane tube and transported to 

the dry gas stream, which is driven by the difference in the partial pressures of water 

vapour on each side. Figure 26a and b shows the principle operation with annotation 

as well as the actual product integrated within the FC BoP, respectively. The water 

by-product from the electrochemical reaction is reused and fed into the humidifier, 

while the depleted gas is allowed to exit through exhaust of the system. 

Undersized
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(a) (b) 

Figure 26: Passive humidifier incorporated in the cathode sub-system: (a): principle operation 

description, (b): humidifier by Perma Pure brand used in the experimental test rig. 

 

3.4 Thermal Management 

Temperature is a critical parameter in the context of PEMFC as heat is produced 

during the operation of the FC stack. This can have a direct effect on the 

electrochemical reaction’ kinetics and transport as well as other indirect effects such 

as conductivity, catalyst tolerance and thermal stress. Excessive operating 

temperature of the stack can lead to permanent damage to the membrane. Thus, the 

thermal management sub-system is responsible for maintaining the operating 

temperature of the system. This is achieved by incorporating a heat exchanger to 

cool down the stack. Generally, in medium-to-large (> 5kW) sized stacks convective 

heat transfer to liquid coolant is applied, in our case, via an air cooled cross flow 

liquid based radiator. The sizing procedure of the radiator was conducted in Aspen 
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Plus software which has a user-friendly environment and toolkit for heat exchanger 

design. Taking into account the efficiency and temperature difference, the heat duty 

was found to be 6.4 kW. As found in most automotive applications, a heat exchanger 

with aluminium fins attached to the tubes through which the coolant flow transfers 

the heat from the system with the help of a fan that has a cross flow arrangement. 

Figure 27a shows the model built in the software for deriving heat exchanger 

parameters. Thus, a relationship between the heat duty (Q), heat transfer coefficient 

(A) and logarithmic mean temperature difference (LMTD) is expressed as below. 

Q = U . A . LMTD (3-3) 

The outputs from the model were found to be 850 W/m2K, 0.3 m2 and 24 K as U, A 

and LMTD, respectively. A heat exchanger from a Ford Fiesta (see Figure 27b) 

commercial vehicle was procured and integrated to suffice the needs of derived 

above.  
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(a) (b) 

Figure 27: Heat exchanger details integrated within the FC system. a: Aspen Plus design 

model, b: procured heat exchanger used in Ford Fiesta commercial vehicle. 

 

3.5 Electrical System 

The electrical sub-system within the system involves conditioning of the power 

output. This is required in order to match the voltage level of the electrical bus by 

either stepping up or down the voltage of the stack. Devices capable of offering this 

are known as DC-DC converters. With the help of pulse width modulation (PWM) 

technology integrated within the converters, the duty cycle can be varied to control 

the input and outputs. The electrical DC bus in this project was set at 48 V level. The 

FC stack voltage output has to be stepped up to 48 VDC from as low as 34 VDC 

when operating at peak load of approximately 5 kW. Thus, a boost converter is 

required that can provide a regulated and controlled output. For this purpose, a high 

performance two-quadrant, double half bridge, interlaced boost converter by Zahn 
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Electronics was integrated. The converter is capable of delivering a switching 

frequency of 32.25 kHz at a 2:1 boost ratio, i.e. 24V to 48 VDC [40]. Figure 28a & b 

display the CAD drawings of the converter with functional parts such as inductive 

filter, control unit and the power distribution unit annotated. Figure 28c shows the 

wiring diagram with power sources and electronic load included in the test rig. It 

can be noticed from the figure that the input source, the fuel cell, shared a common 

node with the electrical load output. 

  

(a) (b) 

 

(c) 

Figure 28: DC-DC boost converter, a: CAD side-view, b: CAD top-view with annotation, c: wiring 

diagram with load, battery and FC 
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Furthermore, the sub-system is also responsible for electrical safety of the power 

sources by making use of several devices such as fuses, relays, contactors and 

emergency shut down switches. 

Figure 29 displays the operational behaviour observed during the experimental 

stage involving a battery system which deals with the power split deficit, depending 

on the converter current limit (CL) set point. At a constant load, it can be seen that 

the CL value defines the transition from a CL mode to pure voltage mode. 

Furthermore, the lower CL input to the DC converter suppresses the current ripples 

seen in the current and voltage at FC side. In addition, this parameter can be used to 

control the power flow from the two current sources, by varying the CL value based 

on the desired power split ratio [41]. 

 

Figure 29: Operational behaviour of the DC-DC boost converter. 

3.5.1 Sensors 

The FC BoP requires numerous sensors for measuring crucial parameters. Sensors 

also facilitate data manipulation and logging as well as safe operation of the system. 
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The parameters that required a sensor include voltage, current, pressure, 

temperature, relative humidity (RH) and gasThe operational principle behind each 

of these  

3.5.1.1 Current sensing 

There are multiple current sensing technologies commercially available for accurate 

measurement. For automotive applications, these predominantly include hall effect 

and shunt resistor sensors. The former is based on the Lorentz force principle which 

senses the magnetic field produced by the device. Shunt resistor approach is a 

simple method which involves measuring of the voltage drop across the known 

resistor. To meet the needs of this project and attain accuracy (± 0.5%), a hall-effect 

sensor by LEM™ (model HTR 100-SB) was used. The working mechanism of the 

sensor is depicted in Figure 30. 

 

Figure 30: hall-effect sensor with input and outputs shown. 

Using this sensor the FC stack current could be measured for before and after the 

DC-DC converter. The current transducer provides an analogue output signal of ±4 

to 8 V, correspond to a scale of 100 A to 200 A.  For this project’s experimentation the 

FC current 
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transducer was calibrated for 100 A, requiring a scaling factor of 25 as shown in the 

equation below. 

IFC = 25 × vmeasurement
current  (3-4) 

3.5.1.2 Voltage sensing 

The voltage output from the stack and the DC bus were measured using a voltage 

transducer. The output signal is ± 10V when powered by a 24 VDC supply. The 

voltage transducer by Phoenix Contact™ was calibrated to accept a voltage range of 

± 80 VDC. Figure 31 depicts the input and output interface needed for obtaining 

measurements via the software environment devised within LabVIEW. 

 

Figure 31: Voltage sensor with measurement signals illustrated. 

Another transducer with similar specifications was used for measuring the DC bus 

voltage to monitor the out to feeding into the electronic load bank. Thus, the scaling  

of the devices can be mathematically expressed as in following equation. 

VFC = 8 × vmeasurement
voltage

  (3-5) 

FC voltage 

(±80 VDC) 
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3.5.1.3 Pressure sensing 

The FC systems is required to go into shut down phase if the pressure built up 

reaches an unsafe value. Although in this project, neither the anode nor the cathode 

streams are compressed to high pressure, there could be instances where the stack 

can become pressurised. For example, in the event the exhaust or purge valve fails to 

operate. Thus, a mini pressure switch and sensor (pressure range of -1 to 6 bar) were 

integrated within the BoP of the stack for safe operation and regulation. These 

sensors depicting in Figure 32a and b. 

  

(a) (b) 

Figure 32: a: Mini pressure switch to shut monitor the anode pressure, b: pressure sensor to 

monitor pressure build up inside the stack. 

3.5.1.4 Temperature sensing 

Temperature control is an important aspect of the thermal management sub-system. 

Hence, a temperature sensor is required to constantly monitor and measure the 

operating temperature of the stack. A resistance temperature detector (RTD) type 

sensor was employed in this project (Figure 33a). The proportionality between the 

temperature and the RTD resistance allows for the measurement of the temperature 

using an external PT100 sensitive element. A transmitter (Figure 33b) was then used 
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to convert the readings into standard 4 to 20 mA analogue output (commonly 

known as 2-wire configuration). The length of the element was enough to maintain 

direct contact with the coolant at all times. The device was calibrated to measure 

between 0 and 100 C.  

 

 

(a) (b) 

Figure 33 Devices used within the thermal management sub-system[42]. a: RTD temperature 

sensor, b: high accuracy temperature transmitter [43]. 

3.5.1.5 Relative Humidity sensing 

The ionic conductivity is a function of the relative humidity (RH). Maintaining a 

high RH level is beneficial in terms of stack performance. Hence, an RH module 

(displayed in Figure 34a) giving indication of humidification level in the cathode 

outlet was integrated within the pipework, perpendicular to the stream flow.  
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(a) (b) 

Figure 34: RH sensing within the FC BoP. a: RH sensor by Measurement Specialties, b: RH 

level against output voltage signal [44] 

 

Figure 34b illustrates the relationship between the RH level and the analogue output 

signal detected in the embedded controller. The output voltage range is between 1.2 

V and 3.5 V corresponding to RH level of 10 % and 95 % respectively. The 

manufacturer suggests a linear mathematical relationship to compute the RH value 

as in the equation below; 

𝑅𝐻 = 0.0375 ∗ 𝑣𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡
𝑅𝐻 − 37.7 (3-6) 

3.5.2 Electrical Load Banks 

A load bank is essential to draw current from the power sources. A bank of five 

electronic load banks (Zentrol-elektrik EL1000/800/20) connected in parallel were 

used to sink the drawn current. Although the maximum voltage and current level 
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accepted by each electronic load unit could potential be 800 V and 100 A 

respectively, the maximum current accepted at 48 V was restricted to 20 A as shown 

Figure 35a below depicts the current against voltage characteristics of the electronic 

load bank, with annotations illustrating the series limits of 20A at 50V for reaching a 

1 kW power.  

 

  

(a) (b) 

Figure 35: Electrical load banks, a: current vs voltage characteristics, b: parallel connection in the lab set 

up illustration [45]. 

The individual units were connected in a master-slave configuration wherein the 

master unit was interfaced with the software with a control signal (0 to 10 V). 

Moreover, the units can be made to operate in three distinct modes; voltage, current 

and power modes. The power mode was selected because it did not interfere with 

the stack output regulation – what the DC-DC converter is tasked with. Thus, a 

relationship for scaling the power demand and the control signal was derived, 
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taking into account the number of load units and peak power per unit of 1000 W 

(corresponding to 10 V control signal).  

𝑣𝑙𝑜𝑎𝑑
𝑐𝑜𝑛𝑡𝑟𝑜𝑙 = 

𝑃𝑙𝑜𝑎𝑑

5 𝑥 100
 (3-7) 

3.6 Hydrogen Supply and Storage 

A high purity hydrogen corresponding to 99.999 % was supplied into the stack. The 

storage vessel was a Genie gas cylinder from BOC™ pressurised at 300 bar with a 

volume of approximately 5 m3. The advantage of the having such tanks is that they 

are lighter and compact compared to Type I steel vessels. The pressure regulation 

takes place in multiple stages. The first pressure regulator steps down the pressure 

from 300 bar from the storage vessel to a medium range of 6 to 15 bar which is then 

passed into a medium to low pressure regulator with an output of 1.3 bar for the 

stack anode inlet. Figure 36 shows the stages using the regulators before feeding the 

fuel into the stack. 

FC
STACK

High Pressure 
Storage
300 bar

Medium Pressure Line
6 - 15 bar

Safe Low 
Pressure Line

1 - 6 bar

High Pressure 
Regulator

Medium Pressure 
Regulator

Stack Pressure 
1 - 1.5 bar

 

Figure 36: Pressure regulation from the storage tank to stack inlet with multiple stages illustrated. 
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3.7 FC Controller 

An embedded controller available as CompactRIO by National Instruments™ (NI) 

was procured and programmed. This series of controllers is well-suited for 

laboratory environments and is designed to be robust.  The controller (shown in 

Figure 37) can support three forms of programming modes; real-time via LabVIEW 

using a data acquisistion module, real-time scan requires external modules such as 

analogue or digital inputs and FPGA program mode for additional flexibility and 

timing choice. For the purposes of this project, the second programming mode of the 

C series controller was adopted for robustness and direct interface with the 

additional modules connected to the cRIO controller. Three sub-modules added into 

the main embedded controllers were; NI 9025 series for programmable analogue 

inputs and NI 9375 for digital input & outputs and NI 9264 for analogue outputs 

(shown in Figure 38). Their use corresponds to temperature and pressure sensor 

analogue inputs, contactor and relays digital switching and analogue control of all 

the motors in the system, respectively. 

 
 

Figure 37: NI cRIO series embedded controller. Figure 38: Additional modules for digital, 

analogue input and outputs for cRIO. 
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The software to hardware interface between the controller and the sensor devices is 

depicted in Figure 39 in detail (LabVIEW code in Appendix II and III). There are four 

types of connections that are used in the system; analogue input and output signals, 

low voltage supply and mechanical connections. There were several step down 

voltage converters employed, including bipolar DC-DC converters in order to power 

the voltage transducers. Furthermore, there is a dedicated current sensor for each of 

the FC auxiliary components; blower, recirculation pump, coolant pump and 

radiator fan. The coolant pump and fan require relay switches for interfaced with 24 

V supply for safe transitioning between the on and off states. Similarly, a DC 

contactor was used for safely coupling and decoupling the FC stack with the DC bus. 
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Figure 39: FC embedded controller interface with hardware devices in the lab test set up 
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3.8 System Process 

The entire system process consists of the four sub-systems interfaced with the FC 

controller. The controller manages the decision making criteria based on prior 

calibration and defined rules. The system consists of passive components such as 

the air filtration unit, humidifier and 3-way valve which the controller has no 

interface with. The process can be said to begin with the reactants supply in both 

anode and cathode side with hydrogen and oxygen content from the ambient, 

respectively. The former has hydrogen recirculation mechanism in place for better 

fuel utilisation with the help of a controllable low power diaphragm pump and 

the latter uses an air blower for air intake. Both purged hydrogen and excess air 

are allowed to exit from the exhaust. The controller constantly monitors the stack 

temperature with the aim to maintain it at a specified level with the help of the 

radiator fan. 

There are four electrical buses with different voltages corresponding to 48 V, 24 V, 

±15 V and 5 V. The FC DC-DC converter is connected to the 48V electrical bus 

while most of the FC BoP components are connected to the 24V bus. The other two 

electrical buses are used for powering the electronic components. A diode is 

present in series with the DC-DC and the 48 V bus to protect the stack from 

negative currents. Furthermore, the five electric load banks are also connected to 

48V bus to draw current from the stack based on a load profile input in LabVIEW 

software. A battery or a supercapacitor bank may be included in this bus for 

energy storage or assisting the stack with the transients. These details are  
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schematically depicted in Figure 40 with each subsystem segregated.

 

Figure 40: System process diagram depicting all the sub-system and the auxiliary components with 

each system distinctly segregated. 

A photographic evidence of the laboratory test rig with the electrical and 

processes annotated is included in Appendix I.  
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4 PEMFC System Design 

This chapter presents a detailed overview of the fuel cell system control 

implementation. This includes the control mechanism of the entire balance of 

plant (BoP); including anode, cathode, thermal and electrical sub-systems. The 

identified strategies were derived and validated experimentally. Where 

applicable, a ‘black-box’ modelling approach was used. A key aspect presented in 

this chapter will be the system’s reactant gas management strategy. In particular, 

the hydrogen purging strategy at the anode side considering both with and 

without recirculation. In this chapter we undertake a systems level approach in 

BoP analysis and gas management design with a focus on anode purging strategy. 

We present results through numerical simulation of the biggest contributor of 

parasitic loads. In addition, a novel and effective purging strategy using a single 

key parameter as input is proposed.  

4.1 Introduction 

Practically, all commercially available hydrogen fuel cell systems include a 

Balance of Plant (BoP) which requires a control system that manages the 

performance of the system. A crucial role of BoP control is to implement an 

appropriate reactant gas management strategy at both the anode and cathode 

                                                 
 This chapter was published in the Energies journal by MDPI, also provided in the Appendix 

Khan, N.; Al-Sagheer, Y.; Steinberger-Wilckens, R. PEFC System Reactant Gas Supply Management and 
Anode Purging Strategy: An Experimental Approach. Energies 2022, 15, 288. 

https://doi.org/10.3390/en15010288 

https://doi.org/10.3390/en15010288
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sides of the stack. Reactant gas and water management are an important aspect of 

Polymer Electrolyte Membrane Fuel Cell (PEMFC) systems and the key to 

achieving optimum performance. Generally, the issues of reactant gas flow and 

water management are interlinked. An uneven distribution of gases within the 

stack results in current density, humidity, and temperature inhomogenities, which 

will eventually lead to performance degradation [46] . Specifically, this occurs due 

to limitations in mass transport and thus undersupply of the catalytic sites with 

reactants [47]. Excess or lack of humidification in the membrane can have a similar 

result [47]–[50]. Therefore, a balanced approach has to be implemented between 

membrane drying and humidification to prevent fuel cell degradation and 

guarantee a high and homogenous performance level. Crucial parameters, when 

calibrated well, such as gas flow rates, operating temperature, and electrode inlet 

pressure can assist in mitigating the effects of flooding or fuel starvation. 

Providing a homogeneous supply of fuel into a fuel cell stack is generally one of 

the core processes dealt with during the system design phase [18]. The decision in 

choosing a fuel supply design depends mainly on the application, availability, and 

fuel storage sub-systems. There are three main types of anode fuel feed designs: 

dead-end, open-ended, and semi-dead-ended or ‘flow through’. In a dead-ended 

design there is no outlet from the stack anode. As a result, the entirety of the fuel 

gas flow into the stack has to be reacted and passed through the membrane. The 

purity of the fuel therefore has to be extremely high so as to avoid any negative 



 

78 

 

effect of the impurities concentrating in the anode compartment over time [51], the 

most noticeable affect being a decay of cell voltage due to decreasing fuel partial 

pressure cased by the impurities. This design is usually preferred for small scale 

systems where compactness and high fuel utilisation are most desired. In contrast, 

both semi-dead-ended and open-ended designs have an anode gas exhaust outlet. 

However, in the former design, a valve in the exhaust line on the stack outlet, is 

periodically opened in order to release any unreacted gas, taking the accumulated 

impurities with it. In the case of an open-ended or flow through design, the 

exhaust from the anode is always open in order to cause bleeding of hydrogen, 

though a restrictive orifice will increase the back pressure in order to control the 

anode stream [52]. The semi-dead-ended design is the most common one found in 

literature and is usually discussed synonymously with the dead-end design. 

Going forward, we will refer to it using the dead-end terminology in this paper. 

To reiterate, the main purpose of the anode fuel supply system is to uniformly 

distribute a sufficient amount of hydrogen gas throughout the membrane 

electrode assembly (MEA) active area. For this purpose, a hydrogen recirculation 

pump can be employed within the anode loop of open-ended designs. The type of 

pump employed depends on the scale of the system. Most commonly in medium 

sized systems, a low power brushless direct current (BLDC) pump is used, 

whereas in large scale systems a high power centrifugal pump will satisfy the high 

flow rate requirements.  
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4.2 Literature on PEMFC System 

An extensive amount of work has been done in the past concerning PEMFC 

systems using a dead-end anode design with periodic purging [53]–[55], including 

experimental work to study the effects of operational parameters at cell level [56]. 

The authors concluded that the average intervals in a given purge cycle decreased 

with the decrease in of current density and the relative humidity on the cathode 

side. Experimental work on visually analysing the effect of water transport at the 

cell level has been reported in [57]. The authors visualised the effect of water 

accumulation back-diffused from the cathode side into the anode stream, and 

reported that a high air stoichiometric ratio reduced the cell voltage decay. Similar 

work at a stack level, employing a dead-end anode design with periodic purges 

was reported in [50], [58]. Additionally, crucial findings on nitrogen crossover in 

the membrane into the anode from the cathode side have been published [59], 

[60].  

Most commercially available PEMFC systems have an anode recirculation loop to 

evenly distribute gas and improve fuel utilisation. Mainly this is to keep the 

hydrogen pressure at the anode outlet high and still have high system fuel 

utilisation. Some researchers have aimed to find the appropriate trade-off between 

impurity accumulation and fuel utilisation, while others have derived 

mathematical models to describe the performance of different anode gas supply 

strategies [53], [61]. Studies involving gas composition within the fuel supply 

system have also been performed extensively [62]–[64]. Comparative analysis on 
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anode recirculation incorporating periodic purges and bleeding has been reported 

and experimentally validated on a laboratory-scale system in [52]. Furthermore, 

He et al. [65] scrutinised the control aspect of a purging cycle whilst suggesting a 

model predictive control (MPC) approach instead of the conventional PID 

approach to regulate hydrogen recirculation based on a linearised model 

simulation. Their findings suggest that by manipulating the hydrogen 

recirculation rate the stack operation efficiency could be increased. 

Another key aspect studies have paid attention to in the context of gas and water 

management is the purging criterion. The rules adopted in deciding when and for 

how long to purge, play an important role in terms of the sub-system’s complexity 

and cost, and the loss of unused hydrogen [66]. According to available literature, a 

common way of triggering a purge event in the anode stream is based on 

allowable voltage drop [53], [54], [67], [68]. Some researchers have used the 

nitrogen partial pressure level in the anode stream to generate a trigger of when to 

purge [59], [69]. For example, Hu et al. used various tools such as an advanced cell 

voltage monitoring (CVM) unit and mass spectroscopy to monitor the nitrogen 

level. This allowed them to analyse the cell voltage drop due to impurity 

concentration and to devise a purging strategy [64]. The least complex anode 

purging strategy reported in the literature was the one involving current 

integration [55], [70]. However, there are no experimental results on a systems 

level found with this purging strategies. The approach only relies on the stack 
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current measurement integrated at the required sampling rate. With such a 

process parameter, the change in performance is only proportional to the 

operational time and is not effected by idle periods. Other variables such as 

hydrogen consumption and stack voltage will require additional executions in 

order to stop gas flow into the stack, thus, zeroing the stack voltage. In addition, 

such purging strategies require complex model based control designs, and 

additional instruments for the purpose of gas composition sensing. 

On the cathode side, the blower injects oxygen content from the atmospheric air 

into the channels. Previous work on this aspect of BoP mostly covered numerical 

analysis. Experimental work related to accurately sized BoP with detailed 

rationale and discussion is scarce. Much of the reported work includes modelling 

and control of the cathode stream for PEMFC systems [71]. Theoretical work on 

cathode humidification was analysed by recirculating the exhaust gas, thereby 

removing the need to employ external humidifiers [72]. Similarly, work on 

dynamic modelling for PEMFC to investigate the transient response of the fuel cell 

to load changes has also been reported [73]. Optimised control strategies for the 

air supply system based on a fuzzy logic control strategy have been proposed and 

modelled [74]. 

4.3 Hydrogen Fuel Feed Loop 

The hydrogen feed subsystem is an important part of the BoP. The subsystem is 

responsible for supplying fuel to the anode of the stack at a regulated pressure. 
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During operation, the pressure at the stack inlet is maintained at a low pressure of 

around 1.5 bar with the help of a compact, diaphragm-based pressure regulator. 

In the experiments conducted, the hydrogen flow rate was unregulated and 

measured using a high capacity mass flow meter (MFM) connected in series with 

the main supply. For safety purposes and to allow emergency shutdown, solenoid 

valves and a hydrogen sensor were used. A controllable, low power and compact 

diaphragm-based BLDC pump was used for the recirculation of hydrogen gas into 

the anode stream. Periodic purges from the channel were considered to be 

essential for avoiding inert gas accumulation and water flooding of the anode, by 

flushing through the exhaust [65], [75], [76]. Recirculation of hydrogen into the 

anode stream is essential for improving the fuel cell system utilisation [77], [78]. A 

purging strategy, independent of time, was developed, experimentally 

implemented, and validated on the system. This aspect is discussed in greater 

detail later in this chapter. The strong rationale for implementing the 

aforementioned was also due to the fact that without recirculation there was the 

requirement of frequent purge cycles in order to create a flow in the channel and 

avoid flooding, thereby reducing fuel utilisation [62].  

As stated before, there are two main purging methods; the dead-end with and 

without recirculation mode. In the former case frequent periodic purges are 

require whilst in the latter case, due to continuous recirculation, the frequency of 

anode purging can be significantly reduced. Recirculation based configurations 
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can either allow bleeding of hydrogen or incorporating periodic purges. Based on 

previous work and our findings the latter mode is favourable due to advantages 

such as infrequent purges resulting in higher fuel utilization and controllable flow 

rate. Figure 41 below illustrates the hydrogen purging process with graphical 

representations of the setup for each type. It must be noted that, depending on the 

size of the fuel cell system and recirculation pump type, there will be an 

additional parasitic load demand. However, in the considered PEMFC system 

(described in chapter 3), the parasitic load due to hydrogen recirculation was 

minimal thanks to the compact and low power pump used. Figure 42a illustrates 

the complete dead-ended fuel supply with a recirculating anode subsystem 

involving a real-time data monitoring and logging setup used in this work.. 
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Figure 41: Illustrative classification of hydrogen purging process. 
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4.4 Oxidant Feed Loop 

For the electrochemical reaction to take place, oxygen from ambient air is 

delivered into the cathode stream of the stack. This is achieved by using air 

compressors or blowers which, through suction or injection, provide ambient air 

into the stack. Fuel cell membranes only offer superior proton conduction when 

they are sufficiently humidified [79]. There are two main methods of 

humidification in a fuel cell; internal (also known as self-humidification) and 

external humidification. The former can be achieved by modifying the cell 

material composition and channel design [80], whereas the latter requires an 

external humidifier to cause humidification in the gaseous reactant flow prior to 

entering the cathode inlet. External humidifiers are capable of providing a certain 

level of regulatory control in maintaining the desired relative humidity level so as 

to avoid drying and/or flooding of the cell [81]. In this work, a passive external 

humidifier with shell and tube moisture exchanger containing a Nafion 

membrane was used – as shown in Figure 42b.  
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(a) (b) 

Figure 42: (a) Anode subsystem experimental setup and (b) cathode sub-system design. 

4.5 Temperature Management 

It is imperative that the stack operates within a regulated temperature range for 

optimal performance [82]–[84]. The thermal management subsystem in the liquid 

cooled PEMFC in our setup was responsible for dissipating the heat produced by 

the stack effectively using a heat exchanger. As described in section 3.4, the 

subsystem consisted of an air-cooled radiator, a three-way passive valve to direct 

the flow of coolant into the heat rejector based on the stack temperature, a 

reservoir for the liquid storage and pressure compensation, and a coolant 

circulation pump.  
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4.6 Results, Comparisons and Discussion 

4.6.1 Experiments 

Prior to each experiment, a purging event was triggered in order to avoid the 

negative effects of inert gasses and water accumulation. The delay between each 

step change of 100 W was selected as two seconds in order to reach the steady 

state. This was experimentally determined by applying step changes to the stack 

with electrical load and observing the duration between the rising and falling 

edge and the steady state behavior, as displayed in Figure 43. In the figure, the 

slow rise in the stack voltage after reaching steady statue is due to the increase in 

temperature. The stack polarisation curve in Figure 44b was obtained using the 

LabVIEW software package to automate the voltage step changes with minimal 

duration so as to avoid an impact of temperature rise. The stack was made to 

operate at its ideal temperature of 60 oC.  

 

Figure 43: Step change experiment on the stack to display and extract steady state response time. 
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The stack and system efficiency curves were then obtained to showcase the best 

operating point of the stack Figure 44a. It can be seen that the stack efficiency at 

peak power was approx. 45 % while the system efficiency was approximately 40%. 

This reduced value of efficiency was attributed to the high parasitic loads at high 

stack power. Equations (4-1) and (4-2) describe the stack and system efficiencies, 

respectively.  

𝜂𝑠𝑡𝑎𝑐𝑘 =  
𝑉𝑠𝑡𝑎𝑐𝑘

1.48 × 𝑁
 (4-1) 

𝜂𝑠𝑦𝑠𝑡𝑒𝑚 = 𝜂𝑠𝑡𝑎𝑐𝑘  ×
𝑃𝑠𝑡𝑎𝑐𝑘

𝑃𝑠𝑡𝑎𝑐𝑘 + 𝑃𝐵𝑙𝑜𝑤𝑒𝑟 + 𝑃𝐶𝑜𝑜𝑙𝑎𝑛𝑡 𝑝𝑢𝑚𝑝 + 𝑃𝐹𝑎𝑛 + 𝑃𝐻2 𝑝𝑢𝑚𝑝
  (4-2) 

 

Where 𝜂𝑠𝑡𝑎𝑐𝑘, 𝜂𝑠𝑦𝑠𝑡𝑒𝑚, 𝑉𝑠𝑡𝑎𝑐𝑘 and N are stack efficiency, system efficiency, stack 

voltage and cell number, respectively. The power elements in the system are 

stack power, 𝑃𝑠𝑡𝑎𝑐𝑘, and auxiliary components. 

 

 
(a) 
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(b) 

Figure 44: (a) Stack and system efficiency curves, and (b) Stack polarisation and power curves. 

4.6.2 Cathode Blower Experimental Modelling 

System efficiency is closely related to the parasitic loads. Therefore, it is desirable 

to minimise the usage of active elements such as cathode air blower, heat 

exchanger fan, and hydrogen recirculation pump, while maintaining the stack 

performance. From Figure 45 it can be seen that at high electrical load (4 kW), the 

blower is the biggest contributor to parasitic loads. The coolant pump is usually 

left to a continuous operation for the precision of temperature measurement. 

Power consumed by the hydrogen recirculation pump is the lowest due to its 

small size. The heat exchanger fan is made to operate at its maximum power for a 

limited duration until the lower threshold of the dead band is reached. 
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Figure 45: Example of parasitic load power consumption during step changes of stack power. 

A ‘black-box’ modelling technique was adopted for developing a functional map 

of the cathode air blower. Black-box models are based on data acquired through 

statistical analysis or experiments wherein mapping of inputs to appropriate 

outputs is performed [85]. With this approach there is no need to rely on complex 

physical laws or governing equations. The disadvantage of this, however, is the 

inability to apply certain forms of optimisation techniques. The approach in this 

study involved taking measurements of the air flow rate at the outlet of the 

cathode manifold using a high range air flow meter. The large-scale flow meter 

enabled us to extract accurate air flow measurement values based on the control 

signal of the blower, without having to perform numerical modelling or requiring 

knowledge of the stack geometry. At the same time, power consumption values 

were noted against each flow rate value. These were all obtained at the steady-
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state phase after every step change. Based on equation (4-3) the air usage of the 

fuel cell stack at a required electrical power output can be determined: 

AFR =  3.57 × 10−7  ×  𝜆 ×  
𝑃𝑠𝑡𝑎𝑐𝑘

𝑉𝑐𝑒𝑙𝑙
 ×  60   [LPM]  (4-3) 

Where 𝜆 is the air stoichiometry ratio, 𝑃𝑠𝑡𝑎𝑐𝑘 is the stack power and 𝑉𝑐𝑒𝑙𝑙is the cell 

voltage. Figure 45 shows the flow rate requirement for the stack power at different 

air stoichiometry ratios, λ, values ranging between 2 and 6. These, when plotted 

against the blower power, present the capability of the blower with reference to 

stoichiometry ratio (SR) values. The calculated air flow rate requirements for the 

stack power were interpolated to fit the real AFR range of the blower, as shown 

below in the x-axis. The graph provides an operational map for the blower with 

respect to its electricity consumption and air flow rate for a chosen SR value and 

required stack power. These three parameters are imperative for the minimisation 

of blower energy use, especially in view of the non-linear behaviour of the 

aforementioned parameters. It can be seen in Figure 46 that the lowest and highest 

power consumption are attributed to SR values of two and six because of low and 

high flow rates, respectively. It can also be noticed that the blower is not capable 

of delivering the entire flow rate range with a SR of six due to it being undersized, 

as it exceeds the functional map of the blower.   



 

92 

 

 

Figure 46: Cathode blower power consumption over stack power and air stoichiometry ratio. 

Selecting an appropriate value of air SR is crucial to deal not only with the 

electrochemical reaction but also for the purpose of water management. 

Moreover, deficiency in reactant gases, especially air on the cathode side, at high 

electrical loads can lead to fuel starvation. Fuel starvation is defined as the 

phenomenon of having insufficient supply or slow transport of the reactants to the 

reaction sites [86]. The reactant starvation phenomenon can be distinguished into 

two categories based on the starvation area and magnitude; local and overall 

starvation. Local starvation occurs at a cell level due to uneven distribution of 

gasses on the surface of the electrode. The effect of this is usually a drop in output 

performance [87]. Overall oxidant feed starvation occurs mainly due to external 

components such as compressors or blowers which, at a sudden change in 

demand, lag in supplying the stoichiometric value of air – thereby causing a major 

Blower Power [W] 
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reduction in performance [87]–[89]. In our work, we have aimed primarily at 

implementing an experimentally derived blower functional map so as to fulfil the 

required air flow rate without causing fuel starvation and significant effect on the 

system efficiency. Thus, neither optimisation nor dynamic calculation of the SR 

value were considered, as seen in the work done by some authors [90], [91].  

Figure 47 illustrates a sensitivity analysis performed in order to illustrate the effect 

of oxidant fuel starvation at a low air SR levels. The rationale for determining the 

optimal value is evident in the figure, where fuel starvation is seen with low air 

SR value of 2 at medium electrical load. Specifically, the step change in the 

electrical load value creates an abrupt demand for reactants. In the event of slow 

supply of reactants, and oxygen starvation is seen as illustrated in Figure 47a. 

Higher values of air SR resolve this issue (Figure 47b, c, d), however, the blower 

power consumption also increases. Although oxygen starvation is not seen when 

operating the stack with SR value of 3 or higher, an SR value of 4 is preferred 

because of the need to avoid water flooding in the cathode stream, thanks to the 

relatively higher flow rate. However, this comes with a small trade-off in terms of 

blower power consumption. Figure 47 (e) displays the high power demand being 

met with the aforementioned value of air SR, i.e. 4. 
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(a)  

 

 

(b)  

 

 

 

(c) 

 

(d) (e) 

Figure 47: Sensitivity analysis on the impact of air SR value – (a): SR = 2, (b): SR = 3, (c): SR = 4, (d): SR = 5, (e): 

full load test at SR = 4. 
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4.6.3 Hydrogen Purging Strategy 

The voltage drop caused by the accumulation of inert gasses and water formation 

in the anode can be recovered by purging the anode compartment. The frequency 

of this event will depend on the design of the hydrogen anode subsystem – as 

evident from the results presented later in this paper. The rationale and need for 

purging hydrogen has already been discussed in earlier sections. This section will 

describe the methodology adopted for determining when and how precisely to 

purge. Various purging strategies used in previous work by different authors 

involve complex models, additional sensing instruments and components such as 

water separators [92], [93].  Here, we propose a novel method which makes use of 

the stack current rather than cell voltage or nitrogen concentration within the 

anode stream. As a result, the purging event can be triggered when a certain value 

of Ampere-hour (Ah) is reached. The following equation (4-4) is used to determine 

the Ampere-hour (Ah) value: 

Ah = ∑ 𝐼𝑠𝑡𝑎𝑐𝑘  ×  
𝑇𝑠

3600
   (4-4) 

This equation allows to purge solely based on the current produced by the stack 

instead of devising fixed purge cycles. The justification for this is the underlying 

assumption that the level of impurities in relation to the hydrogen content is 

constant. Upon which the current, as a measure of hydrogen consumption, can be 

used as an indicator. With an anode recycle loop this will slightly vary. Therefore, 

purging strategy differed for dead-end and recirculation modes, mainly in terms 
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of frequency. In the recirculation mode, the recirculation pump was stopped 

during the purging event so as to allow a smoother passage for the exhaust gas 

stream. Figure 48 shows the flowchart highlighting the sequence of actions and 

processes concerning the anode purging strategy. The automated purging strategy 

involved constantly measuring and monitoring the stack current to be able to 

derive the Ah value and cumulate the value over every time interval. This Ah 

value, in real time, was reset once a pre-defined value was reached and after the 

purge duration was complete. The ‘purge operation’ began by changing the 

normally closed state of the solenoid purging valves to open, allowing a path for 

accumulated gasses and water to leave the anode stream. The purge valve was 

reverted to its original position as soon as the maximum purging duration was 

reached. Based on the electrical load, the purge duration was kept in the range of 

0.5 to 0.8 s. Furthermore, having a variable and use-dependent purging strategy 

can save considerably on hydrogen fuel. For this reason, several authors have 

experimentally validated the correlation between the electrical load and purge 

duration or purge cycles [50], [62], [63], [94]. For example, Jian et al. [50] have 

conducted experimental work on a PEMFC stack with different purging durations 

at various current density values. Amongst their findings were that with longer 

purge durations at higher current density a more stable voltage trend was seen. 

Longer purge durations offer a larger window for the flooded water to clear from 

the anode side. Similar findings were reported where long purge durations were 

considered [62]. One of the key findings in the aforementioned report was that the 
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nitrogen content, as a result of backmixing, can be trapped inside the water 

volume and require long purge durations to discharge through the purge valve. 

 

Figure 48: Flowchart describing the purging strategy’s operation. 
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4.6.4 Comparative Analysis 

In this sub-section, a comparative analysis will be presented, showing a clear 

distinction between the two most common anode sub-system designs; dead-end 

anode with and without recirculation. Also outlined in this section are the key 

benefits in terms of hydrogen utilisation and costs.  

The most useful output parameter in identifying the effect of uneven gas 

distribution and water flooding inside the stack is the cell voltage. In the 

experiments carried out, the current drawn from a constant resistive load was 

programmed to operate in a current-controlled mode. Two separate experiments 

were carried out for each anode design in order to see the aforementioned effect. 

For safety of the stack health and to avoid any undesired negative impacts, the 

dead-ended anode experiments were carried out using a relatively low electrical 

load. The discussed purging strategy was implemented in both cases. 

Furthermore, the stack was operated at around the recommended operating 

temperature of 60 oC and anode pressure of 1.5 bar. The dead-band temperature 

setting for the experiments was between 54.5 oC (lower threshold) and 55 oC 

(upper threshold). The employed experimental setup and the software-hardware 

interface has been discussed in sections 3.4 and3.5, respectively.  In order to avoid 

oxidant fuel starvation, the cathode blower was made to operate at a sufficiently 

high flow rate. The unregulated hydrogen flow rate was measured using a high 

capacity electronic MFM, well capable of measuring the maximum stack fuel flow 
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rate of up to 75 slpm. The real-time monitoring system had a sampling time of 100 

ms. Individual cell voltages were monitored and logged using an advanced cell 

voltage monitoring (CVM) unit. Without this device, it was not possible to witness 

any of the stated effects clearly while being certain of their locations. The purity of 

hydrogen used in the experiments was of a high grade 99.99 %. 

In the case with no recirculation, the results clearly demonstrated the need for 

frequent purges. Figure 49 shows the results obtained from an experiment on the 

stack with the aforementioned design at a medium level electrical load of 2 kW. 

The stack voltage clearly dropped, either after a short period of time, or upon 

drawing a certain number of Ah. This, as described in the previous section, was a 

result of accumulation of inert gases and water. When hydrogen was purged 

through the purging valve, indicated by a sharp spike in the flow rate 

measurement, the stack voltage reverted to its normal value. Thus, there are three 

instances during the experiments which show different voltage drop levels based 

on different Ah values. For example, in the middle region of the experiment it can 

be seen that there was a voltage drop of 0.63 V after drawing 47A for 

approximately 6.5 minutes or 5 Ah. This implied a purging event at 

approximately every 5 Ah of charge accumulation. Similarly, two other instances 

showed a smaller voltage drop of 0.28 V and 0.48 V with relatively lower Ah 

values. In order to minimise the effect of temperature rise the dead-band settings 

were such that a 0.5 to 1oC difference was achieved. 
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Figure 49: Outcome of hydrogen purging experiments without recirculation. 

In contrast to the above design, employing the hydrogen recirculation pump in 

the anode stream helped in observing a significant improvement in stack voltage. 

Figure 50 shows the results of an experiment conducted under high electrical load 

of 4 kW - twice the value considered in the previous experiment. Similar 

configurations with regards to the electronic load were used. As shown, the 

results depict no evidence of voltage drop, after the start of the system which 

involves a purge event, until approximately 6.5 minutes of operation. This drop 

was found to be 0.08 V and can be considered negligible. The next two segments 

of the experiment shows a larger drop in stack voltage of 1.2 V, which suggests 

that a purge event in this range is ideal. This range having drawn approximately 

100 A for the duration of approximately 15 to 20 minutes (where the evidence of at 

least 1.2 V drop is noticed) corresponded to 22 to 32 Ah range. Hence, a purge 
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event from the anode compartment within this range can be considered ideal in 

order to avoid seeing undesired performance. Furthermore, after the second purge 

in the experiment, a full recovery of the stack voltage (40.73 V) was observed. This 

purge event corresponded to 43 Ah, with a maximum voltage drop from the 

initial point of 1.3 V. The fluctuations seen in stack voltage readings are evidently 

due to the rise and fall of the temperature.  

 

Figure 50: Hydrogen purging experimental outcome with recirculation. 

The volumetric flow rate of hydrogen lost in the event of a purge equals the 

difference between the working flow rate of hydrogen into the stack inlet, 𝑉̇inlet
H2 , 

and the hydrogen consumed, 𝑉̇cons 
H2 - which is a function of the stack current. This 

can be mathematically expressed as below; 

𝑉̇loss 
H2 =

1

𝑡open 
∫  

𝑡open 

0

(𝑉̇inlet
H2 (𝑡) − 𝑉̇cons 

H2 (𝑡))d𝑡 [ls−1] (4-5) 

Where 𝑡open  is the duration the purge valve is open during which hydrogen is 

allowed to pass through the exhaust. The hydrogen used for operating the 
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recirculation pump can be computed based on the power of the pump, 𝑃𝑝𝑢𝑚𝑝
𝑒𝑙 , for 

the complete operation of the stack, as expressed in the equation below.  

𝐸𝑝𝑢𝑚𝑝
𝑒𝑙 = ∫ 𝑃𝑝𝑢𝑚𝑝

𝑒𝑙 .
𝑡=𝑒𝑛𝑑

0
d𝑡 [Wh] (4-6) 

Thus, an estimate can be obtained for the total cost in terms of fuel disregarded 

during purging over the period of stack operation using the relationship below. 

 Cost purging = 𝑉̇loss 
H2 ⋅ (

𝑃𝑀H2

𝑅𝑇
) ⋅

𝑡open

𝑡frequency 
⋅ CostH2

⋅ 𝑡[$] (4-7) 

Where 𝑀H2
, P, R and T are the molar mass of hydrogen, pressure, gas constant and 

cell temperature, respectively. The frequency of the purging, 𝑡frequency, is taken into 

account in the calculation. 

In terms of fuel usage it becomes apparent that the dead-end without recirculation 

design requires at least ten additional purges, compared to the design employing 

recirculation, for the same length of experiment if operated at 2 kW electrical load. 

The operating cost of the small size recirculation pump, at mean operating power 

of 25 W, would amount to 0.025 kWh to operate for one hour. For recirculation in 

anode, this amount of energy consumed from hydrogen fuel is significantly less 

when compared to the frequently purged hydrogen. Table 5 presents results based 

on equations (4-5), (4-6) and (4-7) and the experiments discussed earlier in this 

chapter. The cost and amount of hydrogen used in the dead-end without 

recirculation design is more than two times that of the recirculation mode. This is 

mainly due to the fact that the former design requires ten purges whereas the 

latter requires only four. Thus, above set of experimental results clearly show the 



 

103 

 

frequency of purging events required in both scenarios which may be used for 

further optimisation that can lead to improved fuel utlisation values.  

Table 5: Indicative calculations based on the experiments on hydrogen purging. 

 

Test Parameters 

Stack Load 2 kW 

Operating time 60 minutes 

H2 flow rate 0.0017 kg/s 

Purge duration 0.8 s 

Anode Loop Design Recirculation 
Dead End - without 

recirculation 

Pump energy requirement [in kWh] 24.9 N/A 

H2 amount for operating pump [kg] 0.0006 N/A 

Purge frequency 4 10 

H2 consumed for purging [kg] 0.0055 0.0139 

Cost of green H2 (at 9 $/kg) [$] 0.0557 0.1253 

 

A clearer observation can be made by visualising the behavior at a cell level with 

the help of the CVM. The compact CVM incorporated in the PEMFC system was 

an advanced modular unit designed for fuel cell applications with a 12-bit 

resolution or 1 mV, and scan rate of up to 1 kHz. For the purpose of comparison, 

the experiments in Figure 10 had the exact same settings in terms of electrical 

load, purge duration and intervals. Observations in each experiment were split 

into three parts; the stage after the first purge, the middle stage and the recovery 

after the second purge. These completed an entire purge cycle operation, which 

enabled us to view both the negative effects and recovery. The contrast between 

the two anode feed modes is apparent in Figure 51. The experiments were 
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conducted at 2 kW electrical load under same operating conditions. Sub-figures 

(a), (b) and (c) correspond to dead-end without recirculation, whereas (d) 

corresponds to experiments including a recirculation pump. In the recirculation 

mode case, there was little discrepancy or fluctuation in cell voltages, whereas in 

the absence of recirculation evidence of performance degradation is clearly visible. 

For example, in Figure 51(b) some of the cells experienced a voltage drop of up to 

0.15 V. Moreover, irregularity as a result of water and inert gasses accumulation 

starts to appear in the cells. A full recovery after purging is apparent in Figure 

51(c). On the other hand, with the recirculation pump in operation, the voltage 

drop after the same amount of time or Ah value was minimal as shown in Figure 

51(d). It can be noticed in Figure 51(i) that cell 1 experienced a relatively higher 

voltage drop due to flooding caused by excess water formation. In addition, this 

can also be attributed to the counter-flow channel design wherein cell one was on 

the opposite end from the cathode air inlet. Several authors in the literature have 

documented similar experiences, where an individual cell experiences 

irregularities as a direct result of flooding phenomena [58], [95]. Figure 51(ii) 

illustrates the uniform distribution effect of hydrogen recirculation in the anode 

side which results in a negligible voltage drop. In addition, as evident cell 1 offers 

a superior performance with improved voltage level of 0.685 V as opposed to 

0.426 V in the previous case. Labels a, b, c and d correspond to instances where 

individual cell voltage measurements were taken. 
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(a) 

 

(i) (b) 

 

 

(c) 

 

(ii) (d) 

Figure 51: CVM data for the stack with anode without recirculation: Figures a, b, c corresponding 

to events in (i), and recirculation: Figure d corresponding to (ii). 

4.6.5 System Control 

The PEMFC system required a dedicated instrumentation and software-hardware 

interfaces for the purpose of implementing a control strategy. For the former, 

these included current & voltage transducers, relative humidity, hydrogen and 
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temperature sensors. For the latter, the LabVIEW software with a robust hardware 

interface was implemented. With such software-hardware interface inplace, a 

sampling rate of 1 µs was possible as well as real-time data monitoring and 

logging. The control system should react to events such as changes in electrical 

load demand by adjusting the cathode air flow rate, react to hydrogen gas leaks 

by initiating emergency shut down, and to a thermal imbalance due to 

temperature rise and buildup of inert gases or water in the anode stream by 

periodic purging. Figure 51 illustrates these events through an experiment 

conducted with the stack BoP connected to a 5 kW electronic load. It can be seen 

in the figure that label ‘1’ depicts the cathode blower reacting to a step change in 

the electrical power of the stack by increasing the air flow rate. Similarly, label ‘2’ 

depicts the stage where the BoP reacts to a temperature rise by turning on the 

radiator fan and adhering to ‘dead band’ threshold values of 55 oC and 54 oC. 

Label ‘3’ shows the predetermined periodic purge cycles where the purging valve 

was opened for a set duration of time. The frequency of the purge cycle was based 

on the charge transfer of the stack (Ah value). 
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Figure 51: Illustration of PEMFC system control - 1: blower reacting to higher air flow rate 

requirement. 2: dead band temperature control, 3: purging event based on a set Ah value. 

4.7 Conclusions 

In this paper, a complete control system for a PEMFC BoP was proposed and 

validated experimentally. The cathode air blower, which was evidently also the 

biggest contributor towards PEMFC parasitic loads, was experimentally modelled 

with the goal of minimising its use. An appropriate air SR value was obtained 

through a sensitivity analysis. The rationale for having hydrogen recirculation 

was presented and a novel purging strategy based on the cumulative current flow 

parameter was evaluated. Our findings are in agreement with similar work by 

previous researchers and suggest that having a recirculation pump is 

advantageous. A sensitivity analysis on a key parameter, the air stoichiometric 

ratio, was performed. The specific findings are summarised below; 

 A PEMFC BoP requires attention and programming in four different sub-

systems, anode feed, cathode feed, thermal management and electrical 
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subsystem. Each of these require appropriately sized and calibrated 

devices. This was achieved by experimentally modelling the cathode 

blower to map the power consumer, air flow rate with stack’s power. The 

blower also plays a crucial role in dealing with clearing excess water 

formation in the cathode stream. In addition, operating points where the 

blower was undersized were highlighted. 

 A uniform reactant gas distribution in the anode channel reduces the need 

for frequent purges, thereby significantly improving the fuel utilisation. 

Additionally, our findings suggest that, with hydrogen recirculation, 

negligible voltage drop is seen for a limited period. An ideal range of Ah 

value between 22 and 32 Ah was experimentally investigated. However, 

there are capital costs attached to this scenario depending on the size and 

type of hydrogen recirculation pump. 

 A novel purging strategy was proposed which was based on the 

cumulative Ah value. This parameter was acquired from the stack current 

using high accuracy current transducers and was independent of the stack 

operation time. Once the set value, present within identified ideal range, 

is reached the purge event is triggered and the Ah value is reset. The 

automated purging strategy was discussed and validated experimentally 

on the 5 kW PEMFC system while considering both anode feeding modes; 

dead-end anode with and without recirculation. It is evident from our 
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results that in the case of the former, a full recovery from stack voltage 

drop was achievable.  Finally, through experimental data and numerical 

relationships, it was found that the magnitude of cost and amount of 

hydrogen needed for dead-end without recirculation mode is at least two 

times higher. This entailed less frequency of purge intervals in the 

recirculation design. 

 Parasitic loads have a direct effect on the system efficiency, with the 

cathode air blower being the biggest contributor. It is, therefore, 

imperative to minimise its use while maintaining a stable performance. In 

our work, we presented a ‘black-box’ modelling approach to 

experimentally model and validate the blower’s functionality. Our 

findings suggest that an air SR value of 4 is most appropriate for avoiding 

oxidant fuel starvation and at the same time not adding significantly to 

the parasitic loads. 
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5 FCHEV Modelling and Simulation 

This chapter presents the design and simulation of the vehicle model environment 

used for developing a rule-based control strategy. A detailed model incorporating 

various subsystems is included within the model to take into account appropriate 

factors. AVL Cruise M was chosen and used to a forward-facing model which 

accurately represents the test vehicle in as much detail as possible. The rationale 

behind choosing this software package was based on the simplicity and 

calibration details available in blocks such as battery, E-motor, axle, and brakes. 

Data from experiments or manufacturer’s datasheets could easily be integrated. In 

addition to these aspects, Cruise M allows convenient co-simulation with third 

party software such as Matlab. This feature will be exploited later in the design 

optimisation study in Chapter 7. 

The structure of this chapter begins with a description of hierarchical modelling 

approaches as undertaken in this project. A detailed description of each of the 

component models provided. Following this, the chapter presents the results 

obtained by simulating a rule-based controller design implemented within the 

model, while highlighting the performance and, limitations and comparison with 

a benchmark vehicle, Toyota Mirai. 
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5.1 Model Based Design 

Modelling of a system allows the designer to reap several types of benefits which 

include detail-specific scrutiny, shorter investigation time and cost-effectiveness. 

Based on experimental data or empirical studies, the model equations can be 

established, depending on the desired level of detail. Such models can then be 

integrated with other pre-built or pre-developed models to simulate the entire 

system such as an electric vehicle powertrain. This approach is generally known 

as Model Based Design (MBD). MDB can assist, and up to a certain degree, ensure 

safety, speed, repeatability and reliability. At the early stage of the system design, 

simpler models are built when specific key parameters of the project are unknown 

or are yet to be determined. Such models are also useful in studies such as 

component sizing where intricate details of certain sub systems do not affect the 

results. This model will offer simulation results, based on a state-machine control 

strategy, of a fuel cell powered vehicle hybridised with a battery pack. 

Generally, there are two main approaches of implementing MBD; dynamic and 

quasi-static modelling. The former method uses differential and algebraic 

mathematical tools to describe a physical system. These equations consider the 

transient as well as static nature of the system operation. As a result of this, 

depending on the complexity of the model, the computational burden could be 

heavy. On the contrary, a quasi-static method runs the model in fixed time steps 

with constant system input such as velocity, acceleration, etc. A detailed analysis 
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of the different approaches has been presented in the literature [96]. Furthermore, 

the vehicle models can be classified into either forward or backward oriented 

models. Forward facing models differ from backward facing models such that the 

specified input such as the velocity and acceleration derived from a typical drive 

cycle. In this way, the actual velocity can be determined based on the reference 

value with the help of the controller. In this work, the forward facing modelling 

approach has been adopted due to the aim of studying controller behaviour.  

5.2 Literature Capture 

Every hybrid powertrain requires a sophisticated control system. In a 

conventional non-hybridised vehicle, the controller is usually calibrated to meet 

pre-defined operating points due to single power source on-board. However, the 

complexity level grows in a hybridised powertrain since the power demand can 

be fulfilled by multiple sources, as seen in an ICE-hybrid or FCHEV. This entails 

there is additional degree of freedom in terms of control system. Furthermore, the 

decision to maintain the state of charge (SoC) of the battery by replenishing it 

from the primary or the dominant power source is essential. All of these decision-

making processes fall under the responsibility of the supervisory controller, which 

operates according to the energy management strategy (EMS) implemented in the 

design. There is strong dependency of the overall system efficiency on the 

controller. There is an extensive amount of investigative work found in the 

literature within the realm of rule-based or heuristic controllers and their 
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optimisation. A well-devised and implemented EMS within the controller has 

proven to offer multiple benefits such as better fuel economy [97]–[100]. 

Moreover, it can be said that the key role of the EMS is to manage, monitor and 

regulate the power and energy requirements from the energy storage devices on-

board the vehicle. In the case of FCHEVs, using these energy storage devices acts 

like a buffer in order to meet transients, which in turn also mitigates fuel cell 

degradation [101]. Although the EMS is not directly in charge of the fuel cell, the 

decisions made by the supervisory controller - which is governed by the EMS – 

can have an effect on cell degradation. The US department of energy has set a 

target of achieving a 5,000 hour lifetime for fuel cell based vehicles [102]. 

Currently, PEM fuel cell type maximum lifetime reached is at least 4,130 hours 

[103] compared to 3,500 hours in 2012 [104]. This trend according many FC 

manufacturer is bound to exceed 5,000 hours [105]. In this context, there were two 

main strategies identified from the literature for mitigating fuel cell degradation; 

reduction of transient loading and avoidance of reactant starvation. Thounthong 

et al. [106] investigated and validated on a small-scale physical model the 

prevention of the fuel starvation phenomenon by liming supply of the peak power 

by controlling the fuel flow. Instead, the transient power demand is fulfilled by 

secondary energy sources such as battery and supercapacitor. Furthermore, their 

work proves the advantage of downsizing the fuel cell stack. Others, Pukrushpan 

et al. [107], Vahidi et al. [108] and Greenwell et al [109] employed a different 

strategy by controlling the oxygen flow to prevent fuel starvation. 
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There are numerous approaches to rule-based control strategies system engineers 

can employ for a variety of applications. The complexity of a strategy is defined 

by the practical implementation, especially in an automotive testing and 

validation environment. Furthermore, novel methods adopting machine learning 

based strategies such as neural networks, dynamic programming and game 

theory are gaining interest in the automotive industry, focusing on online 

optimisation techniques. These are considered to be better in terms of accuracy of 

results than heuristic methods because they adopt a vehicle model within the EMS 

for optimisation, while using a cost function [110]–[112]. For specific drive-cycle 

comparison and analysis, a more robust strategy known as Deterministic Dynamic 

Programming (DDP) is applicable. DDP maximises the performance of HEVs by 

designing a logical rule-based strategy [113]. In addition, Stochastic Dynamic 

Programming (SDP) is commonly employed to generate models which are 

dependent on the state of the system, by finding the optimal control action [114].  

Heuristic EMS strategies are generally considered as robust and come in varying 

forms of complexity. They, however, require manual tuning and as a result can 

become time-consuming [101], [115]–[117]. These controllers use a pre-defined set 

of rules to determine the operating state of the system. Rule-based controllers are 

considered to be the simplest forms of control for energy management. Work done 

by Bauman and Kazerani [101] highlights a simple rule-based strategy to a charge 

the battery in the FCHEV powertrain only when the SoC is below 50 %. This is to 
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reduce the ohmic losses associated to DC/DC converters and cycling efficiency of 

the battery. Schaltz et al. [117] use a similar approach with the difference being 

that the fuel cell used as the primary source and controlled on the basis of load 

demand of the vehicle. Furthermore, Rousseau et al. [118] propose another 

approach  by setting specific rules for each component in the powertrain as well as 

the fuel cell balance of plant. 

As with every system, vehicle propulsion systems have multiple states which 

require specific rules for that particular state, generally referred to as state-based 

controller. These a more complex than rule-based because each state has its own 

control options devised and can sometimes use other state’s variables to fulfil the 

requirements. For example, Schiffer et al. [119] have explored the strategy with 

four states; stationary, acceleration, constant speed and braking. Each of these 

states, dedicated control actions are designated. Similarly, Motapon et al. [120] 

have performed a comparative study of EMS controllers for a fuel cell hybrid 

emergency system for an electric aircraft. Their methodology involved state 

machines strategy based on the fuel consumption, battery and supercapacitor SoC 

and overall efficiency as cost functions. 

Another method of implementing a rule-based control system is known as the 

Equivalent Consumption Minimisation Strategy (ECMS). This technique focuses 

on monitoring the fuel consumption related to the SoC fluctuation of the battery. 

The cost function is the addition of the primary fuel consumed and the equivalent 
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fuel consumed in relation to the use of the battery. This can be described from the 

equation, where 𝑚̇𝑓(𝑃𝐸(𝑡)) represents the fuel consumption and 𝜁(𝑃𝑏(𝑡)) 

represents the fuel consumption equivalent of the electrical energy 

 𝐽𝑡 = 𝑚̇𝑓(𝑃𝐸(𝑡)) + 𝜁(𝑃𝑏(𝑡)) (1) 

 

ECMS offers the advantage of optimising the controller for fuel economy and at 

the same time maintaining the battery SoC. There are several reasons for the 

implementation of ECMS in the automotive industry at a wide range; they are 

relatively simple to implement for real-time control, optimisation of emissions, 

and drive-ability target [97]. Johnson et al. [121] have conducted work on real-time 

control strategy with the cost function being emission regulation. The use of 

theoretically derived graphs to map the fuel consumption to battery SoC was 

adopted. They concluded from their work that the SoC of the battery varying with 

vehicle operation, the equivalent amount of power supply from the battery can be 

enhanced, in addition to meeting the aforementioned targets. Validation of real 

world vehicles using a software model is scarce in literature, therefore, this work 

sets out to implement the control emulating a commercial vehicle and analysing 

the results. The developed model mimics the same type of vehicle architecture 

that suffices the requirements at a system powertrain level. 
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5.3 Vehicle Performance Considerations 

5.3.1 Powertrain Configuration 

The topology of an EV is described by the interconnection of the system 

components. There is a vast amount of literature dedicated to analysing different 

topologies [25], [122]–[124]. Generally, the placement and location of electrical 

systems such as the storage device and the DC-DC control unit distinguishes the 

type of topology adopted (series, parallel or power-split configuration). However, 

there can be other factors such as load characteristics, amount of regenerative 

braking energy available, DC bus voltage range and unregulated FCS voltage 

output that can dictate the operating point [125]. In this work, the propulsion 

system is comprised of only one DC converter connected in series with the FC 

system. This converter boosts or steps up the unregulated power output from the 

FCS to match the DC bus voltage. It should be noted that the power range of the 

primary power source and the energy storage device should always be 

maintained at the relevant voltage level. Hence, the boost converter requires the 

low voltage side to be lower than the high voltage side at all operating conditions 

to avoid mismatch in the shared DC bus with the battery. Figure 52 depicts the 

propulsion system block diagram adopted which is comprised of PEMFC stack 

with its BoP, battery pack, DC-DC converter, DC-AC inverter and E-drive unit 

consisting the motors.  
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Figure 52: Block diagram of FCHEV propulsion system. 

5.3.2 Drive Cycle Analysis 

The two drive cycles in this work were the New European Driving Cycle (NEDC) 

and Worldwide Harmonized Light Vehicles Test Procedure (WLTP). The former is 

a drive cycle designed to represent typical driving conditions experienced in 

European countries while the latter replicates a more realistic scenario involving 

transients and unsteady accelerations. Historically, the NEDC test cycle was used 

to establish the fuel economy and emissions from passenger cars and light 

commercial vehicles running on conventional fuels such as petrol and diesel. The 

WLTP includes more transient phases as opposed to NEDC, the acceleration rates 

also better reflect real-world driving conditions. For this reason, it has replaced 

the NEDC cycle with the WLTP cycle. The average speed in the WLTP cycle is 46.5 

km/h, compared to 34 km/h for NEDC testing, and the maximum speed for the 

former is 131.3 km/h compared to only 120 km/h for the latter. The cycle testing 

time ranges from 20 minutes for NEDC to 30 minutes for WLTP. The trip journey 

is 23.25 km (14.5 miles) distance during the WLTP test, as opposed to 11 km (6.8 
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miles) for the NEDC. The WLTP cycle comprises of four phases distinguished 

based on the vehicle speeds. Table 6 summarises the key metrics of the two 

considered test cycles while Figure 53 and Figure 54 illustrate the power, speed 

and acceleration profiles. 

Table 6: NEDC and WLTP test cycles metrics 

 NEDC WLTP 

Maximum Speed (mph) 74.5 81.5 

Distance (miles) 6.8 14.5 

Average Speed* (mph) 20.7 28.8 

Idle time (s) 267 234 

Full duration (s) 1180 1800 

Peak Acceleration (m/s2) 1.04 1.58 

 

  

Figure 53: NEDC test cycle power, speed and 

acceleration profiles, with peak acceleration profile 

integrated in the end of the cycle. 

Figure 54: WLTP test cycle power, speed and 

acceleration profiles with peak acceleration profile 

integrated in the end of the cycle. 
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5.3.3 Regenerative Braking 

One of the most important advantages of pure EVs, HEVs and FCHEVs is their 

ability to recuperate kinetic energy through braking. This is achieved by having 

the electric motors operate as electric generators to convert the potential energy of 

vehicle mass into electric energy as the vehicle moves but power feed to the motor 

is zero. This, otherwise wasted energy, can be stored in an energy storage device 

and then reused for vehicle acceleration or propulsion. A significant amount of 

energy is dissipated by frequently braking a vehicle. In particular, public transport 

busses or trams are a good case having; frequent braking and heavy chassis. 

Specifically, in the context of FCHEV, the possibility of storing energy into the 

battery pack through braking allows for an enhanced fuel economy. The sizing of 

the energy storage device is usually based on vehicle driving pattern. The tractive 

energy demand in WLTP is almost twice in excess of what is required in the 

NEDC, as evident from Figure 55 and Figure 56.  

  

Figure 55: NEDC traction and braking 

energies. 

Figure 56: WLTP traction and braking 

energies. 
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Braking energy dissipated at low vehicle speeds is insignificant and usually the 

motor is made to disregard operating in the generator mode. In fact, the low 

electromotive force at low speeds in the electric motor makes energy recuperation 

difficult. The demonstration of this concept was attempted in AVL Cruise 

environment depicting the energy flow in and out of the power sources. Figure 57 

depicts a sankey digram with power sources and sinks for an FCHEV running an 

NEDC test cycle. It can clearly be seen that the kinetic energy recuperated during 

a braking event at the point of 893s in the cycle produces a surge of approximately 

15 kW. Most of this power is redirected into the traction battery which accepts 

approximately 10 kW of this power, subject to braking losses which have an 

efficiency range of 40-80% from mechanical to electrical energy conversion [29]. 

Other avenues of power sinks in a FCHEV are FC, e-drive, transmission, brake, 

power converters and auxilliaries’ losses. Similarly, Figure 58 shows results from 

WLTP cyles at the 1126s of the simulation, wherein a higher surge of power, 20 

kW, is noticed as a result of energy recuperation. Other power sink in the diagram 

include FC auxilliaries, consumer power and mechanice losses within the 

transmission or the final drive.  
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Figure 57: Sankey diagram depicting surge of power regained through regenerative 

braking in a FCHEV, diagram extracted from Cruise Simulation with NEDC at 893s 

 

Figure 58: Sankey diagram depicting power gained through regenerative braking on a 

FCHEV, diagram extracted from with WLTP simulation in Cruise at 1126s 

5.4 Model Architecture 

The architecture of the model involves and is dependent on various several sub 

systems. These sub-systems communicate between each other to carry out 

relevant decisions and signal acquisition. AVL Cruise M provides a multi-

disciplinary platform for simulation which also imitates the real world systems 

within a FCHEV powertrain which have a shared Controller Area Network 
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(CAN) bus for data transmission. Figure 59 illustrates the system level 

architecture of the model built within Cruise M™ platform.  

 

Figure 59: FCHEV model architecture in AVL Cruise M™, highlighting electrical (orange) and 

mechanical (green) connections.  

The vehicle specifications are fed into the model as inputs via the Vehicle Block in 

the model. Data in this block includes physical parameters of the vehicle such as 

the nominal vehicle dimensions, weights, driving resistances, frontal area, drag 

coefficient, etc., as well other characteristics like towing. Table 7 below 

summarises the vehicle specifications used in this work. Connections between the 

blocks can be electrical or mechanical. For example, all sub systems connected to 

the high voltage (HV) bus have electrical connectors while the sub systems 

connected to the final drive are mechanical. The HV bus has a regulated electrical 

power being fed into it from the fuel cell system and HV battery pack. The power 
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is then, primarily, drawn by the motor and auxiliary electrical loads, labelled as 

consumer in the model. 

Table 7: Vehicle specification (inputs to the Vehicle block) 

Parameter [SI Unit] Value 

Frontal area (𝐴𝑓) [m] 1.85 

Vehicle glider mass [kg] 1400 

Gross weight [kg] 1980 

Aero-dynamic drag coefficient (𝐶𝐷) 0.29 

Tyre Coefficient (𝜇𝑇) 0.015 

Wheelbase (front/rear) 1.53/1.52 

Range [miles] 312 

Drivetrain FWD 

 

5.4.1 Vehicle model 

The vehicle model provides a prediction on the power requirement for a given 

vehicle specifications. This is achieved through calculating the different types of 

resistances and the load required at the wheel of the vehicle. The AVL Cruise M 

software package was used to model and simulate the vehicle model. The 

software tool provides a detailed system level approach in modelling dynamics 

with less computational burden and short simulation periods. The model can be 

expressed in a mathematical form as a combination of equations (5-1) to (5-4). 

𝐹𝐷 =
1

2
 𝐶𝐷 𝐴𝑓 𝜌 𝑣2 (5-1) 
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𝐹𝑅 = 𝑚 𝜇𝑇 𝑔 (5-2) 

 

𝐹𝐺 = 𝑚𝑔𝑠𝑖𝑛(𝜃) (5-3) 

  

 𝐹𝐴 = 𝑚𝑎 (5-4) 

Where 𝐹𝐷, 𝐹𝑅, 𝐹𝐺  and 𝐹𝐴 are the aero-dynamic drag, tyre friction due to rolling, 

and inclination and acceleration resistance, respectively. The aerodynamic drag is 

a function of vehicle speed, v, vehicle frontal area (𝐴𝑓), drag coefficient 𝐶𝐷 and air 

density 𝜌. The rolling resistance, 𝐹𝑅, is caused by the hysteres in the tyre material 

and is a function of vehicle mass, m, and rolling resistance tyre coefficient (𝜇𝑇). 

The inclination resistance, 𝐹𝐺  , produced due to the weight of the vehicle, is either 

opposed to the forward motion (grade climbing) or assistive (grade descending). 

𝐹𝐴 is the acceleration force exerted by the vehicle. Thus, the tractive power, (𝑃𝑣) 

required to overcome these forces can be expressed by equation; 

𝑃𝑣 = (𝐹𝐷 + 𝐹𝑅 + 𝐹𝐺 + 𝐹𝐴) ∙ 𝑣 (5-5) 

5.4.2 Fuel Cell  

The fuel cell system consists of an electrical PEM fuel cell block which is pre-built 

based on electrical-equivalent equations derived from the polarisation curve of the 

PEMFC. The outputs of the block take into account the oxygen and proton 

transport losses. These are affected by operating parameters such as relative 

humidity, temperature, and gas pressure on the cathode side. The voltage of the 

fuel cell model is calculated as; 
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𝑈cell = 𝑉𝑂𝐶𝑉 − 𝜂𝑐𝑎𝑡ℎ𝑜𝑑𝑒 − 𝑗0𝑅 (5-6) 

Where 𝑈𝑂𝐶𝑉, 𝜂𝑐𝑎𝑡ℎ𝑜𝑑𝑒  and 𝑗0𝑅 are open-circuit voltage also known as the Nernst 

potential, cathode voltage losses and ohmic loss of the fuel cell. The cathode 

voltage loss is caused by a combination of reaction activation and gas transport 

limitation inside the cell – both within the catalyst layer (CL) and gas diffusion 

layer (GDL), as described in the equation below. 

𝜂𝑐𝑎𝑡ℎ𝑜𝑑𝑒 =  𝜂𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 + 𝜂𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡,𝐶𝐿 + 𝜂𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡,𝐺𝐷𝐿 (5-7) 

  

𝜂𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 = 𝑏 ⋅ arcsinh 

(

 
 

(
𝑗0

2

𝑗𝑎
)

2
𝑐ℎ

𝑐𝑟𝑒𝑓
(1 − exp (

−𝑗0
2𝑗∗

))
)

 
 

 (5-8) 

where b is the Tafel slope, 𝑐ℎ is the oxygen concentration in the cathode channel, 

and 𝑐𝑟𝑒𝑓 is the oxygen concentration in the channel inlet. 𝑗𝑎 is a function of 

volumetric exchange current density and CL’s proton conductivity. In the 

cathode, the gasses are a mixture of nitrogen, oxygen, and water. Thus, the molar 

flow of gas on the cathode side will mainly be attributed to these three gases. The 

transport losses that occur within the GDL can be described as; 

𝜂𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡,𝐺𝐷𝐿 = −𝑏ln (1 −
𝑗0

𝑗𝑙𝑖𝑚
∗ 𝑐ℎ

𝑐ref 

) (5-9) 

Where 𝑗𝑙𝑖𝑚
∗  is the limiting current density due to oxygen transport in the GDL. A 

detailed description of transport losses in CL and GDL models are available in 

[126].  
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Thus, the ohmic losses in a fuel cell stack can be defined as; 

𝑗0𝑅 = 𝐼stack /𝐴area 𝑅 (5-10) 

where 𝑗0 is the current density which is a function of cell active area, 𝐴area . 

𝐼stack and 𝑅 are stack current and ohmic resistance, respectively. The stoichiometric 

ratio (SR) is defined as the precise ratio between the amount of oxygen supplied to 

the fuel cell to the amount of flammable gas or vapour to which the combustion or 

reaction takes place. In this mode, SR is used to compute the total amount of 

hydrogen and oxygen consumed by the fuel cell system based on the electrical 

current drawn. The SR is a function of mass flow of the reacted hydrogen, oxygen; 

𝑚𝑟𝑒𝑎𝑐𝑡𝑒𝑑,𝐻2
=

𝐼stack ∗ 𝑛cells 

2 ∗ 𝐹
∗ 𝑀(𝐻2) (5-11) 

and 

𝑚𝑟𝑒𝑎𝑐𝑡𝑒𝑑,𝑂2
=

𝐼stack ∗ 𝑛cells 

4 ∗ 𝐹
∗ 𝑀(𝑂2) (5-12) 

where 𝑀(𝐻2) and 𝑀(𝑂2) are molar masses of hydrogen and oxygen. The total 

amount of reactants fed into the stack based on the SR, as described the equations 

below; 

𝑚flow ,𝐻2
= 𝑚reacted, ,𝐻2

∗ 𝑆𝑅𝐻2
 (5-13) 

and 

𝑚flow ,𝑂2
= 𝑚reacted, ,𝑂2

∗ 𝑆𝑅𝑂2
 (5-14) 

The stack voltage, 𝑉𝑠𝑡𝑎𝑐𝑘, is proportional to the number of cells, 𝑛𝑐𝑒𝑙𝑙𝑠. 

𝑉𝑠𝑡𝑎𝑐𝑘 = 𝑉𝑐𝑒𝑙𝑙. 𝑛𝑐𝑒𝑙𝑙𝑠 (5-15) 

and the power output from the stack will equal 

𝑃𝑠𝑡𝑎𝑐𝑘 = 𝑉𝑐𝑒𝑙𝑙. 𝐼𝑠𝑡𝑎𝑐𝑘 . 𝑛𝑐𝑒𝑙𝑙𝑠 (5-16) 
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with a power loss of  

𝑃𝑙𝑜𝑠𝑠 = (𝑉𝑜𝑐𝑣 − 𝑉𝑐𝑒𝑙𝑙). 𝐼𝑠𝑡𝑎𝑐𝑘. 𝑛𝑐𝑒𝑙𝑙𝑠 (5-17) 

corresponding to a cell efficiency of  

𝜂𝑐𝑒𝑙𝑙 =
(𝑈𝑐𝑒𝑙𝑙)

𝑈𝑜𝑐𝑉
 (5-18) 

AVL Cruise M uses a compressor model within the fuel cell system. This block 

within the model can be parameterised through experimentation and validation. 

Generally, this is realised using power consumption maps of the compressor. 

Theoretically, the power consumption of a compressor can be estimated using the 

following equation. 

𝑃compressor = 𝑚flow,in ⋅
1

𝑛𝑠,𝐶
⋅ 𝑐𝑝 ⋅ 𝑇𝑖𝑛 ⋅ [Π

𝑘−1
𝑘 − 1] (5-19) 

Where 𝑇𝑖𝑛 and 𝑘, are inlet gas temperature and ratio of the heat capacity at a 

constant pressure to the heat capacity at a constant volume, respectively. Also, 𝑐𝑝 

and 𝑛𝑠 are the isentropic efficiency and specific heat at constant pressure between 

the inlet and outlet of the compressor, respectively, while Π is the pressure ratio.  

5.4.3 Battery 

An electrical equivalent circuit model is implement in the model to represent a 

battery. This model allows for estimation of the output voltage, state of charge 

(SoC) and temperature. Using these parameters, a systems level analysis can be 

conducted post results generation. AVL Cruise M offers two options, a simple 

(adopted in this work) and an advanced with cascaded RC networks for better 

accuracy. In addition, individual cells are connected appropriately to form a 



 

129 

 

module in the model. Figure 60 represents the battery electrical equivalent circuit 

model used in the vehicle modelling study.  

 

Figure 60: Electrical equivalent battery circuit model in AVL Cruise M 

The model takes into account the open circuit voltage (UOCV), ohmic resistance 

(Rohmic) of the battery. The SoC of the battery is function of the OCV and resistance, 

which can be evaluated using current drawn from the battery cells. 

𝑆𝑜𝐶 =  ∫ 𝐼𝑐𝑒𝑙𝑙 dt (5-20) 

The cell voltage can be estimated using the following mathematical relationship 

based on the electrical equivalent circuit mode; 

𝑈cell,battery = 𝑈OCV,battery − 𝐼cell,battery ⋅ 𝑅OHMIC − ∑  

𝑛

𝑖=1

𝑄𝑖

𝐶𝑖
 (5-21) 

Where n, 𝐶𝑖 and 𝑄𝑖 are the number of RC components, capacitance and charge of 

the capacitor in the RC circuit, respectively. Hence, the voltage of the battery 

would be dependent on the SoC, taking into account the maximum charge of the 

battery, 𝑄max. 

𝑄cell = 𝑄max. 𝑆𝑜𝐶 (5-22) 

In addition, the power output from the battery pack can be computed using the 

individual cell voltage and current as shown in the equation below; 
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𝑃bat = 𝑈cell. 𝐼cell. 𝑛series. 𝑛parallel (5-23) 

The power loss seen in battery can be estimated using the following mathematical 

relationship with the battery internal resistance, 𝑅𝑖. 

𝑃loss, cell = 𝐼cell 
2 𝑅Ohmic + ∑  

𝑛

𝑖=1

𝐼𝑅𝑖
2 𝑅𝑖 (5-24) 

5.4.4 DC-DC Converter 

The DC-DC converter in series with the FC matches the voltage to that of the 

electrical DC bus by stepping up or down. This device also regulates the power 

out of the FC stack and can offer controllability over its operation. In most cases, 

the converter is designed to match the target current requirement by following the 

load demand. This phenomenon is known as load following strategy.  

 

Figure 61: FC DC-DC converter equivalent circuit derived from AVL Cruise M. 

Thus, the equivalent circuit of the DC/DC converter with target current control 

can be represented using the following mathematical relationship; 

𝑉1 × 𝐼1 × η𝐷𝐶−𝐷𝐶 = 𝑉2 × 𝐼target  (5-25) 

Where Itarget is the target current on the DC bus side and η𝐷𝐶−𝐷𝐶 is the converter 

efficiency. The model has to be fed several inputs such as the rated bus voltage 
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and current as well as the peak values, in order to set limitations for safe 

operation. 

5.4.5 Electric Motor 

The electric motor modelling approach adopted is a simplistic one. The output of 

the sub-system delivers the requested torque based on the mechanical load 

request. The power losses are added to this in order to compute the electrical 

power output, based on the efficiency map of the motor. The angular speed of the 

motor, 𝜔𝐸𝑀, is calculated using the vehicle speed, v, the final drive ratio, rg, and 

the rolling radius of the wheel, rr, as described in the mathematical equation 

below; 

𝜔𝐸𝑀 = 𝑣
𝑟𝑔

𝑟𝑟
 (5-26) 

The motor torque is a function of torque demand at the wheels and rotational 

speed of the motor. As a result, the propulsion effort on the motor can be 

computed using the following equation. 

𝐹𝑤 = 𝜏𝐸𝑀

𝑟𝑔

𝑟𝑟
 (5-27) 

where 𝜏𝐸𝑀 is the motor torque and 𝐹𝑤 is the tractive effort required from the 

motor. In addition, the current drawn from motor can be described considering 

the efficiency of the motor, 𝜂𝐸𝑀, torque output and supply voltage, VEM. 

𝐼𝐸𝑀 =
𝜔𝐸𝑀𝜏𝐸𝑀

𝜂𝐸𝑀𝑉𝐸𝑀
 (5-28) 
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Thus, for a permanent magnet synchronous (PMS) electric motor the maximum 

available torque in the motor has a dependency on the operating temperature of 

the machine. Hence, the following relationship can be expressed; 

Where 𝛽𝐸𝑀,𝑅𝑒𝑚 is the temperature coefficient of the resonance induction within the 

motor, 𝑇𝐸𝑀 is temperature 𝑇𝐸𝑀,𝐿 is the layout temperature and 𝜏𝐸𝑀,𝑚𝑎𝑥 is the 

maximum torque of the PMS machine. In this work, a motor efficiency map is 

used as illustrated in a two-dimensional format in Figure 62. 

 

Figure 62: Electric motor velocity vs torque map showing the efficiency 

The most efficient points are highlighted at motor speeds between 200 and 400 

rad/s. In Figure 63, the efficiency of the motor is presented in a 3-D format as a 

function of motor torque and speed.  

𝑇𝐸𝑀,𝑚𝑎𝑥,𝑃𝑆𝑀 = (1 + 𝛽𝐸𝑀,𝑟𝑒𝑚(𝑇𝐸𝑀 − 𝑇𝐸𝑀,𝐿)) 𝜏𝐸𝑀,𝑚𝑎𝑥. (5-29) 
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Figure 63: Efficiency 3-D surface chart of the motor. 

5.5 Heuristic Controller 

A heuristic or rule-based strategy (RBS) is implemented in order to have a control 

over the flow of energy between the power sources, as well as allowing the vehicle 

performance to adhere to the functional specifications. These specifications or 

rules are defined based on previous experience and design knowledge of the 

functional system. In this work, a complete vehicle model incorporating a RBS 

was developed within the AVL Cruise M™ software. The purpose of the model 

was to acquire power requirement results based on the considered vehicle 

specifications and multiple test cycles. After this, depending on the calibration of 

the sub-systems, the behaviour of the entire model could be observed and 
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assessed. Moreover, the electrical equivalent models of the sub-systems enabled 

acquisition of realistic results at a systems level. 

The operating strategy implemented in the model was based on a typical ‘load 

following’ strategy where the fuel cell system was made to dominate the load 

demand. This was achieved by having in place a fuel cell activation threshold 

window, matching the power curve of the fuel cell stack. Hence, the control logic 

included four different operating modes; E-drive, charge, power and boost modes. 

The E-drive operating mode was active when the vehicle was stationary, when the 

power demand was below the FC activation threshold and the battery SoC within 

the operating window. In this mode the FC was not active or assisting in vehicle 

propulsion. The charge mode is activated when the current SoC of the battery 

reaches the minimum threshold value (SoCON), thereby requiring the FC to assist 

in recharging. In this mode both FC and the motor, via regenerative braking, 

charge the battery pack. The boost mode was initiated when the actual vehicle 

power demand is above the FC activation threshold value, whilst the power mode 

was triggered when the average vehicle power demand was higher than FC 

activation threshold value. Since the goal in these mode was to have most of the 

power demand fulfilled by the FCS, the SoC of the battery is maintained. In both 

cases, the FC power can reach its peak value. However, the battery peak power at 

the defined discharge C-rate can only be seen in the E-drive and power modes of 

operation. This is because these are the two modes which are can transition into 
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charge mode, subject to the the SoC value reaching the threshold point. Error! 

Reference source not found. below shows the high level state-machine diagram 

illustrating all the possible transitions between each state/operating mode and 

regions where each power source is active. This is then followed by actioning 

certain variable definitions such as the FC activation threshold, and battery SoC 

operating window. 

 

 

 

 

 

 

 

 

A detailed flow chart showing the logic for transitions between the operating 

modes is presented in Error! Reference source not found.. The state-machine 

control logic procedure begins with the computation of average over a certain 

consecutive time steps and actual vehicle power demands for the determination of 

operating modes.
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FC/motor 
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Figure 64: Rule-based strategy state flow chart sequence diagram showing permissible 

transition between the four operating modes. 



 

136 

 

 

Figure 65: Detailed rule-based strategy showing transitions based on predefined rules
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5.6 Toyota Mirai Case Study 

The Toyota Mirai was one of the first FCEVs to become commercially available in 

the automotive market. Although numerous other OEMs had demonstrated FCEV 

technology, only Toyota and Hyundai offered a commercial product to customers. 

So far there have been two generations of the Mirai and Nexo, Toyota and 

Hyundai’s FCEV brands respectively. Furthermore, extensive research lead to key 

innovations such as self-humidification, modern design of flow field channels and 

improvement in the mass fraction (wt %) of storage systems [127]. These 

innovations resulted in a better gravimetric and volumetric stack density, from 1.4 

kW/L in the first prototype to 4.4 kW/L in Toyota Mirai gen II. However, with 

such drastic innovation within the powertrain, there still exists complexity in 

aspects such as energy management, packaging and hydrogen storage. The 

Toyota Mirai powertrain consists of the FCS, high voltage battery pack, electric 

drive unit and hydrogen storage system. The communication between all of these 

sub-systems takes place in a supervisory control unit. Figure 66 depicts the 

components as well as the improvements seen in the generations of Toyota Mirai. 

Notably, these include increased fuel storage, Lithium-ion battery chemistry and, 

better stack performance. 
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Figure 66: Toyota Mirai powertrain systems [128]. 

In this work, the first generation of Mirai will be considered for comparison 

purposes, as extensive test data is available for only this model. Argonne National 

Laboratory have conducted several key tests on Toyota Mirai Gen I with open 

access to the data (see Appendix IV). This enabled an in-depth scrutiny of 

powertrain components and their behaviour, for example, the C-rates of the 

battery, mass fraction of the storage systems and control system behaviour [129]. 

The Mirai gen I fuel cell stack uses a solid polymer with 370 cells in series 

resulting in an electrical output of 114 kW. The integrated battery holds a small 

capacity of 1.6 kWh and is responsible for contributing to the dynamics during 

acceleration and for energy storage from regenerative braking. The humidifier-less 

configuration allows the system to reuse the by-product water from within the 

cells to humidify the cathode stream.  
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Figure 67: Toyota Mirai powertrain configuration and components [129]. 

The Mirai powertrain (See  

Figure 67) employs a liquid-cooled boost converter to step up the stack voltage to 

650 V to match the electrical bus voltage. This converter regulates the output from 

the stack based on the supervisory control decisions. The hydrogen storage system 

in Mirai stores 5 kg of hydrogen in two separate tanks, taking up 122.4 L of space. 

The pressure of compressed storage is 700 bar, as a result the weight of the tanks 

becomes heavier due to carbon fiber reinforced layering. Based on the 5.7 mass 

fraction of the storage tank, the total weight is calculated as 88 kg. It should be 

noted that this value takes into account the weight of the fuel, and auxiliary 

components such as piping and valves. Table 8 summarises the specifications of 

the Toyota Mirai Gen I collated from various sources in terms of FC, battery, 

hydrogen storage and electric motor. 
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Table 8: Toyota Mirai Gen I specifications 

 Vehicle Parameters Value Unit 

Fuel Cell 

Max power output  114 kW 

Power density by volume 3.1 kW/L 

Power density by weight 2 kW/kg 

Volume 37 L 

Weight of stack 56 kg 

Battery 

Cell capacity 6.5 Ah 

Pack capacity  1.6 kWh 

Configuration 34s1p 34 series 1 parallel 

Cell voltage 7.2 V 

Battery pack voltage 244.8  

Cell number 34 cells 

Weight 46.9 kg 

Peak power for 10 s ~30 kW 

Nominal power @ 1C 1.6 kW 

   H2 

Storage 

Number of tanks 2  

Type type 4  

Max filling pressure 87.5 Mpa 

Normal operating pressure 70 Mpa 

Tanks Size/Volume Front 60 L 

Tanks Size/Volume Rear 62.4 L 

Total tank size volume 122.4 L 

Fuel mass 5 kg 

Tank storage density/mass 

fraction 

5.7 wt% 

Tank storage weight with 5kg 

H2 

88 kg 

Tank volumetric density 1.6 kWh/L 

Motor 

Motor type PMS AC  

Peak Power (@4500rpm) 123 kW 

Max output (hp) 112646 W 

Torque (lb-ft) 247  
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5.7 Simulation Results 

The simulation results depict the performance of the vehicle based on the RBS 

defined within the model. The main purpose of this section of the report is to 

analyse the obtained results from the point of view of the controller functionality 

rather than optimisation of the design. There are several key parameters, which 

can be calibrated to fit the vehicle design and requirements, which are used to 

implement a logical transition between the four operating modes of the controller. 

These include FC activation threshold, battery SoC window and target SoC 

values, and actual and average electric power. The actual electric power is the 

power demand of the motor for traction, in addition to consumer loads. The 

average electric motor power is derived from an internal Cruise M fixed step 

windowed average function over a pre-defined buffer window.  Furthermore, all 

of the aforementioned parameters are dependent on the current state and 

magnitude of the motor power demand as well as the battery SoC.  

5.7.1 Controller Functional Behaviour 

The simulation model can be classed as a backward-facing model. The reason for 

this is the ability of the model to meet the requirements of the input, i.e. the drive 

cycle. Thus, the control system comprises of three sub-components; the drive 

cycle, the driver, and the supervisory controller. The first two mentioned sub-

components are tasked with controlling the speed of the vehicle in order to match 

the target speed, while the controller is responsible for regulating and managing a 
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safe and efficient output from the FC, as well as the SoC of the battery pack. 

According to the parameters set, the RBS controller can accept a target SoC value 

to implement a charge-depletion (CD) followed by charge-sustaining (CS) 

behaviour of the battery. If a target SoC input is defined for the controller, for 

example to emulate a range extender powertrain - then the battery is forced to 

maintain the SoCTarget value recharging by the FC and regenerative braking. The 

system operation and behavioural performance of the control strategy, based on 

the conditions defined earlier are presented in Figure 68. 

        1        2      3        4        5         6 

 

Figure 68: RBS implemented in AVL Cruise M  model depicting system operation with key 

parameters illustrated in multiple sections (numbered above the figure) within WLTP cycle. 
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Illustrated in the figure are the key parameters, which are registered at every time 

step in order to enter one of the four operating modes. Furthermore, precedence of 

certain conditions over others occurs, for example, reaching and maintaining the 

SoC of the battery towards the target value is prioritised over other conditions 

such as FC activation power. In our case, the SoC target value selected was 50 % 

and the FC activation power 20 kW, with an initial SoC of 70%. Varying these 

thresholds can result in different transitions of the operating modes as these 

values are integrated into the EMS, which has control over the regulated output 

from the FC DC-DC converter. The FC system also takes into account reserve 

power needed to power its BoP. The battery discharge and charge rates are 

restricted to 30 kW and 25 kW, respectively.  The FCS BoP includes a simplistic 

compressor model based on a current source block controlled by the stack current 

parameter. The compressor operation in our model mimics lookup table based on 

the predefined generic specifications which is not dynamic in nature. The electric 

machine operates as both motor and generator. In the former mode, the maximum 

current for the traction is defined by the peak current of the battery as it is 

passively connected to the electrical bus. In generator mode, the current is limited 

based on the battery charge C-rate value. Similarly, recirculation of hydrogen was 

not included in the developed model for the sake of simplicity. Table 9 below 

summarises these observations based on the operation mode.
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Table 9: Controller functional behaviour description of four operating modes; E-Drive, charge, boost and power modes. 

Region Operating 

Mode 

Scenario Fuel Cell Battery Observation 

1 Edrive-mode 

(mode 0) 

Initial propulsion of the 

vehicle after start-up 

Off Discharging This control state allows the battery to discharge from its initial 

SoC for consumer load until transition 

2 Charge-mode 

(mode 1) 

Battery ready to accept 

charging at powers below FC 

threshold 

Off Discharging 

& charging 

The battery can be charged through regen braking only as the 

FC activation power has not been reached. 

3 Boost-mode 

(mode 2) 

Battery can either provide sole 

propulsion power or in 

tandem with the FC, subject to 

logic statements 

On/Off Discharging Although actual power can be greater than FC activation, if 

SoCCurrent > SoCTarget is not met then the FC remains inactive and 

vice-versa. 

4 Charge-mode 

(mode 1) 

FC charges the battery while 

supplying propulsion and 

consumer loads 

On Charging To maintain the SoCTarget the FC charges battery, actual power 

reaches above the FC activation threshold. 

5 Power-mode 

(mode 3) 

FC and battery supply traction 

power 

On Discharging

/charging 

Provided the average power is greater than the FC threshold 

and SoC is lower than the threshold window, this logic is 

activated. 

6 Charge, power 

& boost modes 

FC and battery supply traction 

power 

On Discharging

/charging 

Key parameters used to create transitions between the three 

operating modes. 
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5.7.2 System Operation 

The modelling results presented in this section of the report are attributed to two 

of the most common control strategies applicable to rule-based strategies. The 

system operation can be measured using power curves of sources and motor, SoC 

of the battery and hydrogen fuel consumption by the stack. The WLTP and NEDC 

drive cycles were used to generate results based on charge-depletion/charge-

sustaining (CDCS) and charge-sustaining (CS) control strategies, respectively. In 

CDCS mode, the battery system, provided it is above the higher threshold of the 

SoC operating window (SoCON parameter) and vehicle power demand is below 

the peak discharge power of the battery, provides the motor traction power. The 

FCS becomes active under certain condition which are highlighted in Table 9. 

Figure 69 illustrates simulation results based on the WLTP cycle. The results 

depict the depletion of the battery since the beginning of the cycle to reach the 

minimum allowable limit or the SoCTarget of 50 %. The actual SoC is then 

maintained near the target value with the help of the FC and electric motor 

(braking energy recuperation), until the end of the journey. This is achieved by 

employing PID controller to match the current value of the SoC to that of the 

target value. The hydrogen consumption curve follows the stack output, showing 

higher fuel consumption in the charge-sustaining region of the cycle (post 500 

seconds). This is due to the need for the battery to be recharged by the FC and the 

reduced contribution towards motor traction power. Thus, resulting in cumulative 
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hydrogen consumption of 0.6 kg. However, it should be noted that in reality, this 

figure would be lower due to the recirculation of unreacted hydrogen. 

 

Figure 69: CDCS controller behaviour based on WLTP cycle illustrating velocity profile, power 

curves, battery SoC and hydrogen fuel consumption. 
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In CS control mode, the battery assists in fulfilling the transients as well as the 

lower than the FC activation power requirements throughout the cycle. This 

allows the FC to operate at more efficient operating points, in the low-to-medium 

current range. NEDC profile was used to display CS control, as shown in Figure 

70. Furthermore, it can be noticed that the FC system is activated in events where 

the traction power exceeds the FC activation (FCON) threshold, a parameter only 

applicable in this control strategy. At this point, the FC supplies the motor with 

traction power required for propulsion and at the same time attempts to recharge 

the battery in order to equate the final SoC value to that of the initial value. The 

SoCTarget value is dictated by a PID control mehanics within the FC control block in 

the model to respond the to the actual SoC input in events where the FC is active. 

This is further evident from the hydrogen fuel consumption curves in 

synchronisation with SoC and the SoCTarget. For example, at approximately 800th 

second of the cycle there occurs a surge of power for traction, which is fulfilled by 

the FC stack in addition to charging the battery. Similar to the previous case, the 

SoC windows are for safe operation of the battery pack which, depending on the 

chemistry of the battery technology, vary to wider operating window. 

Furthermore, using equation (5-13) hydrogen flow into the stack can be computed 

based on a predefined stoichiometric ratio. Hence, the demanded hydrogen mass 

in this cycle was found to be 0.35 kg. The power losses or the inefficiencies 

described in equations (5-8), (5-9) and (5-10) are considered when power from the 

stack is delivered, thus, resulting in delivery of a larger magnitude – as shown in 
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the power curves below. The rationale for displaying CS control in the NEDC 

cycle was to clearly illustrate the SoCTarget instances. 

 

Figure 70: Charge-Sustaining controller behaviour based on NEDC cycle illustrating velocity 

profile, power curves, battery SoC and hydrogen fuel consumption 
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Figure 71: Stack polarisation and power curves (FC operates at 200 to 350 V range) 

The stack polarisation and power curves are presented in Figure 71, derived from 

Mirai test data and also from the model - based on a WLTP drive cycle. Having 

these superimposed in a graphical format, a difference in the stack voltage level is 

observed. This could be attributed to the fact that the model does not consider 

dynamic parameters such as temperature and pressure range of the fuel cell stack. 

5.7.3 Usage Envelopes 

The results from the model can be compared against the test data available for the 

Toyota Mirai. This scrutiny will provide verification of the vehicle and the 

controller model. The operating points of the stack entails whether the usage is 

under the efficient region of the curve. FC stack operating points running a WLTP 

cycle for both Mirai test data and model results are plotted in Figure 72. The figure 

shows consistency in frequency of operation of the stack in regions where stack 

efficiency is high.  
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Figure 72: FC stack operating points derived from Mirai test data and Cruise M model illustrating 

high frequency of usage in the low power region where FC is efficient. 

In addition, the Mirai generates slightly higher power at lower currents, which 

results in  higher voltage levels – as evident in the stack voltage curve. This in turn 

has an effect of an increased system efficiency. At low power, the FC stack also 

provides power to its auxiliaries such as the compressor, pump and radiator fan. 

This power is known as the reserve or auxiliary power or ‘base load’. The base 

load can be computed by deducting the stack power from the aforementioned 

auxiliary powers. Moreover, the model does not consider other dependencies such 

temperature and pressure, which play an important role in the calibration process 

of FC mapping. The usage of FC system can be further quantified by observing the 

normalised frequency of the operating points against power requirement in the 

drive cycle. Again, using Toyota Mirai as the benchmark vehicle, Figure 73 is 

produced illustrating a histogram and system efficiency.  
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It can be noted that FC is made to operate mostly in regions where efficiency is 

highest. Similarly, Figure 74 shows the histogram and system efficiency produced 

from Cruise M modelling simulation results. Upon analysis, good correlation 

between the two cases can be observed in terms of controller behaviour and FC 

system operation, as well as the system efficiency points. The peak power reached 

in the case of Mirai was found to be approximately 70 kW corresponding to a low 

efficiency of 30 % (high parasitic load due to high voltage compressor). On the 

hand, the model has a similar pattern with peak power of approximately 75 kW 

with ~ 50 % system efficiency (with no parasitic losses integrated). The increased 

system efficiency in the model is because of the lack of appropriate compressor 

look up table consuming high power with high electrical load demand. In 

addition, the model is based on an electrical-equivalent block rather than an 

electrochemical model, which would consider mass transport losses more 

accurately. This study entails the effectiveness of the controller is ensuring stack 

operating points reside in the regions which would result in better fuel economy.  

 

 

 

 

 



 

152 

 

 

 

Figure 73: Toyota Mirai histogram and system efficiency, data extracted from [129] 

 

 

Figure 74: Model histogram and FC system efficiency 
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5.8 Summary 

This chapter presented the methodology and considerations needed for 

implementing a rule-based or heuristic controller within an energy management 

system. The latter consideration included powertrain configuration, drive cycle 

analysis and energy recuperation via vehicle braking or deceleration. The model 

included sub-models of the fuel cell stack, battery pack, DC-DC converter and 

electric motor. The controller was made to perform in two different test cycles in 

order for a broader assessment. Dynamo test data of the Toyota Mirai was 

obtained. Moreover, this vehicle and its performance was used as a benchmark for 

comparison purposes in terms of the controller operation. The results show a 

realistic performance of the controller in each operating mode. The controller also 

responds well to certain pre-defined limits such as the FC activation and battery 

SoC windows. Furthermore, in CDCS operating mode, the controller behaves as 

intended upon reaching the SoCTarget value. In CS control mode, the initial and 

final SoC values found were 0.70 and 0.69, respectively. Finally, a good correlation 

between the operating points of the fuel cell system when compared against 

Mirai, implying realistic behaviour of the controller. Since, optimisation of the 

controller was not within the scope of this chapter the fuel economy sensitivity 

analysis was not carried out.  
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6 Design Optimisation Part I: Strategy 

6.1 Introduction 

The concept of combining multiple sources of power in a propulsion system is 

known as hybridisation.  In Fuel Cell Electric Vehicles (FCEV), the primary and 

secondary power sources are typically hydrogen fuel cells and battery, 

respectively. The primary is the dominant power source whereas the secondary is 

mainly used to supplement or store energy on-board the vehicle. There are several 

benefits for having a hybridised vehicle powertrain. These include faster response 

time to varying load dynamics and downsizing of the primary power source. 

With no optimisation of the hybridisation ratio a vehicle powertrain can display 

an increased mass and volume as compared to a conventional vehicle, oversized 

components leading to increased costs and lack of performance. Thus, it is 

necessary to obtain an optimal hybridisation ratio which will also result in 

improved fuel economy can be achieved. One of the methods of implementing the 

optimisation is by employing dynamic programming.  

While there are several versions of battery hybrid electric vehicle (HEV) based on 

the size of the battery pack installed, similarly, there are generally three versions 

of hybridisation in the context of FCEVs. These include fuel cell hybrid electric 

vehicle (FCHEV), plugin FCHEV, and range extender vehicle (REx FCEV). The 

difference between a standard and plugin FCHEV is that the latter has a relatively 
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larger battery capacity than which can be charged from the grid electricity via a 

charging cable. This results in cheaper running cost as the price of electricity is 

cheaper than the cost of green hydrogen for mobility in the current market 

condition. However, this scenario is anticipated to change in the future with the 

uptake of hydrogen production through renewables energy sources such as solar 

and wind. The REX- FCEV incorporates a relatively smaller FC stack than the 

battery pack and made to operate at a constant power level, mainly responsible 

for the recharging the battery pack. 

This chapter sets out to present a design optimisation methodology for a 

propulsion system within a FC hybridised powertrain. Using the already built 

vehicle model in section 5.4, research will focus on devising a strategy which 

employs an optimisation techniques found in the literature. The sizing study shall 

incorporate the Energy Management Strategy (EMS), to a level of minimal 

complexity so as to have a correlation between design optimisation and operating 

conditions. 

Specific objectives of this aspect of research work are; 

 Conduct a literature review of the methods of sizing the power sources 

from a range of engineering literature databases. 

 identify the key requirements needed in order to conduct a design 

optimisation study for an FCHEV powertrain. 



 

156 

 

 produce sizing results in terms of power ratings for the power sources on-

board the vehicle. 

 Evaluate the applicability of the obtained results in powertrain 

architectures. 

The above sub-objectives relate to the design optimisation thesis objective stated 

in the chapter 1 of the thesis. 

6.2 Literature Review 

Design optimisation of a FCHEV encompasses the procedure of evaluating its 

power source component ratings and sizes. There are several parameters such as 

cost, fuel economy, power source degradation, compactness and vehicle 

performance which are addressed during design phase. Generally, an energy 

management system (EMS) is also implemented during this phase. EMSs are 

classified into two main categories: using rule-based or optimisation-based 

strategies. Rule-based optimisation strategies typically use state-machines for 

devising different operating modes while optimisation-based strategies use 

component models, most commonly employing dynamic programming technique 

[97]. There are numerous methodologies found in the literature which describe the 

procedure of sizing the FC stack or system, battery pack or supercapacitors such 

that the aforementioned variables are either minimised or maximised. 

Most of the research and developments found in the literature had a sole focus on 

fuel economy improvement [97], [108], [111], [115], [118], [119], [130]–[132]. Many 
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authors have focused on forcing the operation of the FC system into an optimal 

efficiency point. This requires an oversized stack in order to have a wide enough 

window of operation to meet the load demand, not reaching the low efficiency 

points at high current densities. Moreover, the system efficiency of the fuel cell is 

dependent  on the auxiliaries, such as air compressors, radiator fans and coolant 

pumps [118]. When there is an increased load on the fuel cell system the utilised 

power from the ancillaries can be considered as negligible, however, the ohmic 

losses increase. Similarly, the mass transport of reactants and gasses within the 

fuel cell starts to restrict the voltage output, thereby significantly limiting the 

overall efficiency. Rousseau et al. [118] have shown this in their work when 

comparing the efficiency of a fuel cell and a conventionally powered vehicle. The 

EMS has a direct relationship with and a decisive impact on the fuel economy of 

an FCHEV. For this reason, it has been found that a well-designed EMS strategy 

with complex control system can result in up to 30 % improvement in fuel 

economy compared to simplistic load following EMS with no optimisation [133]. 

Numerous strategies were found in the literature which were aimed at fuel 

economy improvement. Guezennec et al. [97] have done work on possibilities to 

improve the system efficiency of an FCHEV using hybridisation techniques at a 

powertrain system level. They have employed an Equivalent Consumption 

Minimisation Strategy (ECMS) technique. An improvement of 48 % in the fuel 

economy was seen by running the fuel cell at its optimal operating point during 
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most of the drive cycle and also minimising the idle-time of the fuel cell. 

Although, as a trade-off, the peak power of the fuel cell was significantly reduced. 

Furthermore, Schiffer et al. [119] looked at the optimisation of the fuel economy in 

an FCHEV incorporating supercapacitors (SC). In their work, they investigated 

several state-based strategies and concluded that SC, when utilised optimally for 

acceleration and regenerative braking, can result in 25 % reduction of fuel 

consumption as opposed to a vehicle powered solely by a fuel cell. Some authors 

use pure numerical modelling tools while using quantitative data to size 

components whereas others use optimisation or minimisation algorithms. For 

example, authors in [134] have utilised the Pontryagin’s minimum principle to 

obtain the component sizing for a PHEV hybdridised with SC and batteries. 

Furthermore, several sizing algorithms have been proposed in the literature 

wherein a multi-objective optimisation problem was formulated aimed at 

minimising numerous parameters of FC and battery hybrid powertrain vehicle 

[90], [135]–[140]. For example, Zhang et al. [140] have proposed a sizing procedure 

to maximise the fuel economy and system durability, and minimise component 

cost and battery volume in the optimisation problem for a city bus. Their method 

involved an elimination process for non-feasible solutions and obtained results on 

FC rating and battery capacity based on the NEDC drive cycle. Hu et al. [141] and 

Sim et al. [142] proposed a framework for component sizing for an FCEV. In the 

former case, the authors carried out optimisation with a criterion of minimising 

the energy consumption and system cost. In the latter case, the authors conducted 
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a sizing study of an FC powered truck, having an objective function which 

minimised the total cost of ownership. Similarly, sizing optimisation work on 

range-extender FC powertrains with plug-in feature was also found in the 

literature [137], wherein a novel powertrain architecture was proposed involving 

FC hybridisation. Furthermore, studies in the literature highlight other intricate 

considerations such as regenerative braking, transient response, and efficiency 

that are required when sizing the primary or secondary power sources [139], 

[143]–[145]. Component size affects powertrain weight which in turn has an effect 

on the tractive requirements. Thus, research on the effect of added mass on the 

FCHEV propulsion system has been conducted in the literature [139]. The findings 

of the authors were based on the Dynamic Programming (DP) optimisation 

technique to obtain a hybridisation ratio aimed at reducing fuel consumption. An 

alternative to batteries acting as a secondary power source as well as an energy 

storage device in a FCHEV are SC. The benefits and disadvantages of SCs have 

been discussed in earlier sections of the thesis (section 2.3.2). In some cases SCs are 

used as a complementary device to battery packs. Extensive research work on 

sizing a SC-FC powertrain is found in the literature [125], [146]–[148]. 

Applications where SC are employed mostly have a duty profile which 

incorporates significant amount of regenerative braking, for example, in city bus 

transport systems. This allows higher magnitude of energy storage on-board and 

response during peak acceleration. Table 10 below summarises the literature 
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collection pertaining to different architectures employing FC and at least a battery 

or SC. 

Research work that involves both system level control logic and component sizing 

integrated in one modelling package was lacking in the literature. As a result, this 

works fills this gap by devising a simple power split control logic between the fuel 

cell and the battery, while feeding into the model the dynamic inputs with the aim 

to sizing the powertrain components. 
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Table 10: Design optimisation techniques for a FC hybridised powertrains found in the literature. 

Approach Aims & Objectives Powertrain Reference 

Dynamic Programming Optimal component sizing by minimisation of fuel consumption HEV – FC & Battery [138] 

Dynamic Programming Design optimisation to obtain balanced degree of hybridisation HEV – FC & Battery [139] 

Multi-objective optimisation Design optimisation algorithm considering fuel economy, durability, cost and 

volume. 

HEV – FC & Battery [140] 

Heuristic search Design optimisation by minimisation of hydrogen consumption and system mass HEV – FC & SC [125] 

GA  Design optimisation by cost minimisation of a battery-SC hybrid system HEV – Battery & SC [147] 

Rule-based algorithm Optimal component sizing by minimisation of capital and running costs PHEV – FC & Battery [149] 

Deterministic algorithm  Design optimisation by system mass and cost minimisation HEV – FC & Battery [150] 

Multi-objective GA Optimal component sizing by minimising hydrogen consumption and cost PHEV – FC & Battery [151] 

Dynamic programming Design optimisation by maximising the efficiency and minimising the cost and 

mass 

HEV – FC & SC [146] 

Non-linear branch & bound 

search 

Sizing methodology based on minimisation of mass of the system HEV – Battery and 

SC 

[148] 

Non-linear branch & bound 

search 

Design optimisation based on minimisation of total cost of ownership HEV – FC and ESS  [152] 

Dynamic programming Design optimisation with embedded EMS. Objective function included fuel 

consumption minimisation 

HEV – FC and 

Battery 

[153] 

Particle Swarm  Design optimisation by minimising the vehicle cost and fuel consumption PHEV – FC & Battery [154] 

Multi-objective Particle Swarm Design optimisation based on the minimisation of the vehicle total cost and fuel 

economy 

HEV – FC & battery [155] 
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6.3 Energy Management System (EMS) and Its Strategy 

The role of an EMS within a vehicle powertrain is to act as a decision making 

criteria. The objective is to compute, either based on pre-defined sets of rules or 

prediction-based models, the power that must be supplied to the motor from each 

of the power sources. In this study, a power split controller technique was 

embedded in order to control the power distribution.  

6.3.1 Optimisation Theory 

There are multiple methods of implementing optimisation techniques. However, 

the techniques are generally adopted in order to find a set of design parameters, x 

= {𝑥1, 𝑥2, … , 𝑥𝑛}, which can be classed as optimal. The lowest degree of optimisation 

usually occurs in the form of minimisation or maximisation of the system 

characteristics that rely on x. In an advanced scenario, an objective function, f(x), is 

formed and subjected to equality constraints, G(x) = 0; inequality constraints, G(x) ≤ 

0; and including lower and upper variable bounds, 𝑥𝑙 and 𝑥𝑢. A generic problem in 

the context of optimisation can then be expressed as 

min
𝑥

𝑓(𝑥), 

subject to  

𝐺𝑖(𝑥) = 0; 𝑖 = 1,… ,𝑚𝑒 , 

𝐺𝑖(𝑥) ≤ 0; 𝑖 = 𝑚𝑒 + 1,… ,𝑚, 

Where x  is the vector of length n design variables (also known as decision 

variables). This, when entered into the objective function, f(x), should return a 
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vector of length m which consists of constraints evaluated with respect to x. The 

linear nature of the objective function and constraints classifies the optimisation 

problem as a linear programming problem. The problem becomes a quadratic 

programming problem when the aforementioned elements have a non-linear 

nature. Non-linear programming solutions are generally obtained via an iterative 

procedure which enables a search criterion at every iteration. Furthermore, Matlab 

software toolboxes offer readily available solvers such constrained minimisation 

(fmincon), quadratic programming (quadprog), Linear programming (linprog), 

etc. The fmincon function aims to find the minimum of a constrained non-linear 

multivariable problem function, whilst quadprog and linprog deal with 

constrained (both equality and inequality constraints) functions. Quadratic 

solution allows for faster response in solving a quadratic problem, without having 

the need to adopt sophisticated techniques such as symbolic functions. 

6.3.2 Dynamic and Quadratic Programming  

Dynamic Programming (DP) is an algorithm-based technique that attempts to find 

the optimal control sequence with the aim of either minimising or maximising a 

given cost function. The cost function usually has constraints attached in order set 

boundary conditions. The DP method is considered to be computationally 

expensive in terms of simulation time. In some cases, this approach is not practical 

enough to be implemented due to extensive amount of data. Thus, requiring pre-

built third-party mathematical solver such Gurobi™, which has simplified 
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function inputs to formulate a problem. Generally, the DP approach adopts a 

recursive optimisation procedure which attempts to reach optimality over an N-

stage problem space by sequentially solving one stage of the problem at a given 

time interval until the overall optimisation is complete. Furthermore, DP is 

capable of dealing with nonlinearity or with a quadratic nature of the objective 

function. A quadratic programming (QP) problem minimises a quadratic function 

which can be subjected to linear equality or inequality constraints in the following 

form; 

min
𝑥

1

2
𝑥𝑇𝐻𝑥 + 𝑓𝑇𝑥 

such that 

 𝐴𝑥 ≤ 𝑏, 𝐴𝑒𝑞 𝑥 = 𝑏𝑒𝑞, 𝑙 ≤ 𝑥 ≤ 𝑢 

where H, A and Aeq are matrices corresponding to linear quadratic matrix term 

which is symmetrical sparse, inequality and equality constraint matrices with M 

(number of inequalities)-by-N (number of variables in x) size. These input 

arguments into the optimiser have to take form of symmetrical matrices and 

optional arguments such as the choice algorithm, tolerances and Hessian 

multiplier. 

6.3.3 Fuel Cell System 

The power component of a PEMFC stack can be obtained using numerical 

equation which are found in the literature [18], [156]. This curve describes the 

electrochemical technique of characterising the performance of the FC, both at 

single cell and stack level. Moreover, the polarisation curve indicates the 
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activation (𝜂𝑎𝑐𝑡), ohmic (𝜂𝑜ℎ𝑚) and concentration (𝜂𝑐𝑜𝑛𝑐) losses that occur at 

different operating conditions. Thus, the stack voltage is a function of the Nernst 

potential (𝐸𝑁𝑒𝑟𝑛𝑠𝑡) and total number of cells as expressed in equation (6-1).  

𝑉𝐹𝐶𝑠𝑡𝑎𝑐𝑘
= [𝐸𝑁𝑒𝑟𝑛𝑠𝑡 − 𝜂𝑎𝑐𝑡 − 𝜂𝑜ℎ𝑚 − 𝜂𝑐𝑜𝑛𝑐] ∙ 𝑁𝑐𝑒𝑙𝑙 (6-1) 

The FC stack efficiency, 𝜂𝐹𝐶 , is defined as the ratio of the electrical power 

generated by the stack to the electrical energy content available in the hydrogen 

fuel, as expressed in (6-2). 

 

𝜂𝐹𝐶 =
𝑃𝐹𝐶𝑠𝑡𝑎𝑐𝑘

𝑃𝐻2

 (6-2) 

 

𝑃𝐹𝐶𝑠𝑡𝑎𝑐𝑘
= 𝑉𝐹𝐶𝑠𝑡𝑎𝑐𝑘

. 𝐼𝐹𝐶𝑠𝑡𝑎𝑐𝑘
 (6-3) 

 

𝑃𝐻2
= 𝑚̇𝐻2

. ∆𝐻 (6-4) 

  

𝑚̇𝐻2
= 

𝑀𝐻2
𝐼𝐹𝐶𝑠𝑡𝑎𝑐𝑘

𝑛 ∙ 𝐹
 (6-5) 

 

𝜂𝐹𝐶 =
𝑉𝐹𝐶𝑠𝑡𝑎𝑐𝑘

. 𝐼𝐹𝐶𝑠𝑡𝑎𝑐𝑘

𝑀𝐻2∙𝐼𝐹𝐶𝑠𝑡𝑎𝑐𝑘

𝑛 ∙ 𝐹 ∙ ∆𝐻

= 
𝑉𝐹𝐶𝑠𝑡𝑎𝑐𝑘

1.48 × 𝑁𝑐𝑒𝑙𝑙
 (6-6) 

Where 𝑚̇𝐻2
, ∆𝐻, 𝑀𝐻2

, 𝐹 and 𝑛 are the rate of hydrogen consumption, enthalphy of 

the electro-chemical reaction, molar mass of hydrogen. Faraday’s constant and 

number of electrons generated during the reaction, respectively. Thus, equation 

(6-2) can be quantified as (6-6) based on the derivations presented in (6-3), (6-4) 

and (6-5). The stack cell number, 𝑁𝑐𝑒𝑙𝑙,  is taken into account when computing the 

stack efficiency. The auxiliary components that make out the balance of plant 
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(BoP) partly require electricity (blowers and pumps) which is supplied by the 

stack. This lowers the overall system efficiency as described in equation (6-7). 

𝜂𝑠𝑦𝑠𝑡𝑒𝑚 = 𝜂𝐹𝐶  ×
𝑃𝐹𝐶𝑠𝑡𝑎𝑐𝑘

− 𝑃𝐵𝑜𝑃

𝑃𝐹𝐶𝑠𝑡𝑎𝑐𝑘

 (6-7) 

6.3.4 Battery Model 

The battery model used in this study was based on the Lithium-ion chemistry to 

predict the state of charge (SoC). The discrete model was based on power 

integration of the battery based on the drive cycle load and battery contribution 

dictated by the cost-function. The current SoC value of the battery at time t was 

estimated based on the previous time step (𝑡 − ∆𝑡). This can be mathematically 

represented as in equation (6-8). 

𝑆𝑜𝐶(𝑡) =  𝑆𝑜𝐶(𝑡 − ∆𝑡) − 𝜂𝐵𝑎𝑡

𝑃𝐵𝑎𝑡(𝑡)

𝑄𝐵𝑎𝑡
∆𝑡 (6-8) 

𝜂𝐵𝑎𝑡 = {
1/𝜂𝑑𝑖𝑠    𝑃𝐵𝑎𝑡 > 0
𝜂𝑐ℎ     𝑃𝐵𝑎𝑡 < 0

 (6-9) 

Where the efficiency of the battery (𝜂𝐵𝑎𝑡) varies in discharging and charging 

modes as described in (6-9). This is discussed in greater detail in section 2.3.1. In 

addition, temperature, internal resistance and SoC have dependencies on the 

battery efficiency. However, for the sake of having simplicity in the design 

algorithm, battery efficiency is not considered in this study. Moreover, the 

discretised form of the equation for predicting the SoC of the battery can be 

written as equation (6-10). 
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𝑆𝑜𝐶𝑖 = 𝑆𝑜𝐶0 − ∑
𝑃𝐵𝑎𝑡

𝑖 ∙ 𝑡𝑖

3600 ∙ 𝑄𝐵𝑎𝑡

𝑁

𝑖

 (6-10) 

Where 𝑆𝑜𝐶0 is the initial SoC of the battery, i is the current sample point and t is 

the sampling time and 𝑄𝐵𝑎𝑡 is the nominal battery capacity. The battery 

configuration depends on the vehicle powertrain configuration.  

6.3.5 Problem Formulation 

The dynamic programming problem for the design optimisation will consist of a 

cost function limited by a pre-defined boundary conditions. Thus, the 

optimisation problem can be formulated in a standard form for a set of decision 

variables x and a cost function f(x). The optimiser aims to search values of x that 

minimise the f subject to defined optimisation constraints G. The former 

represents the power contribution from the fuel cell and the battery, respectively. 

The cost function includes several performance indices which penalise the power 

supply with respect to the load demand. In this study, the implemented cost 

function consists of four performance indices as shown in equation (6-11). 

𝑚𝑖𝑛 𝑓 =  ∑.

𝑁

𝑖=1

 [𝑤1(𝑃𝑣
𝑘+𝑖 − 𝜂𝑐𝑃𝑃𝐶

𝑘+𝑖)
2
+ 𝑤2(𝑃𝑣

𝑘+𝑖 − 𝑃𝐵𝑎𝑡
𝑘+𝑖)

2
+ 𝑤3(𝑃𝑃𝐶

𝑘+𝑖)
2
+ 𝑤4(𝑃𝐵𝑎𝑡

𝑘+𝑖)
2

] (6-11) 

The represented variables Pv, PFC, and PBat are the vehicle, FC and battery powers 

respectively. The DC-DC converter is connected in series with the FC unit having 

an efficiency 𝜂𝑐. The variable k represents the sample number in the global 

optimisation cycle. The weighing parameters 𝑤1, 𝑤2, 𝑤3 and 𝑤4 are the 

performance indices which can be used to either tune or penalise the FC and 
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battery contributions in terms of the energy management strategy. The cost 

function is subject to several constraints which maintain the functional behaviour 

of the vehicle and restrict the optimisation from violating the boundary conditions 

set and individual component limits. 

𝑃𝑙𝑜𝑎𝑑 = 𝑃𝐹𝐶 + 𝑃𝐵𝑎𝑡 (6-12) 

 

0 ≤ 𝑃𝑓𝑐 ≤ 𝑃𝑓𝑐,𝑚𝑎𝑥 (6-13) 

 

−𝑃𝑏𝑎𝑡,𝑚𝑖𝑛 ≤ 𝑃𝑏𝑎𝑡 ≤ 𝑃𝑏𝑎𝑡,𝑚𝑎𝑥 (6-14) 

 

𝑠𝑙𝑒𝑤 𝑟𝑎𝑡𝑒 ≤ ∆𝑃𝑓𝑐 ≤  𝑠𝑙𝑒𝑤 𝑟𝑎𝑡𝑒 (6-15) 

 

𝑆𝑜𝐶𝑚𝑖𝑛  ≤ 𝑆𝑜𝐶 ≤ 𝑆𝑜𝐶𝑚𝑎𝑥 (6-16) 

 

The required constraints restrict solutions to the problem based on a realistic 

behaviour of the FC and battery pack. The two types of constraints are applied: 

equality and inequality constraints. The former forces the optimisation to compute 

the minimised power values for the FC and battery while following and not 

exceeding the load profile, as described in equation (6-12). There are limits set on 

the maximum and minimum status for each power source. In the case of the FC 

system , in equation (6-13), only positive power can be drawn from the stack 

whereas the battery has the ability to charge in the negative power region (see 

equation (6-14)) . A constraint in equation (6-15) to demonstrate a realistic 

behaviour of the FC dynamics is applied. This is called the ‘slew rate’ or ramp-up 
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rate, used 10 kW/s value based on experimental findings. In addition, the 

constraint in equation (6-16) restricts the SOC of the battery within a window of 

operation between a maximum and minimum made. Appendix V provides the 

detailed structure of matrices used in Matlab. 

6.3.6 Assumptions 

In this study and analysis the following assumptions were considered; 

 Only the sizing of the power sources and storage was considered. Thus 

no sizing of the electric motor or other vehicle components considered. 

 The nominal efficiency of the fuel cell system was assumed to be 55 %. 

 The nominal efficiency of the DC-DC converter was assumed to be 95%. 

 The fuel cell system model did not use any penalty for start-up and 

shutdown. 

 Compressed hydrogen fuel technology for on-board storage. 

 The power split between the FC and the battery was based on the cost 

parameter. 

 The effect an increased powertrain volume has on vehicle was not been 

considered in this study. 

 Charge-rates of the battery are chosen based on manufacturers updated 

recommended values (see section 2.3.1).  

 The battery pack variables used already incorporates the DC-DC 

controller. 



 

170 

 

 The definition of degree of hybridisation (DoH) used is described in the 

equation 

𝐷𝑜𝐻 = 
𝑃𝐹𝐶𝑚𝑎𝑥

𝑃𝐹𝐶𝑚𝑎𝑥
+ 𝑃𝐵𝑎𝑡𝑡𝑒𝑟𝑦𝑚𝑎𝑥

 (6-17) 

 

6.3.7 Charge Depletion Mode 

Charge depletion (CD) mode is an operating mode wherein the SoC of the battery 

continuously decreases. The window of operation is usually given by the 

maximum and minimum SoC values. For the safety of battery operation the SoC 

threshold values are based on the maximum depth of discharge (DoD) allowed for 

a specific type of battery chemistry. In this study, the assumption was that the 

battery was fully recharged only after completing the full range of the vehicle. 

Moreover, the power split controller enabled the depletion of the battery in such a 

way that the capacity of the chosen battery helped complete the full journey. The 

size of the battery pack plays a significant role in the amount of energy that can be 

recuperated through regenerative braking. The larger the battery size, the larger 

the surges of current the battery pack can accept due to the C-rate parameter 

(applicable to large battery pack such as in Plug-in hybrid configurations), thereby 

capturing more energy content. Figure 75 illustrates this procedure graphically 

highlighting the number of drive cycles achievable with a small and large battery 

pack. It can be noted that the battery pack with a smaller capacity reaches the final 

DoD sooner thereby not completing the full desired range (~36 cycles or 245 
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miles). This is dependent on the choice battery capacity based on the type of 

powertrain topology. For example, in the RExFCHEV powertrain a larger battery 

pack would be incorporated, allowing a longer journey or range [137]. 

 

Figure 75: Description of CD mode illustration with small and large battery pack. 

From the figure, the battery pack with larger capacity completes the full range of 

45 drive cycles or 312 miles before reaching the maximum DoD. Thus, a 

relationship can be formulated in order to acquire the correct battery size value 

while adhering to the safe SoC operating window and vehicle range. The DoD 

after completing the drive cycle, i, can be expressed as. 
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𝐷𝑜𝐷𝑖 = 𝑆𝑜𝐶𝑖
0 − 𝑆𝑜𝐶𝑖

𝑓
 (6-18) 

where 𝑆𝑜𝐶𝑖
0 and 𝑆𝑜𝐶𝑖

𝑓 are the initial and final SoC values with the drive cycle. Since 

the driving behaviour repeats itself identically, just one drive cycle can be used 

while incrementing the size of the battery at each iteration. This approach 

required a conditional statement which measured the DoD. Thus, quantifying this 

relationship further, using the vehicle range, provided the model presented in 

equation (6-19). 

𝑆𝑜𝐶0 − 𝐷𝑜𝐷 × 𝑁𝑐𝑦𝑐𝑙𝑒𝑠  ≤  𝑆𝑜𝐶𝑚𝑖𝑛 (6-19) 

With 𝑁𝑐𝑦𝑐𝑙𝑒𝑠 being the number of repeat drive cycles. In CD operating mode the 

primary power source, i.e. the FC system, must be sized with an aim to fulfil the 

maximum vehicle performance requirements. This is because, in the absence of a 

recharging opportunity for the battery pack from the grid (when considering a 

plug-in configuration), the responsibility for meeting the power demand is solely 

on the FC.  

6.3.8 Charge Sustaining Mode 

In charge sustaining (CS) control mode, the SoC of the battery is maintained at a 

target value while using the primary source of power (FC in this case) to recharge 

the battery. In other words, CS operating mode allows fluctuation in the SoC 

within the allowed operating window while resulting zero in the net energy 

consumption across the whole drive cycle. This achieves the goal of having 

battery energy level at the beginning of the drive cycle equalling to the energy 
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level at the end of the drive cycle. Furthermore, it must be noted that the sole 

source of energy onboard the vehicle is the hydrogen fuel, when there is an 

absence of regenerative braking or plug-in recharging is not considered during the 

journey. Figure 76 below illustrates the CS operating mode strategy implemented 

via dynamic programming within the EMS.  

 

Figure 76: Description of CS mode implementation via DP in the EMS. Red lines indicate the upper 

and lower contraints on SoC. 

It can be seen that the initial SoC equals the SoC at the end of the drive cycle in 

this example. The constraints on the minimum and maximum SoC operating 

window, 0.3 and 0.9, respectively, were adhered to by the optimisation algorithm. 

The equality constraints ensured that once the battery depleted to the minimum 

threshold, the FC recharged the battery if energy recuperation through 

deceleration was not available. Most commercially available HEVs adopt this 

control strategy as it is the simplest rule-based control strategy. 
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6.3.9 Sizing Strategy 

The sizing algorithm is a sequential process wherein the optimisation steps are 

dependent on a number of decision variables used to obtain optimimum results. 

Specifically, the algorithm aims to find the rating of the fuel cell system, battery 

pack capacity, and the system mass and volume. Through a dynamic 

programming based EMS the fuel consumption is minimised. The entire 

procedure is illustrated in the Figure 77 flowchart. The sizing procedure begins 

with setting user-defined boundary conditions such as vehicle range, power and 

energy densities, initial hydrogen level in the storage tank, and drive cycle profile. 

The algorithm has two main loops for different purposes. The outer loop 

manipulates the power split ratio fed into the algorithm. By varying the 

contribution between the two power sources a range of DoH can be obtained. In 

this work, this defined as power split (PS). Furthermore, the inner loop contains a 

detailed vehicle model and DP-based EMS. The former provides the power 

requirement profile based on the vehicle specifications and the drive cycle, while 

dynamically accepting the optimal powertrain mass as an input post optimisation. 

The latter performs model-based optimisation with decision variables, subject to 

equality and inequality constraints. Within this loop a recursive iteration process 

is followed until a convergence is seen in the powertrain system variables such as 

the mass and volume.  
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In order to complete the desired range, which is also an input to the model, a large 

number of drive cycles are required. This presents the challenge of heavy 

computational burden and at times impossible to be completed. Thus, devising 

the EMS with consideration towards computation structure and embedded 

control strategy is imperative.  

The algorithm computes the optimal size (in kW) of the fuel cell system based on 

the peak power of the load. It should be noted that the drive cycle incorporated 

includes the acceleration profile required to achieve the performance criterion 

stated in the earlier chapter (see section 5.3.2). Thanks to this added full load 

acceleration profile, the peak in power requirement is seen which enables the 

sizing of FC system. Similarly, the optimal battery capacity (in kWh) is found, 

based on the DoD to complete the full range. Since the DoD depends on the SoC 

operating window, the higher the DoD the larger the battery capacity will be – as 

described in equation (6-18). Hence, equation (6-20) below provides a mathematical 

expression for computing the size of the battery (𝑄𝐵𝑎𝑡𝑡𝑒𝑟𝑦) using DoD and total 

energy, 𝐸𝑇𝑜𝑡𝑎𝑙, is the total net energy delivered to the wheels of the vehicle by the 

battery pack. 

𝑄𝐵𝑎𝑡𝑡𝑒𝑟𝑦 =
𝐸𝑇𝑜𝑡𝑎𝑙

3600 × 𝐷𝑜𝐷
 [Wh]  (6-20) 
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Figure 77: Flowchart describing the sizing algorithm in charge depletion mode. 

The system mass includes FC stack, FC BoP, FC DC-DC converter, hydrogen 

storage and battery pack. Drivetrain system which includes the E-drive unit 

including the electric motor and transmission is not considered in this study. In 

order to find the FC stack mass, specific power density values (gravimetric and 

volumetric) based on the latest Toyota™ Mirai FC stack are used. Similarly, based 
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on the wt% value of the storage tanks in the Mirai the algorithm computes the 

mass required for the storage of compressed hydrogen gas on-board the vehicle. 

Furthermore, the difference between the FC system and stack unit densities 

results the FC BoP mass and volume, which includes all the auxiliaries except the 

storage and power conditioning units. Specific density values for the FC DC 

converter were extracted from the literature and implemented in the design 

process (Table 11) Thus, the total system mass can mathematically be expresses as 

equations (6-21) and (6-22); 

𝑀𝑆𝑦𝑠𝑡𝑒𝑚 = 𝑀𝐹𝐶𝑠𝑡𝑎𝑐𝑘
+ 𝑀𝐹𝐶𝐵𝑜𝑃

+ 𝑀𝐹𝐶𝐷𝐶−𝐷𝐶
+ 𝑀𝐻2𝑆𝑡𝑜𝑟𝑎𝑔𝑒

+ 𝑀𝐵𝑎𝑡𝑡𝑒𝑟𝑦 (6-21) 

 

𝑀𝑆𝑦𝑠𝑡𝑒𝑚 = 
1

𝜌𝑃,𝐹𝐶

∙ 𝑃𝐹𝐶,𝑚𝑎𝑥 + 𝛽. 𝑃𝐹𝐶 +
1

𝜌𝑃,𝐷𝐶−𝐷𝐶

∙ 𝑃𝐹𝐶,𝑚𝑎𝑥 +
𝑘𝑔𝐻2

𝑤𝑡%
+

1

𝜌𝐸,𝐵𝑎𝑡

∙ 𝐸𝐵𝑎𝑡𝑡𝑒𝑟𝑦 (6-22) 

Table 11: Gravimetric, volumetric densities and costs of the components.  

Component Specific 

power  

[kW/kg] 

Power 

density 

[kW/L] 

Specific 

Energy 

[kWh/kg] 

Energy 

Density 

[kWh/L] 

Cost [$] 

 

PEMFC stack  2.46 [157] 4.40 [157] - - 22 $/kW+ [158] 

PEMFC system 0.86 [158] 0.64 [158] - - 50 $/kW [158] 

Li-ion Battery Pack 0.7 [159] 1.83 [159] 0.24 [160] 0.67 [160] 132 $/kWh [161] 

DC-DC Converter 0.75 [162]  1.20 [162]  - N/A 50 $/kW [162] 

Type IV CH2 tank - - 1.50* [163] 1.56 [157] 333 $/kg H2 [163] 

* Values normalised for comparison purposes based on a 5.6 kg of H2 at LHV FC system 

considering BoP excluding the storage tank. 

+ At 100,000 units per year production rate 
 Cost is determined on set targets and based on roadmaps and comparable baseline 

- Not applicable 
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7 Design Optimisation Part II: Implementation and 

Analysis 

Having discussed the methodology of the design procedure in the previous 

chapter, this chapter will set out to implement the design optimisation. The 

presented results will use previously developed relevant models, extracted 

parameters and discussed control strategies; charge depletion (CD) and charge 

sustaining (CS).  

7.1 CD Control Mode Results 

Based on the models formulated in section 6.3, subjected to multiple equality and 

inequality constraints, the optimisation problem was solved. The results presented 

are structured based on the two different types of EMS, CD and CS modes. These 

are the most commonly used types in the automotive industry. These are then 

applied to two drive cycles: NEDC and WLTP in order to clearly view the effect of 

regenerative braking. First, the report will present the optimisation results for the 

CD EMS, extracted from the energy and power data. Then, results based around 

the system mass and volume will be discussed and analysed sequentially in the 

same order. Finally, the optimal results are summarised with explanation.  

The optimisation aimed to minimise the power requirement from the two power 

sources in the powertrain. This minimisation in turn reduces the hydrogen 

consumption by the FCS. The adopted procedure provides a global optimum by 
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emulating a power split controller embedded in the EMS. The results from this 

section of the analysis show the energy consumption, component behaviour and 

size, based on the different DoH values.  

7.1.1 Energy Consumption 

The energy consumption of an FCHEV has several critical dependencies. These 

include components’ sizing, which dictate the mass and volume of the powertrain 

system, and the amount or rate of energy recuperation from regenerative braking. 

In other words, the battery’s ability to accept high surges of current in the above 

events. In addition, the system cost plays an important role in commercialising the 

product. Thus, a trade-off must be made in order to meet the desired targets 

within the design phase, which is based on the powertrain configuration. The net 

energy consumption of the vehicle illustrates the effect of regenerative braking 

and variation in system size. This parameter is also strongly reflective of the 

propulsion system’s fuel economy and drive cycle characteristics. Two distinct 

drive cycles, NEDC and WLTP, were employed while varying the DoH, based on 

equation (6-17). An analysis of the two drive cycles in terms of tractive effort and 

net energies has been performed in section 5.3.2. The obtained DoH values were 

selected in the range of 0.1 and 0.9, corresponding to battery and FC dominance, 

respectively. In other words, regions where the DoH was greater than 0.5, it can 

be can be classed as a FC-dominant region whereas DoH less than 0.5 can be 

classed as a battery-dominant. This range reflects the power split controller 
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behaviour. The cost function weighing parameters w1 to w4 (in equation (6-11)) 

were varied at every outer loop within the sizing algorithm in order to split the 

power contribution. Figure 78 and Figure 79 show the net energy consumption 

from the combination of both power sources at four different scenarios depicting 

four levels of regenerative braking energy at different C-rate values. For this effect 

to be implemented, the charging C-rate of the battery was varied in steps of 0.5 

between 0.5C and 2C. The obtained results depict a specific trend, which is 

common in both drive cycles while indicating both: the effect of increased system 

mass and energy recuperation via regenerative braking. Shifting away from FC to 

battery dominance highlights this effect. An FC dominant powertrain will have a 

smaller battery pack due to which only a limited amount of energy recuperation is 

possible. Furthermore, as we start to move towards a more battery dominated 

powertrain, the net energy consumption starts to decay until a rise because of the 

increased battery mass. In addition, it can be noticed from the four different trend 

lines, based on four different C-rates, that the rate of this decay varies. In the 

NEDC profile the distance is relatively lower than in the WLTP cycle and 

therefore requires a higher number of drive cycles to fulfil the range required. 

Also, in each case there is a difference in the magnitude of tractive and braking 

efforts as described in earlier section 5.3.3 of this report. Upon further scrutiny, it 

can be noticed that each scenario has only one optimal solution across the whole 

DoH range. This becomes more apparent by visualising the change in energy (∆E) 

across the entire DoH range with respect to the FC dominant powertrain (DoH = 
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0.9) as presented in Figure 80 and Figure 81. It can be seen that the decay in the net 

energy consumption occurs faster in higher C-rate values until the effect of 

increased battery mass demands more tractive effort. Moreover, the energy 

recuperation from the given drive cycles reaches a stagnation point. Each value of 

the DoH will have additional varying dependencies in terms of system mass, 

volume and costs, which are discussed in the following sections of this chapter. 

Each DoH step has a different capacity of the battery and FC rating, thereby 

limiting the amount of energy that can be stored from regenerative braking at 

different C-rates considered in this study. These rates are adjusted based on the 

recommendations from different manufacturers. A lower C-rate will restrict the 

battery from absorbing high currents during braking or deceleration intervals in 

the drive cycle whereas battery with larger C-rates can accepted higher values of 

currents. Most commercially available EV battery packs recommend a low C-rate 

for charging [159], [160]. In some cases, exceeding these could result in cell 

degradation. However, modern battery chemistries such as Lithium-ion batteries 

are capable of accepting short pulses of high current surges. These pulses usually 

have a short duration lasting only seconds. However, this comes at the cost of cell 

degradation and complexity in thermal management system for the battery [164].  
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Figure 78: Net energy consumption at different 

rates of energy recuperation in the NEDC drive 

cycle replicating 45 iterations to complete the 

required range. 

Figure 79: Net energy consumption at different 

rates of energy recuperation in WLTP drive cycle 

replicating 21 iterations to complete the required 

range. 

  

Figure 80: Change in energy for each DoH value 

in NEDC drive cycle. 

Figure 81: Change in energy for each DoH value 

in WLTP drive cycle. 

A closer look into the individual contributions of FC and battery pack in terms of 

energy flow is provided in Figure 82. Only the two extremes of charging rates, i.e. 

0.5C and 2C, are displayed for a clearer contrast in each duty profile. The battery-
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electric range (BER) is the distance which the vehicle can travel solely relying on 

the battery as an energy source and can be expressed mathematically as equation 

(7-1).  

This option is mainly applicable to plug-in hybrid vehicles where the driver can 

opt to choose which power source to use. Alternatively, this decision can be made 

by the supervisory energy management system based on the driver inputs – via 

the car in-built satellite navigation system, for example, in case where the journey 

distance is short. Figure 82a and c show the energy distribution and BER along 

with the corresponding vehicle fuel economy (miles/kWh) in NEDC drive cycle 

while Figure 82b and d show the equivalent results for the WLTP drive cycle. 

Although the results in both drive cycles suggest similar pattern of energy flow, 

the optimal solution in WLTP is found at a more FC-dominant DoH. The reason 

for this is the increase in magnitude of energy demand which has a direct effect on 

the system mass. Although the BER values are bound to be similar due to the 

vehicle range input being the same, the vehicle efficiency differs because the net 

ratio of traction energy to braking energy in WLTP is higher than in NEDC (as 

shown in 5.3.2). It can be noticed in the energy flow bar charts that the stagnation 

point in terms of braking energy is reached later towards the battery dominant 

region with a smaller C-rate and earlier with a higher C-rate. Thus, a high C-rate 

can enhance the rate energy recuperation but this may cause the issue of range 

𝐵𝐸𝑅 =  
𝑉𝑒ℎ𝑖𝑐𝑙𝑒 𝑅𝑎𝑛𝑔𝑒 [miles]

𝐸𝑛𝑒𝑟𝑔𝑦𝐵𝑎𝑡𝑡𝑒𝑟𝑦  [kWh]
. 𝑄𝐵𝑎𝑡𝑡𝑒𝑟𝑦[kWh] (7-1) 
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anxiety in battery-electric mode for batteries with small capacities. For example, 

for a DoH of 0.3 and 0.6 in NEDC the battery sizes at 0.5C and 2C are 29 kWh and 

25 kWh, respectively. 

 While these could be the optimal solutions in terms of energy consumption, the 

BER these can offer is restricted to approximately 200 and 70 miles, respectively. 

Furthermore, the regenerative braking energy produced by at the FC-dominated 

region (at DoH 0.9) is 5 kWh and 10 kWh at 0.5C and 2C, respectively. This 

significant difference in charging rate or the amount of recuperated energy can 

help in downsizing the battery pack. Depending on the powertrain configuration, 

this can also help in lowering the system cost. On the contrary, the WLTP optimal 

solutions are obtained at the mid-point  (DoH = 0.5) or closer to the FC-dominant 

region, where the BER is lower than approximately 130 miles. The hydrogen 

consumption of the vehicle can be computed using (6-5). For the sake of clarity, 

only the optimal solution which have the least net energy consumption, 

corresponding to different amounts of energy recuperation, in both drive cycles 

are presented in the following section. 
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NEDC WLTP 

  

(a) (b) 

  

(c) (d) 

Figure 82: Energy flow bar charts in NEDC drive cycle with charge rate of 0.5C and 2C 

respectively (a and c); WLTP drive cycle (b and d) 

Figure 83 depicts the hydrogen fuel consumed by the FC stack across the full 

vehicle range, which approximately equals 45 NEDC cycles. The behaviour of the 

curve remains the same in every iteration until the conditional statement 
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described in equation (6-19) is triggered. Each curve (colour-coded) corresponds to 

the DoH which results in the least net energy consumption based on Figure 78. 

The FC dominant powertrain (with DoH of 0.6) has a higher fuel consumption 

rate due to a larger contribution made by the FC system. Conversely, the battery 

dominant powertrain (with DoH of 0.3) has a lower fuel consumption rate as less 

effort is made for propulsion by the FC system. Thus, hydrogen consumption for 

DoH values of 0.3, 0.4, 0.5 and 0.6 are 1.1 kg, 1.5 kg, 2.1 kg and 2.4 kg, respectively. 

Similarly, Figure 84 shows results obtained using the WLTP load profile. The 

latter results imply variation in the DoH values corresponding to 0.5, 0.6, 0.7 and 

0.7 with hydrogen consumption of 2.0 kg, 2.3 kg, 2.5 kg and 2.4 kg respectively. 

The slight variation in quantity of hydrogen consumption in each case can be 

attributed to the power requirement difference.  

In addition, in WLTP, it can be noted that same DoH values will result in the same 

fuel consumption rate due to the power split ration for the FC being the same. The 

repetitive behaviour of the cycles indicate the same power utilisation. Thus, for 

NEDC 45 iterations will complete the desired range whereas for WLTP 21 

iterations are needed. The former drive cycle shows two optimal solutions 

occurring in the battery dominated region while the latter drive cycle shows 

optimal solution at and after the mid-point of hybridisation favouring the FC. Key 

considerations with such results will assist in identifying the amount of fuel 
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required on-board and the volume for its storage. This aspect is discussed in later 

sections of the chapter. 

 
Figure 83: Hydrogen consumption across 45 NEDCs for net energy optimal solutions 

 
Figure 84: Hydrogen consumption across the whole vehicle range for net energy optimal solutions 

in WLTP 

7.1.2 Component Sizing 

Improper sizing of the power source components (FC and battery) can lead to 

undesired outcomes such as degraded performance in acceleration, lower fuel 

economy and overly costly powertrain. The sizing of the components has a direct 

effect on several crucial parameters such as system weight, net fuel consumption 
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and the overall system cost. Hence, an optimisation-based sizing strategy enables 

design of the components to be more effective. Component sizing usually 

concerns the two power sources on-board a hybridised powertrain. One of these is 

generally classed as the primary power source while the other is classed as the 

secondary power source. The former is rated or designed such that it is capable of 

delivering sufficient power for traction at any time with little or no reliance on the 

secondary source under any circumstance. During the sizing stage, the anticipated 

vehicle performance and the drive cycle adopted play an important role. The 

component sizing of such powertrains in the proposed sizing strategy is governed 

by peak power and energy requirements, which in turn are dependent on vehicle 

performance criterion such as acceleration, gradeability and range. As clarified in 

previous sections, vehicle acceleration takes precedence over other factors when 

rating the power requirements, whereas the range depends on the energy content 

of on-board storage. This scenario is generally true for road passenger vehicles. 

The battery sizing considers the DoD which during the optimisation is controlled 

by the minimum and maximum SoC values set. Figure 85 and Figure 86 show the 

FC system size (kW) and battery capacity (kWh) against each DoH for the two 

considered drive profiles, NEDC and WLTP, respectively. 
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Figure 85: DoH vs components size with 0.5C, 1C, 1.5C and 2C charging C-rates for NEDC profile. 

In the case of the former, it is evident from the chart that with a higher charge rate 

the size of the battery can be reduced by up to 41%, for example, in DoH of 0.7 

where the difference between batteries with low and high C-rates is 6 kWh. 

However, the energy recuperation, based on the drive cycle, braking losses and 

vehicle dynamics reaches a saturation point. Once this is noticed, further 

increasing the size of the battery in the sizing algorithm is then dictated by 

compactness, cost and BER range requirements. A similar pattern is seen in the 

case of the WLTP drive cycle but saturation in terms of energy recuperation 

occurs earlier than in the NEDC. In addition, the relatively lower capacities in this 

scenario is due to a higher energy recuperation factor, which helps in component 

sizing aspect.  
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Figure 86: DoH vs components sizing with 0.5C, 1C, 1.5C and 2C charging C-rates for WLTP 

profile. 

7.1.3 Power Split Curves 

The PS control mechanism is based on the weighting factors described  in (6-11) in 

the previous chapter. By varying the parameters in the aforementioned function 

control over the vehicle propulsion in terms of power from each of the power 

sources on-board the vehicle can be attained. Moreover, with the presence of 

embedded constraints in equations (6-12) to (6-16) and using the performance 

indices within the cost function, a range of PS ratios can be achieved to solve the 

problem. The optimal output results are visualised in the form of power curves in 

relation to the load. Each iteration will have a different system mass value, 

depending on the hybridisation ratio of the powertrain. Thus, the power demand 

at the motor side will see a small increase.  

Figure 87 illustrates the power curves of FC, battery and load requirement for a 

single NEDC profile with the four optimal net energy DoH combinations at 

different energy recuperation or charging C-rates. The presented results show 
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different PS ratios between the power sources, hence, resulting in different DoH. It 

can be noticed that most of the braking energy in the negative cycle of the power 

requirement is recovered via regenerative braking in all the presented cases. This, 

in the low C-rate scenario of 0.5C, occurs in the battery-dominant region where 

there is larger scope of recuperation than in FC-dominant regions, as evident in 

Figure 82a and c. The SoC curve for a single cycle shows small variations 

depending on the size of the battery. It can be seen in the figure that the power 

split ratio in DoH 0.3 favours the battery in meeting the load demand, whilst in 

the opposite is seen in DoH 0.6 where the FC is meets most of the load demand. In 

the event of DoH 0.5, the load demand is evenly split between the power sources. 

The battery pack capacities presented in the NEDC scenario results below have 

capacities of 47 kWh, 35 kWh, 25 kWh and 16 kWh, corresponding to peak charge 

power of 23 kW, 35 kW, 37.5 kW and 32 kW respectively. Figure 88 shows similar 

sets of PS results for WLTP cycle wherein signs of limitation on braking energy 

recuperation are seen in the 0.5C C-rate with battery size of 33 kWh. The battery 

pack capacities presented in the WLTP scenario results below have capacities of 33 

kWh, 22 kWh, 14 kWh and 14 kWh, corresponding to peak charge power of 16.5 

kW, 22 kW, 21 kW and 28 kW respectively. 
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Figure 87: Power split and SoC curves for optimal DoH combinations in the NEDC drive cycle. 
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Figure 88: Power split and SoC curves for optimal DoH combinations in the WLTP drive cycle 
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7.1.4 System Mass and Volume 

The system mass and volumes are dependent on the power source ratings, DoH 

and hydrogen fuel storage. The methodology adopted for computing the mass 

and volume of each powertrain component is highlighted in equation (6-22). The 

FCS size is mainly dominated by the auxiliaries which are required to form the 

entire system. These include BoP components, FC DC-DC converter and hydrogen 

storage tank. The battery pack size is reliant upon the number of modules and 

thermal management subsystem which are taken into account for in the 

gravimetric and volumetric densities. The power conditioning unit for the battery 

is assumed to be included within the battery pack parameters. Figure 89 shows 

powertrain system mass and volume with individual contributions from each 

component. It is evident that the larger the FC stack is, the larger the size of FC 

auxiliaries. For example, a FC-dominant powertrain (DoH 0.9) of net power 108 

kW and having a stack size of 44 kg and 25 L requires auxiliaries amounting to 158 

kg and 239 L. Furthermore, batteries having significantly lower specific 

gravimetric and volumetric energy densities results in higher mass when scaled 

up. However, the volumetric energy density of batteries offer an advantage, as can 

be noticed in the presented results. Thus, increasing both the battery capacity 

beyond the energy recuperation saturation point and the FC stack rating will 

result in an increased system mass. On the contrary, a high capacity battery pack 
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will take up almost half the space a complete FCS will take due to its relatively 

lower volumetric energy density.  

  

Figure 89: Sizing in NEDC with high C-rate. Figure 90: Sizing in WLTP with high C-rate. 

In the WLTP cycle, the tractive effort required per cycle is twice as much as in the 

NEDC, thus requiring a higher capacity battery that has a direct effect on the 

mass. Figure 90 shows the increased battery mass reaching almost 300 kg with the 

higher BER and battery dominated powertrain. Moreover, it can be noticed that 

the least system mass options appear closer in the FC-dominated space at DoH of 

0.7 and 0.8. For the sake of clarity, Figure 91 and Figure 92 were plotted to 

illustrate the system mass and volume for the proposed optimal solutions based 

on the net energy consumption graphs, corresponding to each C-rate value 

presented in Figure 78 and Figure 79.  

Both scenarios illustrate similar trends in terms of mass and volume variation 

against the selected DoH. Favouring a battery dominant powertrain shows an 
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inversely proportional relationship between the mass and volume, and vice versa 

for a FC dominant powertrain. Thus, from a design perspective a trade-off has to 

be reached in order to meet specific requirements such as maximum allowable 

mass, compactness and hydrogen fuel storage based on a predefined range of the 

vehicle. 

 
 

Figure 91: Proposed optimal mass and 

volume solutions (NEDC). 

Figure 92: Proposed optimal mass and volume 

solutions (WLTP). 

7.1.5 System Cost 

The results obtained from the component sizing can be further scrutinised to 

compute system costs. Although, the objective function used in the optimisation 

problem is not a function of the cost, the component ratings offer an estimate of 

the distribution of the system cost. Thus, equation (7-2) and (7-3) can be used to 

compute the total powertrain system costs, 𝐶𝑆𝑦𝑠𝑡𝑒𝑚; 
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𝐶𝑆𝑦𝑠𝑡𝑒𝑚 = 𝐶𝐹𝐶𝑠𝑡𝑎𝑐𝑘
+ 𝐶𝐹𝐶𝐵𝑜𝑃

+ 𝐶𝐹𝐶𝐷𝐶−𝐷𝐶
+ 𝐶𝐻2𝑆𝑡𝑜𝑟𝑎𝑔𝑒

+ 𝐶𝐵𝑎𝑡𝑡𝑒𝑟𝑦 (7-2) 

 

𝐶𝑆𝑦𝑠𝑡𝑒𝑚 = [𝐶𝑆𝑡𝑎𝑐𝑘 ∙ 𝑃𝐹𝐶,𝑚𝑎𝑥] + [𝐶𝐵𝑜𝑃 . 𝑃𝐹𝐶,𝑚𝑎𝑥] + [𝐶𝐷𝐶−𝐷𝐶 ∙ 𝑃𝐹𝐶,𝑚𝑎𝑥]

+ [𝐶𝑇𝑎𝑛𝑘 ∙ 𝑀𝑎𝑠𝑠𝐻2
] + [𝐶𝐵𝑎𝑡𝑡𝑒𝑟𝑦 ∙ 𝑄𝐵𝑎𝑡𝑡𝑒𝑟𝑦] 

(7-3) 

 

Where 𝐶𝑆𝑡𝑎𝑐𝑘, 𝐶𝐵𝑜𝑃 and 𝐶𝐷𝐶−𝐷𝐶 are dependent on the peak power rating of the fuel cell 

and 𝐶𝑇𝑎𝑛𝑘 is based on the hydrogen content required for on-board storage. The battery 

cost, 𝐶𝐵𝑎𝑡𝑡𝑒𝑟𝑦, is mainly dependent on the energy content or the capacity (kWh). Figure 

93 and Figure 94 depict the distribution of the system cost for NEDC and WLTP 

drive cycles. In each case individual contributions from the FC stack, BoP, storage 

tank, DC-DC converter and battery are highlighted. The two depicted scenarios 

do not show much difference in the total costs, however, the magnitude of varies 

mainly because of the sizing of the battery pack. Specifically, this occurs in the 

battery-dominant space.  

For the sake of further clarity, the total cost with individualised trend lines of each 

component cost are plotted for the WLTP case in Figure 95. The cost of FC system 

  

Figure 93: System cost distribution for NEDC. Figure 94: System cost distribution for WLTP. 



 

198 

 

is dependent on the rate of production and are directly proportional to the size of 

the stack and capacity of hydrogen storage on-board the vehicle. As a result, costs 

of FC and its dependencies such as the FC DC-DC controller, BoP and hydrogen 

tank are plotted at production rates of 10,000 units, as well as 100,000 units. The 

corresponding costs of FC at the above production rates are $ 40/kW and $ 18/ kW 

[165].  

Costs of FC system components used were presented in Table 11. It can be noted 

from the graph that, at high production rate with a range of DoH 0.4 to 0.7, the 

total system cost can be lower than a more FC or battery dominated powertrain. 

However, this is not true at a lower production, which has high FC and auxiliary 

component’s costs. Table 12 is populated with and categorised by power 

component rating, energy, fuel economy, size and cost data of the optimal 

solutions (DoH 0.4 for this the discussed type of control method. The table is 

segregated into component rating, energy, fuel economy, mass and volume and 

cost for the two considered drive cycles. 
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Figure 95: Powertrain system cost with individual trend lines at every step of DoH. 

 

 

At 10 k production rate 

At 100 k production rate 
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Table 12: Proposed optimal solutions data consisting component sizing, energy, fuel economy, mass & volume and cost parameters. 

 
 

 
Component Sizing Energy Fuel Economy Mass & Volume Cost 

Drive 

Cycle 

C-rate DoH FC size 

[kW] 

Battery 

Size 

[kWh] 

Net 

Energy 

[kWh] 

Energy 

Savingsa 

[%] 

Energy 

Recuperation 

[kWh] 

H2 

Consumption 

[kg] 

BER 

[Miles] 

System 

Mass [kg] 

System 

Volume 

[L] 

System 

Costb [$] 

NEDC 

0.5 C 0.3 39 47 54.55 20.87 18.379 1.14 220 222.47 162.55 12,022 

1 C 0.4 51 35 53.53 17.58 18.741 1.49 154 205.65 173.79 12,214 

1.5 C 0.5 62 25 52.85 13.30 18.566 2.11 112 192.27 187.11 12,629 

2 C 0.6 74 16 52.39 14.98 18.471 2.42 69 185.03 199.82 13,124 

WLTP 

0.5 C 0.5 66 33 60.14 15.44 29.794 3.75 143 293.77 256.63 16,354 

1 C 0.6 77 22 58.98 14.05 29.752 4.26 97 265.16 264.11 16,076 

1.5 C 0.7 88 14 58.64 11.89 29.606 4.79 59 248.56 273.29 16,155 

2 C 0.7 88 14 58.54 9.95 29.999 4.79 58 248.17 272.75 16,146 

a saving with respect to the  FC-dominant rating at DoH 0.9. 

b at 100 k production rate of FC systems.
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7.2 CS Control Mode Results 

In the CS control mode the battery is recharged during the journey in line with 

matching the target value of SoC at the end of the journey. This control scheme is 

mainly applicable to a FC-dominant hybrid vehicle, wherein the only source of 

energy is hydrogen. Moreover, one of the major differences when employing this 

control strategy, compared to PSCD, is the size of the battery pack. In addition to 

energy storage and recapturing energy from braking, the purpose of the battery is 

to provide assistance during high and transient load dynamics. Thus, most of the 

tractive energy effort is fulfilled by the FC and, therefore, the capacity of battery 

can be kept small whilst maintaining a high power-to-energy ratio. For this 

reason, specific driving distance has to be known in order to compile a drive cycle. 

Data extracted from Department of Transportation offers the daily driving miles 

per driver for a light-duty or passenger vehicle in the UK and USA [166], [167]. 

The data is visualised in Figure 96 and Figure 97, implying that at least 80 % of the 

journeys have a daily distance of up to 25 miles. This metric can assist the design 

phase of passenger vehicles. 
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Figure 96: UK average travel distance for a passenger car/driver- data extracted from [167]. 

 

 

Figure 97: USA average travel distance for a passenger car/driver – data extracted from [166]. 
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7.2.1 Energy and Fuel Consumption 

The energy and fuel consumption results depend on the vehicle range entered into 

the sizing algorithm. Similar drive cycles, i.e. NEDC and WLTP, were used but 

with different lengths in order to match the daily average journey distance. The 

fuel cell having a larger contribution towards the vehicle propulsion will result in 

the DoH to always be above 0.5. This would mean that the power-to-energy ratio 

of the battery would be high. Specifically, for FCHEV where the FC is the 

dominant source, unlike pure EV or PHEVs. This can be further evidenced from 

the experimental data extracted for Toyota Mirai in Chapter 5. The peak charge 

rate used in the sizing algorithm was taken from Samsung batteries. The peak 

discharge and charger power of the battery are based on the C-rates available 

from commercially available vehicles such as the Toyota Mirai and literature [168].  

The ratio between the discharge and charge rates extracted from the above sources 

corresponds to a range of 1.5 to 2. Thus, this power-to-energy ratio aligns closely 

with that of the battery pack installed in the 1st generation Toyota Mirai is used. 

The vehicle battery pack (1.6 kWh) is capable of 25.5 kW peach discharge power 

for 10 to 15 seconds, which corresponds to approximately 15C discharge rate. 

With the aforementioned ratio of 1.5, this results in a peak charge C-rate of 10 C. 

Figure 98 depicts the NEDC plots for energy and fuel consumption, battery 

energy distribution (discharged, charged and recaptured energies) and SoC for a 
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DoD of 50%. Five battery capacities ranging from 1 kWh to 3 kWh are considered, 

resulting in a DoH range between 0.6 and 0.9.  

Figure 98a shows the net energy consumption of the FCHEV vehicle with a charge 

and discharge C-rates of 10C and 15C respectively. For example, with these rates 

the 3 kWh battery is capable of reaching peak charge and discharge power values 

of up to 30 kW and 45 kW. Although these peak figures are realistically only 

applicable for limited duration (typically ranging between 15 to 30 s), the battery 

surges appear within in this period for both NEDC and WLTP scenarios. 

Moreover, the net energy consumption will always be higher in a FC-dominant 

powertrain wherein the battery charge rate is restricted because of a smaller 

power-to-energy ratio.  

In the case of NEDC, the net energy consumption peaks at 58.6 kWh with the 

majority of contribution made by the FC (DoH 0.88). The figure then reaches a 

stagnation point at 56.5 kWh below 0.7 DoH. In addition, as all energy on-board 

comes from hydrogen every case should have the same net energy; but as the 

smaller batteries in large DoH are limited in absorbing braking energy, they 

require more hydrogen in the splits as highlighted in Figure 98b. This is due to the 

regenerative braking energy reaching a stagnation point once the peak charging 

power reaches or exceeds the maximum available negative power based on the 

power profile. The results show that a higher energy recuperation rate results in 

lesser amount of expended hydrogen acquired in Figure 98c. In our work, this 
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amount of hydrogen consumed or used to recharge the battery is referred to as 

‘expended hydrogen’. The expended hydrogen sees an increase after the drop as a 

result of inversely proportional contributions from the FC and battery. At DoH of 

0.66 the FC stack size is reduced, limiting the peak stack power, while the battery 

size is increased thereby resulting in a relatively higher peak charge and discharge 

powers as well as energy content. This is to match the initial and final SoC 

towards the end of the drive cycle in charge-sustaining mode as validated in 

Figure 98d. Since the NEDC has relatively higher magnitude of deceleration and 

frequent braking from high speeds, the SoC does not approach the SoCmin 

threshold value. On the contrary, the SoCmax threshold is reached at multiple 

times, after which the control algorithm restricts battery charging beyond this 

point. The global optimisation algorithm determines the optimal intervals of 

recharging the battery by using hydrogen fuel and regenerative braking. Four 

NEDC cycles were simulated in order to reach the identified daily required 

distance.  
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Figure 98: NEDC PSCS control strategy results with 10C peak charging C-rate and 50% DoD 

window modelling on 4 consecutive cycles; a: net energy consumption, b: battery energy 

distribution, c: consumed and expended hydrogen, d: battery SoC for different battery capacities 
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Plots in Figure 99 show similar modelling results with the WLTP drive cycle. 

Battery parameters such as its size, DoD, charge and discharge C-rates are kept 

the same as in the previous case. Moreover, the tractive effort requirement in 

WLTP is higher per cycle. The distance travelled per cycle equates to 

approximately 29 miles. As a result, only two WLTP cycles are compiled per 

simulation to produce the following results. Then, the scaling variable is rounded 

to achieve the full length of the journey taking into consideration the number of 

drive cycles needed to fulfil the whole journey. Thus, most of the results produced 

a similar trend as in the NEDC cycle simulation.  

The net energy consumption seen in this scenario is slightly higher due to the 

profile behaviour with faster dynamics and higher tractive effort requirements. In 

addition, the battery contribution and energy recuperation via braking is higher, 

thereby enabling the battery to be recharged less from the FC. In the FC dominant 

region the net energy consumption is seen the highest with 69 kWh (see Figure 

99a). Furthermore, the stagnation point in the net energy consumption occurs 

earlier than in the previous case, thanks to a higher amount of regenerative 

braking. The magnitude of this energy recuperation into the battery ranges 

between 1.6 kWh and 1.8 kWh in FC and battery dominant regions, respectively 

(see Figure 98b). 
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Figure 99: WLTP PSCS control strategy results with 10C peak charging C-rate and 50% DoD 

window modelled on 2 consecutive cycles; a: net energy consumption, b: battery energy 

distribution, c: consumed and expended hydrogen, d: battery SoC for different battery capacities 
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The total hydrogen consumption seen across the full vehicle range results in 3.5 kg 

and 3.3 kg with DOH values of 0.88 and 0.66. Added into this consumption is the 

expended amount of hydrogen which is used to recharge the battery, employing a 

charge-sustaining control strategy. It can be noticed that a lower magnitude  of 

expended hydrogen is seen (ranging between 0.15 kg and 0.14 kg) as a result of 

higher rates of energy recuperation as shown in Figure 98c. Figure 99d shows the 

SoC of the battery for the modified drive cycle which aims to complete a daily 

driving range. The global optimisation adheres to the constraints registered 

(described in section 6.3.5) as seen when reaching the maximum and minimum 

threshold values. In addition, the final battery SoC value equals the initial value, 

adhering to the equality constraint set. The battery pack with the smallest capacity 

of 1 kWh sees higher discharging due to the power requirements. Thus, a smaller 

battery pack than this would be undersized for this particular range and power 

profile, reason being, insufficient peak power capabilities.  

Figure 100 visualises the occurrences where the battery is recharged using the 

hydrogen fuel on on-board the vehicle. The plots are stacked on each occurrence 

for a given battery pack. This is derived based on conditional statements where 

vehicle deceleration is seen, and battery power is in the charging mode region. 

The battery has a limit on accepting limited surges of current which are dictated 

by the charging C-rate, for a specified short duration given by the manufacturers. 

This behaviour is clearly reflected in the plots below which showcase the events 
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based on the aforementioned conditions. The NEDC profile shows higher 

frequency of battery recharging events having energy magnitudes within the 

range of 3.8 kWh and 20.7 kWh for battery capacities of 1 kWh and 3 kWh 

respectively (see Figure 100a and b). Conversely, the WLTP cycle has lower 

frequency of events but with higher energy magnitudes and durations. Since the 

size of the battery as well the FC differs inversely, larger battery packs will see a 

larger magnitude of recharging in the simulation. 

 

 

Figure 100: Stacked plots depicting energy recuperation events for recharging the battery using 

hydrogen on-board the vehicle, a) NEDC profile b) WLTP profile. 
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7.2.2 System Sizing and Cost 

The sizing of the components, battery pack and FC system, is achieved based on 

an iterative optimisation process. A FCHEV typically incorporates a battery pack 

with small capacities and large FC stack for propulsion. Similar to previous 

analysis, the components’ mass and volume are derived based on the gravimetric 

and volumetric densities obtained from the date in Table 13. Since the changes 

between the two drive cycles will result in small changes, only the WLTP results 

will be presented Figure 101 shows the component sizing and system cost wherein 

the DoH ranges between 0.66 and 0.88. This range represents the dominance of FC 

system in meeting the tractive effort. From Figure 101a it can be seen that the FC 

size is 120 kW close to the  DOH 0.9 (FC dominant region) and 87 kW close to 0.66 

DoH. Although the difference between the extremes is just 2 kWh battery 

capacity, a 26 % downsizing in FC power is seen. Figure 101b displays the mass of 

the entire system in kg for a non-plugin FCHEV. It can be noticed that there is no 

major change in the total mass magnitude, corresponding to approximately 250 kg 

in all cases. The variations occur in the masses of the FC BoP components, battery 

and stack, all of which are dependent on the peak power output rating. The FC 

system BoP contributes the most reaching 36 % contribution of the entire system 

mass in DoH 0.88. In contrast, the total system magnitude varies across the DoH 

axis, showing highest volume of 300 L at the FC dominant region (see Figure 

101c). Moreover, it can be seen that the FC system BoP takes up 159 L of 
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powertrain space. Figure 101d illustrates the system costs at two rates of 

production. The first rate of production of 10,000 units per year offers a higher 

total cost, where as a mass production rate of 100,000 units per year reduces the 

cost by up to 30 %. The values of costs assumed through mass production of FC 

stacks and FC system BoP were $ 21.52/kW and $27/kW, respectively [165]. Cost 

values for DC-DC converter, H2 tank and battery packs were extracted from the 

target values presented by DoE [163]. The results show similar trend lines in each 

DoH case for the FC stack and its auxiliaries such as BoP and DC-DC converter. 

The cost of the aforementioned is directly proportional to the size of the FC stack. 

For example, the total cost of the system (119 kW stack and  1kWh battery) with a 

DoH of 0.88 is $ 17,200 (at 10k production rate) and $ 11,730 (at 100k production 

rate).  
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Table 13: CD mode results for WLTP cycle populated with battery and FC parameters. 

DoH 0.66 0.71 0.77 0.83 0.88 

Pbmin [kW] 30.00 25.00 20.00 15.00 10.00 

Pbmax [kW] 45.00 37.50 30.00 22.50 15.00 

SoC_min 0.3 

SoC_max 0.8 

SoC_0 0.8 

SoC_final 0.7991 0.7990 0.7991 0.7990 0.7990 

C-rate 10.0 

D-rate 15.0 

Q_Bat [kWh] 3.00 2.50 2.00 1.50 1.00 

FC size [kW] 87.71 95.61 103.50 111.39 119.29 

Fcmax [kW] 87.71 95.61 103.50 111.39 119.29 

H2 Consumed [kg] 3.33 3.33 3.33 3.36 3.46 

Expended H2 [kg] 0.26 0.26 0.25 0.26 0.28 

FC Energy [kWh] 66.51 66.51 66.63 67.17 68.97 

Net Energy [kWh] 66.51 66.51 66.63 67.17 68.97 

System Vol [L] 237.12 249.70 262.45 275.72 290.64 

System Mass [kg] 245.51 245.55 245.71 246.26 248.01 

Total Cost at 10k rate [$] 13,212 14,199 15,188 16,185 17,202 

Total Cost at 100k rate [$] 91,65 97,98 10,433 11,074 11,734 
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Figure 101: Component sizing and cost derivation of FCHEV based on WLTP cycle; a: FC and 

battery sizing, b: system mass, c: system volume and d: system cost. 
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7.3 Summary 

 

This chapter presented a novel sizing strategy for a fuel cell hybrid powertrain. 

Low temperature hydrogen fuel cell systems on their own introduce, in terms of 

economic, performance and compactness, challenges. Thus, hybridisation using a 

battery with high power-to-energy ratio can assist in energy recuperation and fuel 

cell downsizing.  

The approach began with the creation of a vehicle powertrain model followed by 

an optimisation using dynamic programming which used a variety of  input 

parameters. Having acquired a benchmark vehicle specification to feed into the 

vehicle model built in Chapter 5, power requirement based on specific drive 

cycles were obtained. An optimisation problem with pre-defined equality and 

inequality constraints, along with upper and lower boundary conditions with 

accepted tolerance levels, was formulated. It was found that the sizing of 

components could have a direct effect on the mass and volume of the powertrain. 

Thus, observing sensitivities around scaling of each components within the 

propulsion system enables the design optimisation to reach an optimal degree of 

hybridisation. An important aspect when hybridising is the capability of a battery 

pack to accept current surges in event of vehicle braking or deceleration. Since 

there are several battery chemistries, Lithium-ion chemistry is predominantly 

used in the automotive industry due to its power density and charging C-rates.  
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Two different widely applicable control modes (CD and CS) were illustrated 

based on two distinct drive cycles. In the CD control mode, the strategy allows for 

contributions from both power sources for propulsion, while restricting the use of 

hydrogen for battery recharging. This requires the battery on-board to have a 

plug-in charging feature. Hence, the powertrain configuration is classed as a plug-

in hybrid. Moreover, the battery pack incorporated is sized to have a larger 

capacity such that the desired range is fulfilled on a single full charge. In addition, 

this configuration offers a relatively longer BER. With four different charging C-

rates (0.5C, 1C, 1,5C and 2C) considered in the study in each drive cycle, the 

results vary slightly. The results indicate that there is a strong correlation between 

the battery’s ability to accept high currents (at high charging C-rates) and its 

capacity, gravimetric and volumetric densities. Although a larger pack offers a 

longer BER, but the with significantly higher added mass on to the powertrain. 

Conversely, a FC dominant powertrain may reduce the system mass, however, the 

volume requirement will be higher due to auxiliaries such as the BoP, storage 

tanks and power conditioning units. This outcome could present a challenge in 

terms of packaging, which may lead to higher drag on the vehicle.  

In CS mode, the strategy aims at recharging the battery pack using the hydrogen 

fuel on-board the vehicle such that the final SoC equates the initial SoC. In this 

FCHEV configuration, the plug-in option is absent and thus sizing is done based 

on a daily average distance travelled. This enables the battery pack to be sized 
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considerably smaller than in the previous case. However, the peak discharge and 

charge C-rates of such high power-to-energy ratio based batteries are high. In our 

case, 15 C for discharge and 10 C for charging were used. The results show that 

the cost function for the power split controller adheres well towards the 

constraints and delivers minimisation based on the strategy described in 6.3.9, 

resulting in DoH range of 0.66 to 0.9. The optimality in this range was found to be 

at DoH 0.77 due to the least amount of hydrogen consumption and expended into 

the battery. 
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8 Conclusions 

8.1 Summary and conclusions 

This thesis presented work, in the form of experimentation, modelling and 

simulation, on two aspects; systems integration of a PEMFC system and 

implementation of design optimisation strategy on a fuel cell hybridised with 

battery powertrain. Any optimisation in these two areas resulting in fuel savings, 

and cost savings, is advantageous in providing hydrogen electrification solutions 

such as the fuel cell technology the cost competiveness it needs. Unlocking cost 

competitiveness of fuel cell system remains a challenge, thus optimisation in the 

system integration to minimise the system cost by optimal sizing is required. On 

the system integration side, a liquid cooled 5 kW low temperature polymer 

electrolyte membrane fuel cell (PEMFC) system with a bespoke balance of plant 

(BoP) was designed and integrated, as discussed in Chapter 3. The design 

involved all four sub-systems consisting anode, cathode, thermal management 

and electrical power conditioning sub-systems.  

Following this, a control system for the built system was developed in LabVIEW 

graphical software environment interfaced with a robust embedded controller 

(cRIO). This laboratory-scale set up was then used in carrying out experimentation 

with the aim of devising a hydrogen purging strategy needed in the anode 

compartment of the fuel cell stack, all of which was extensively presented in 
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Chapter 4 of this thesis. The devised anode purging strategy procedure was 

independent of time or the duration of operation. Instead, a new parameter (Ah), 

relying solely on the current drawn from the fuel cell stack, was proposed in the 

study. The conclusion of this aspect of the thesis was the identification of an ideal 

range between 22 to 32 Ah function with an anode design employing a 

recirculation pump.  

Modelling work enables easier analysis and provides relevant scrutiny of real 

world systems. For this reason, vehicle modelling, consisting of relevant sub-

systems such as the electrical-equivalent fuel cell, battery, DC-DC converter, 

electric motor, was conducted in Chapter 5 using the AVL Cruise M software 

package. A rule-based or heuristic control strategy was developed and simulated 

in the software, using the Toyota Mirai as a benchmark vehicle. An extensive 

amount of raw data on this fuel cell vehicle was available that allowed us to 

conduct a comparative study on the obtained modelling and simulation results. 

The results showed similar pattern in the functional behaviour of our rule-based 

controller and how Toyota Mirai operates in the NEDC and WLTP drive cycles.  

In Chapter 6, the design optimisation strategy aimed at finding optimal 

component sizing solutions within a range of varying degree of hybridisation 

(DoH), employing two different control modes; charge sustaining (CS) and charge 

depletion (CD). Problem formulation through dynamic programming, mimicking 

a model-based energy management strategy (EMS) was implemented and 
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analysed, utilising the already built vehicle mode in Chapter 5. Furthermore, the 

applicability of these control modes depend on the powertrain configuration, be it 

a plug-in fuel cell hybrid electric vehicle (FCHEV) or a fuel cell dominant FCHEV. 

The adopted non-linear constrained global optimisation process was iterative in 

nature, thereby enabling extraction of minimised parameters. The findings from 

the design optimisation study are summarised as below; 

 The integration of the EMS with the component sizing phase of the 

powertrain plays a vital role. In our case, the power split ratio embedded 

within the control mechanism dictated the DoH, having a direct effect on 

fuel cell and battery sizing. 

 Charge depletion control results suggest that, with low power-to-energy 

ratio and C-rates (0.5 C, 1C, 1.5C and 2C) of the battery pack based on 

Lithium-ion chemistry, a plugin-in FCHEV powertrain configuration is 

more appropriate. In this configuration, the battery can be recharged using 

the grid electricity, while offering a battery-only electric range (BER). The 

criteria used for identifying optimal solutions was the net energy 

consumption of the vehicle throughout the entire vehicle range. Of course, 

this parameter being a function of the regenerative braking energy, the 

charging C-rates play a vital role in the rate of recapturing the energy and 

storage. The DoH with optimal results corresponding to the 

aforementioned battery charging C-rates were found to be 0.3, 0.4, 0.5 and 
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0.6 in NEDC and 0.5, 0.6, 0.7 and 0.7 in WLTP cycles, respectively. The 

former set of DoH resulted in larger battery size than in the latter case due 

to magnitude differences in the magnitude of energy recuperation which 

effects the energy consumption. Finally, the costs as well as the gravimetric 

and volumetric size of the power components, including the BoP, were 

found to be directly proportional to the power and energy ratings of the 

fuel cell and battery, respectively. 

 In CS control mode, the C-rates were significantly higher due to the need of 

having larger power-to-energy ratio in the battery packs. This gave a DoH 

range of 0.66 to 0.88. Hydrogen being the only source of energy on-board 

the vehicle, the battery is allowed to be recharged by the fuel cell using the 

hydrogen fuel. This added ‘expended hydrogen’ parameter in the criteria 

of proposed optimal solutions.  

8.2 Future Recommended Work 

Although the experimentation and modelling work in this research project 

achieved their goals with satisfactory results, there can be further improvement 

and work in the two segments. On the PEMFC system side, the anode purging 

strategy can be further developed by carrying out statistical manipulations on the 

individual cell voltages. To avoid cell flooding in the anode side, the system could 

be integrated with additional flow rate, temperature and relative humidity sensors 

at the outlet of anode. Furthermore, although the hydrogen recirculation pump in 
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the current system had very small power consumption, a passive high flow rate 

hydrogen injector can be employed to replace the pump. 

The physical system can be demonstrated in a prototype vehicle with a battery 

pack or supercapacitor bank. The powertrain can be attached to a dynamometer 

test rig for emulating real world conditions. With this approach, the design 

optimisation can be employed and validated depending on several parameters 

such as the battery chemistry, drive cycle and vehicle specifications. Since the 

undertaken optimiser already uses model-based systems, it can be further 

modified to adopt the model predictive control (MPC) theory with the aim of 

greater minimisation. MPC within the supervisory controller will require a 

prediction horizon for optimisation which, in the case of an electric vehicle, can be 

acquired from the satellite navigation systems data on board.   

In addition to the above recommended work, a sensitivity analysis using the 

algorithm can be made. This should include a different type vehicle powertrain 

such a heavy duty or long haul truck. In this case the battery chemistry can play a 

vital role. Lithium-ion batteries have multiple different cathode materials such as 

nickel manganese-cobalt (NMC), lithium iron phosphate (LFP) and lithium 

titanium-oxide (LTO). Each of these will slightly differ in power and energy 

density, cost and cycle life. Hence, integrating these variables into the design 

optimisation strategy, in the form of constraints, will result in obtaining a 

feasibility region that can allow for better applicability.   
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Appendices 

I.  Developed Hydrogen Fuel Cell and Balance of Plant  
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Figure 102: Test rig set up used for experimentation in this work, depicting various sub-systems 
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II. LabVIEW Front Panel Control and Data Monitoring 

 

Figure 103: LabVIEW front panel view of the software, for control and data logging. 
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III. LabVIEW Software Program Code 

 

Figure 104: LabVIEW software program with cRIO embedded controller signal and data manipulation. 
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IV. Toyota Mirai Data 

 

 

Figure 105: NEDC and WLTP cycle data extracted from Toyota Mirai results available from 

Argonne National lab. 
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V. Matlab Design Optimisation Matrices 
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