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1
General Introduction

In 2020, the International Council of Clean Transportation (ICCT) published a report that casts light on

the environmental impact of regional air transport. It revealed that regional aviation contributes to 5% of

global aviation emissions and, more alarmingly, mass of CO2 emitted increased by 9% from 2013 to 2019

[1]. The increase in emissions was primarily attributed to the slow advancements in fuel efficiency for

regional aircraft, as the number of flights remained relatively steady during the period. Notably, even two

of the top 10 regional aircraft, the De Havilland Dash 8-Q400 and the ATR 72-600, celebrated for their

fuel efficiency, recorded concerning emissions spikes between 2013 and 2019 [1]. These disconcerting

figures underscore the pressing need for the implementation of fuel-efficient and environmentally friendly

propulsion systems in the regional aviation sector.

In response to the escalating carbon emissions within the aviation sector, hydrogen-based propulsion

systems have gained significant momentum as a viable alternative to conventional fossil fuel-based

mechanisms. Both the European Union, through its ”Fly the Green Deal” initiative [2], and the International

Air Transport Association (IATA), with its ”Aircraft Technology Net-Zero Roadmap” [3], have set a clear

timeline for the introduction of hydrogen-based regional aircraft into active service by 2035.

In contrast to hydrogen combustion, hydrogen fuel cells present an appealing alternative for propulsion

due to their negligibly low-emission operation. Hydrogen fuel cells, unlike traditional combustion engines,

don’t release harmful pollutants. Instead, they produce water because of their lower operating temperature

[4], making them an eco-friendly choice for powering aircraft. This inherent advantage of hydrogen fuel

cells serves as the foundation for the development of hydrogen-electric propulsion systems (HEPS) in the

aviation industry.

The utilisation of hydrogen fuel cells in HEPS capitalises on their high energy density and environmen-

tally friendly attributes. These attributes have spurred a surge in efforts aimed at creating efficient and

sustainable hydrogen-electric propulsion systems for aviation. However, it is essential to acknowledge

that while hydrogen fuel cells offer remarkable benefits, their application for high-power requirements

necessitates a more intricate and extensive balance of plant (BoP) [4, 5]. The BoP comprises diverse

systems, encompassing power conditioning units, thermal management, control systems, pumps, and

supplementary components. These components govern inputs, outputs, and environmental conditions,

ensuring the optimal and secure operation of the fuel cell system. An intricate Balance of Plant (BoP)

increases the size of the fuel cell system (FCS), leading to a higher maximum take-off mass (MTOM) for

the aircraft. This heightened MTOM can potentially diminish the aircraft’s overall efficiency, impacting

aircraft operations and pilot procedures.

Therefore, in the pursuit of optimising hydrogen-electric propulsion systems (HEPS) for aviation, there

is an increasing consensus among researchers regarding the integration of batteries as auxiliary power

sources [6–8]. This integration serves as a peak power-shaving strategy to complement hydrogen fuel cells.

Batteries play a crucial role in supplying additional power during high-demand flight phases. Simultaneously,

they contribute to a reduction in aircraft mass by alleviating the load on the full cell system (FCS). This

highlights the multifaceted nature of powertrain architecture in hydrogen-electric propulsion systems, which

encompasses various critical subsystems. These include the fuel cell stack, responsible for electricity

generation; the thermal management system, vital for temperature regulation; and power management,

ensuring efficient energy distribution, among other components.

2
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The successful integration of Hydrogen Electric Propulsion Systems (HEPS) into real aircraft settings

necessitates an in-depth understanding of how this sophisticated system operates and interacts with human

pilots across a spectrum of conditions and scenarios. Among these critical aviation phases, the go-around

stands out, involving a rapid shift from approach to takeoff thrust—an essential juncture in flight operations.

The reliability and performance of the propulsion system during this manoeuvre profoundly impact not only

safety measures but also the overall efficiency and performance benchmarks of the aircraft. Hence, it

becomes imperative to conduct a comprehensive examination of the Hydrogen-Electric Propulsion System

(HEPS). Understanding the nuances of HEPS performance and functionality, especially during pivotal

flight operations like go-around manoeuvres, requires detailed modelling of its intricate dynamics. This

study aims to construct an HEPS model specifically designed to evaluate and analyse alterations in human

interaction and flight procedures within the go-around operational phase.



2
Literature Review

This chapter presents a thorough examination of the existing body of knowledge in the field of hydrogen-

electric propulsion (HEP) systems, and go-arounds. By synthesising and analysing existing literature, this

chapter will lay a solid foundation for the following chapters, in which a comprehensive model for the HEP

systems will be developed and simulated.

2.1. Sustainable Aviation
The aviation industry has grown steadily over the last few decades. This expansion also resulted in aviation

accounting for 2% of global energy-related CO2 emissions in 2022, with growth outpacing that of rail,

road, or shipping in recent decades [9] . In fact, as stated to a report by the Advisory Council for Aviation

Research and Innovation in Europe (ACARE), aviation contributes to up to 4% of total carbon emissions

in Europe [2] . According to a study by Environmental and Energy Study Institute (EESI) commercial

aviation contributed to around 5% of world’s total climate impact which includes the non-CO2 emissions

such as aircraft contrails and NOx etc.[10] . The research also predicts that with the current trend of

growth, these emissions could triple by 2050. To address the challenge of carbonising the aviation industry,

various international organisations, such as the International Air Transport Association (IATA) [11] , the

International Civil Aviation Organization (ICAO) [12] , and the ICCT, have committed to achieving net-zero

CO2 emission goals by 2050. In light of these policy changes, the aviation industry is actively exploring

low-carbon emitting fuel alternatives, including Sustainable Aviation Fuel (SAF), batteries, and liquid

hydrogen solutions.

According to IATA, Sustainable Aviation Fuel, being derived from non-fossil sources, has the potential

to reduce greenhouse gas emissions by 65% in 2050 [11] . However, it may not entirely eliminate emissions

from aviation [13] . Batteries, on the other hand, pose challenges due to their low energy density, making

them heavier and potentially less efficient for installation on commercial aircraft as stated by Eisenhut et

al.[14] and Finger et al. [15] . Consequently, there is a substantial focus on hydrogen-based solutions,

which encompass hydrogen combustion and hydrogen fuel cells (HFC).

2.2. Hydrogen-Based Aviation
Hydrogen serves as a promising energy storage medium owing to its carbon-free and relatively pure

characteristics. Therefore, to counter the environmental concern caused by Jet A-1 fuel as well depletion

of fossil fuels, hydrogen is actively being considered as a long-term replacement solution. According to

a 2020 report by the European Commission [16], hydrogen combustion has the potential to reduce the

climate impact of flight (CO2 and non-CO2 effects) by approximately 50% to 75%, while fuel-cell propulsion

could offer even more substantial reductions, ranging from 75% to 90%.

Von Ohain was the first to use hydrogen as a fuel for his turbojet engine derivative, the HeS-1, in an

innovative approach in 1937 [17]. Later, in the late 1950s, the United States Air Force tested the feasibility

of using liquid hydrogen as a fuel for aero-engines [17] . Fast forward two decades to the oil crisis, and

Brewer suggested the potential of liquid hydrogen (LH2) as a viable commercial aircraft fuel [18]. Brewer

emphasised the critical importance of a concerted effort from the aviation and scientific communities

to pave the way for LH2-fuelled aviation to become a reality. In the subsequent decades, numerous

researchers and organisations explored hydrogen as a potential fuel source. In 1990, Victor conducted

4
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research on hydrogen’s potential to reduce CO2emissions [19] . A study conducted by Hagling et al. in

2006 [20] highlighted that while hydrogen combustion could eliminate CO2 emissions, it still resulted in the

generation of water vapor and nitrogen oxides (NOx), which could contribute to the greenhouse effect.

Hence, it can be argued that a LH2 combustion engine might not be the optimal choice in the pursuit of

sustainable aviation propulsion systems.

2.2.1. Hydrogen Fuel Cells (HFC)
The first crude hydrogen fuel cells were developed in 1838 by William Grove, who documented his findings

in an article [21] . Almost a century later, in 1932, Francis Thomas Bacon invented hydrogen-oxygen fuel

cells [22] , paving the way for fuel cell technology to be commercialised. According to Li [23] , a fuel cell

is an electrochemical device that directly converts the chemical energy resulting from the fuel-oxidant

reaction into electrical energy. The process of breaking and forming bonds during the the fuel-oxidant

reaction can be seen at the atomic level as electron rearrangement. As a result, there is an opportunity to

capture electrical energy by capturing electrons as they transition to form new, lower-energy bonds. This

is the primary function of fuel cells [5].

Figure 2.1: Schematic of basic fuel cell [23]

In a fuel cell, there are three primary components: a fuel electrode (anode), an oxidant electrode

(cathode), and an electrolyte situated between them. The operational principle of typical acid fuel cells

involves the following steps [5, 23]:

1. Molecular hydrogen is delivered from a gas flow stream to one of the electrodes, often referred to as

the anode (or fuel electrode). At the anode, hydrogen (fuel) undergoes oxidation at the interface of

the anode and the electrolyte:

Anode half-cell reaction: H2 ⇒ 2H+ + 2e−

2. The protons migrate through the acidic electrolyte, while the electrons are directed through an external

circuit. Both protons and electrons eventually reach the cathode (or oxidant electrode).

3. At the cathode, protons and electrons combine with oxygen supplied from an external gas flow

stream, leading to the formation of water:

Cathode half-cell reaction: 1
2O2 + 2H+ + 2e− ⇒ H2O

As seen in Figure 2.1, the completion of the circuit and the provision of electric current to the load

are achieved through proton transfer within the electrolyte and the flow of electrons through the wire. In

addition, the electrochemical reactions and the migration of protons result in the generation of waste heat.

Thus, the comprehensive reaction within the fuel cell can be described as:

H2 +
1

2
O2 ⇒ H2O +∆+ ε

where ∆ and ε represent waste heat and useful electrical energy respectively.
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HFCs, employing a redox reaction between hydrogen and oxygen to produce electrical current, present

themselves as a remarkably promising choice for advanced and sustainable propulsion systems for aircraft.

While various types of fuel cells are available today, the Proton Exchange Membrane Fuel Cell (PEMFC)

stands as the top contender for fuel cell-based propulsion systems.

Proton Exchange Membrane Fuel Cell (PEMFC)
The Proton Exchange Membrane Fuel Cell (PEMFC), alternatively referred to as the Polymer Electrolyte

Membrane Fuel Cell, was originally conceived in the 1960s by General Electric engineers. Its development

aimed to address the limitations of solid-oxide fuel cells (SOFCs), which were characterised by the use of

costly materials and restricted to stationary applications [24].

Figure 2.2: Fuel cell structure of PEMFC [25]

In their analytical study on fuel cells [26], Mekhilef et al. detailed the key components of a PEMFC. These

components comprise bipolar plates and a membrane electrode assembly (MEA), which encompasses a

catalyst layer, a gas diffusion layer, and the central Proton Exchange Membrane (PEM). The PEM’s notable

characteristics include low penetrability and high proton conductivity, enabling it to transport protons from

the anode to the cathode while impeding the passage of electrons and reactants [26]. The PEM must be

kept consistently hydrated with liquid water to ensure continuous conductivity. As a result, the temperature

inside the cell must be closely monitored because water evaporation could cause the membrane to dry

out. The gas diffusion layer is also mentioned as being crucial for ensuring uniform fuel access, which

allows electrons to flow through the external circuit and generate electricity at the anode [5, 26]. Figure 2.2

provides a visual representation of a PEMFC fuel cell’s general structure.

In their book on fuel cells [5], O’Hayre et al. emphasised that the PEMFC currently has the highest

power density compared to all other fuel cell types, with power densities ranging from 500mWcm−2 to

2500mWcm−2. Furthermore, it excels in rapid start-up and shut-down capabilities, as well as the ability

to operate at relatively low temperatures, typically below 90 °C [5]. These distinguishing features make it

particularly well-suited for a wide range of applications, including potential replacement of combustion-based

propulsion systems.

2.2.2. Fuel Cell Applications for Aviation
Fuel cell systems (FCSs) have garnered considerable attention in the scientific community in recent years

due to their remarkable efficiency and lack of emissions during operation. This has resulted in numerous

publications focusing on their potential applications in aircraft. As Friedrich et al. [27] and Kadyk et al.

[28] have noted, fuel cells offer several advantages over liquid hydrogen combustion. These advantages

include durability, reliability, quiet operations, zero emissions and increased efficiency, which in turn lowers

fuel requirements. Additionally, the integration of fuel cells into aircraft systems that utilise byproducts like

water, heat, or exhaust air facilitates vital functions such as de-icing, cabin air conditioning, and water

supply [28].
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In the context of fuel cell applications in aircraft, investigations by Scholz et al. [29] and Kazula et

al. [25] have highlighted the advantages of PEMFC. These advantages include high specific power,

good efficiency (ranging from 40% to 60%), rapid start-up capabilities, and operation at low temperatures.

Similar conclusions were drawn by Rendón in their paper on aircraft hybrid-electric propulsion [30], where

it was noted that PEMFCs fuelled by hydrogen exhibit lower weight compared to SOFCs. Additionally,

PEMFCs offer characteristics such as high current densities, and high energy density. Due to its advanced

technology readiness level, PEMFC has already found practical application in the propulsion systems of

small aircraft [25, 31].

Numerous fuel cell unmanned aerial vehicles (UAVs) and demonstrator aircraft have effectively show-

cased the practical application of fuel cell technology in aviation. Prominent examples encompass the

Boeing Fuel Cell Demonstrator [32], Antares DLR-H2 [33], ENFICA-FC Rapid 200-FC [34], as well as

several smaller UAVs [35–37]. Collaborating with H2Fly, the German Aerospace Center (DLR) transitioned

from the Antares DLR-H2 and Antares-H3 to world’s first hydrogen-electric passenger aircraft, the HY4. In

September 2016, the HY4 aircraft took its inaugural flight [38]. In January 2023, a significant milestone

was achieved in the domain of hydrogen-electric propulsion systems (HEPS) when ZeroAvia accomplished

a successful flight using HEPS technology with a Dornier 228 [39]. Within just six weeks, in March 2023,

Universal Hydrogen achieved another remarkable feat by flying a modified Dash-8 Q300 equipped with

HEPS for a duration of 15 minutes, setting a record as the largest hydrogen-powered aircraft to date [40].

It is important to note that despite these achievements, the application of cutting-edge fuel cell technology

to larger aircraft remains challenging, primarily due to the substantial power requirements at low weight,

which currently exceed its capabilities, as stated in an investigation on fuel cell based aircraft by Scholz et

al. [29]. Nonetheless, it’s worth emphasising that several companies, including ZeroAvia1 and Conscious

Aerospace2, are actively dedicated to the development of commercial hydrogen-electric aircraft. These

endeavours are anticipated to result in commercial offerings in the vicinity of 2027-2028.

With anticipated advancements in fuel cell technology on the horizon, concept studies have been

undertaken across various aircraft categories, as collected by Sahoo, Zhao and Kyprianidis in their research

[41]. These studies encompass commuter aircraft [42–44], regional aircraft [6, 8, 45], and short-to-mid-

range aircraft [46, 47]. Concepts of larger aircraft are also being investigated by NASA and Boeing [48].

These investigations aim to explore the feasibility and potential applications of fuel cell technology in

diverse aviation scenarios. This research will focus on the application of HEPS on regional aircraft.

2.3. Hydrogen-Electric Propulsion for Regional Aircraft
The European Union’s commitment to achieving net-zero emissions includes ambitious plans to introduce

hydrogen and hybrid electric solutions for regional and short-to-medium-range (SMR) aircraft by 2030,

with the possibility of these solutions entering into operational service by 2035 [2]. As a result, there has

been a significant increase in research efforts dedicated to novel propulsion systems for regional aircraft in

recent years. Hydrogen fuel cells (HFCs) have emerged as a point of interest in the area of innovative

regional aircraft propulsion systems, and they have been integrated to varying degrees in these research

efforts defined by the powertrain topology.

Zamboni et al. introduced a method for the conceptual design of hybrid-electric aircraft in their paper[49].

While this particular paper assumed the use of batteries rather than fuel cells, it did lay the groundwork for

the conceptual design of hybrid systems that use HFCs. Palladino et al. [45] conducted research focusing

on a parallel hybrid propulsion system, which combines a conventional gas turbine with a fuel cell system.

This approach is considered a short-to-medium-term solution due to its perceived energy efficiency and

lightweight characteristics, as supported by studies conducted by Zamboni et al. [49].

Palladino et al.’s paper involved retrofitting the hybrid propulsion system onto the ATR72 aircraft.

Each propeller was powered by both the electric motor and the gas turbine, with the balance between

the two power sources determined by the power hybridisation factor (ratio between the power supplied

by the electric motor and the total power delivered to the propeller). After evaluating the weight and

volume requirements for a fully hybrid flight, the paper opted to use electrical power exclusively during the

climb and cruise phases of flight. The investigation then assessed emission reductions for hybridisation

1https://zeroavia.com/about-us/
2https://www.consciousaerospace.com/company

https://zeroavia.com/about-us/
https://www.consciousaerospace.com/company
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factors ranging from 0.1 to 0.5. The paper found that the highest emission reduction was achieved with a

hybridisation factor of 0.45, corresponding to an electric power output of 800 kW per side. The paper’s

conclusion highlighted the potential of hydrogen-based electric propulsion to significantly reduce aircraft

emissions, even with the state-of-the-art technological capabilities available today. Other studies with

similar hybrid-electric propulsion with gas turbines were conducted by Orefice et al [50] and Pastra et al.

[51].

A fully electric powertrain based on HFCs has also been explored as a propulsion system option. This

powertrain configuration features a single power path that starts at the fuel tank and through the fuel-cell

system, the Power Management and Distribution Unit (PMAD), connects to the electric motor responsible

for driving the aircraft’s propeller.

Kazula, Staggat, and Graff conducted a comprehensive investigation into the functional and safety

challenges associated with HFC systems in their research [7]. The study primarily focuses on PEMFCs as

the primary energy source for electrified aircraft propulsion, identifying potential shortcomings and safety

considerations. The research included a Functional Hazard Analysis and a safety assessment process

following the guidelines of ARP4761 and ARP4754A, respectively. The study’s key findings highlighted that,

before the widespread implementation of HFCs in commercial aviation, certain design challenges must

be addressed. These challenges encompass functional independence, solutions for cold start conditions,

heat transfer mechanisms, and lightweight design considerations. Furthermore, the research underscored

that safety concerns may arise due to the substantial amount of electric energy involved in the process.

In another research by Pontika et al. [8], an analysis of the mission performance characteristics of a Fuel

Cell (FC) regional aircraft system was conducted, contrasting it with a conventional regional aircraft and a

retrofit of a hydrogen gas turbine regional aircraft. The baseline aircraft shared geometrical similarities

with the ATR72, featured twin turboprop engine models, each rated at 2 MW and had 8-propellers. The

study comprehensively modelled the entire fuel cell system and assessed the aircraft’s performance.

Notably, when performing the same mission as its counterparts, the fuel cell aircraft weighed more due

to the additional weight of the FC system, and thus, it necessitated increased thrust requirements. The

fuel consumption of the FC aircraft was significantly lower compared to that of the conventional aircraft,

resulting in a slower reduction in weight over the mission duration compared to the conventional aircraft,

which could affect the landing mass. According to the research, FC efficiency was lower at higher power

settings, such as take-off and climb, but significantly higher at lower power settings, such as taxi and

descent. In the research’s conclusion, Pontika et al. pointed out that, despite a potential increase in

propulsion system mass, an FC aircraft retrofit results in lower emissions and overall improved propulsion

efficiency compared to the hydrogen gas turbine aircraft, owing to the FC’s lower fuel consumption. They

suggested that future efforts should focus on the design of a hybrid propulsion system by optimising the

FC configuration for cruise conditions, where it excels in efficiency, and integrating it with batteries to meet

take-off and climb requirements. Additionally, careful consideration was recommended in selecting the

maximum FC net power to ensure sufficient power under a variety of cruise and ambient conditions, as

well as accounting for potential efficiency drops in the electric power system.

2.3.1. Battery Supported Hydrogen-Electric Propulsion
Marciello et al. conducted a comprehensive investigation into the design of three hybrid-electric aircraft

configurations [6], taking into account technology forecasts, including the usage of battery-backed PEMFC

propulsion systems, in the context of the EU’s GENESIS (Gauging the ENvironmEntal Sustainability of

electrIc and hybrid aircraft Systems) project. Figure 2.3 depicts an energy architecture scenario in which a

fuel cell system is the primary power source and batteries are used as a backup. To model distributed

electric propulsion, the paper’s writers used a secondary propulsion line. This research emphasises that

determining the best point for maximum fuel savings is dependent on the battery usage strategy used

during the flight mission. Specifically, using batteries during longer phases reduces the amount of energy

drawn from the fuel cell system(s).

The study included an examination of aircraft with hybrid propulsion systems, with a Supplied Power

Ratio taken into account at various stages such as take-off and climb. Under nominal conditions, this

ratio represents the proportion of power supplied by the battery system relative to the total source power,

which includes fuel-cell system and batteries. It was assumed that no battery power was used during the

descent, landing, taxiing, alternate, and holding phases. The findings indicated that battery-backed Fuel
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Figure 2.3: Hybrid-electric propulsion system based on hydrogen-based fuel cells and batteries [6]

Cell configurations for an aircraft similar to the ATR, designed for a range of 600 nautical miles, could

yield fuel consumption reductions over 85% for a typical 200-nautical-mile mission and over 70% for a

600-nautical-mile mission.

In another research conducted by Gao et al. [52], research was focused on hydrogen electric hybrid

aircraft. The study discussed a multiple-propeller, fixed-wing airplane that incorporated an FC/lithium

battery hybrid power source system. Within this configuration, the FC system was identified as the primary

power source, while the lithium batteries were seen to play a crucial role in buffering transient loads.

The paper highlighted that FC regional aircraft with a range of 1,000 kilometres could potentially

achieve an 8% reduction in energy consumption and significantly decrease climate impact by 80-90%

with an 15% increase in MTOM compared to conventional aircraft. To realise these benefits, the paper

emphasised the importance of implementing energy management strategies in FC aircraft operations. They

suggest that these strategies should be designed to accomplish various objectives, including minimising

hydrogen consumption, extending the FC’s operational lifespan, maximising overall system efficiency, and

maintaining a narrow range for battery state-of-charge (SoC). Additionally, effective FC electric hybrid

control functions were deemed essential for appropriately distributing power and torque between the FC

and the electric powertrain.

2.4. Powerplant Components
In the context of a HEPS, the powerplant, like a traditional internal combustion engine, is dependent on

a number of supporting subsystems to maintain optimum state of operation and ensure the reliability

of the entire system. These critical subsystems, include the Balance of Plant (BoP) components which

manage functions such as fuel and oxidiser supply, waste heat management, water management, power

distribution, and fuel cell monitoring. Thus, these subsystems are important to consider when modelling

HEPS [37].

2.4.1. Fuel Cell Stack
Accoding to Larminie and Dicks [4], a single fuel cell typically produces only 0.8 to 1.0 volts. To achieve

higher voltage output, multiple fuel cells are often connected in series, forming what is known as a fuel

cell stack [53]. The primary PEMFC stack configuration is known as ’bipolar plate stacking’, named after

the conductive plate that interconnects adjacent cells. This arrangement simplifies electrical connections

between cells and reduces ohmic losses [43]. In an effort to address the voltage requirements for powering

regional aircraft, Zaghari et al. [54] explored multi-stack configurations to enhance power output. For their

research, they considered two fixed 2000V DC-bus systems for a 4MW fully electrified (retrofit) aircraft.

The paper underscores that the choice of FC configurations and architecture significantly influences system

weight and power loss in the event of failure, ultimately concluding that a configuration with 4 stacks
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connected in series proved to be the most reliable.

2.4.2. Hydrogen Supply: Fuel Tank
Storing hydrogen on board poses a significant challenge for hydrogen-based powertrains. Even with a

superior weight energy density, hydrogen has a disadvantage in terms of volumetric energy density in

comparison to conventional hydrocarbon fuels making it difficult to store [4].

One prominent storage method in hydrogen-powered aircraft applications is the use of cryo-compression

tanks. Verstraete et al. [55] discuss design of twin LH2 tanks for regional aircraft. These tanks feature

approximately 12 to 13 cm of insulation, operate at low pressures ranging from 1.7 to 3 bar, and maintain

cryogenic temperatures at around 20.3 K. The hydrogen boil-off from the tank is warmed up to the

operating temperatures before entering the fuel cell stack. This technology represents a promising avenue

for enhancing hydrogen storage in aviation. Additionally, Larminie and Dicks [4] also suggest various

chemical storage methods for hydrogen.

2.4.3. Air Supply: Compressor
The fuel cell’s oxygen supply differs from onboard storage, relying instead on filtered ambient air. However,

this approach introduces challenges related to oxygen concentration at the cathode, particularly at high

altitudes due to low ambient pressure, which can impede fuel cell performance.

To address this, compressors are employed to elevate the air pressure within the fuel cell [4] generally

between ambient pressure, and maximally around 2 bar gauge pressure [42]. While this addition of

compressor enhances the fuel cell’s open circuit voltage and oxygen supply, it also adds extra weight

and power demands, ultimately impacting the overall aircraft performance. Nevertheless, air compression

remains an appealing choice for aircraft applications of HFCs [4]. The compression process can be

regarded as adiabatic, meaning that it occurs without the transfer of heat into or out of the system. As

a result of this compression, high temperatures can be attained at the compressor outlet and thus there

might be need to cool down the air to operating temperatures [53].

2.4.4. Water Management
Low Temperature PEM Fuel Cells (LT-PEMFC) necessitate precise control of water content within the

electrolyte membrane for optimal performance. While proton conductivity in the membrane is directly tied

to its water content, excessive water within the fuel cell can lead to electrode flooding, potentially clogging

the porous gas diffusion [4, 5]. As per Ji and Wei, maintaining this delicate equilibrium is vital to prevent

fuel cell degradation and ensure high performance, representing the core challenge of water management

[56].

To tackle this challenge, researchers have explored various approaches. Some researchers, like

Buchi and Srinivasan [57], and Hogarth and Benziger [58], have delved into self-humidifying fuel cells

that use water produced at the cathode to keep the membrane hydrated, while excess water is removed

by the oxygen supply. However, achieving the right balance in this auto-humidification process can be

challenging, particularly when high currents may dry out the cathode faster than water production can

replenish it. Consequently, the most widely adopted solution involves passing the reactant gases (oxygen

and hydrogen) through a humidifier before entering the fuel cell stack. The water produced within the cell

can be utilised in this humidification process, as well as for thermal management purposes [4].

2.4.5. Thermal Management System
In an ideal PEMFC operating at temperatures around 80 °C, approximately 80% of the chemical energy

undergoes conversion into electrical energy. The remaining 20% is dissipated as thermal energy, commonly

referred to as waste heat [4]. Hence, most larger PEMFC systems necessitate active cooling for temperature

control. They also require provisions for cold starts and substantial cooling, all while accommodating only

minor temperature variations within the stack. As a result, this leads to the development of robust and

weighty thermal management systems (TMS) [5].

Numerous researchers emphasize the significance of TMS in the fuel cell balance of plant (BoP). For

instance, Réndon et al. [30] argued that TMS for electrical components are necessary and may be included

in HEP design, with corresponding additional weight and Chen et al. [59] offer valuable insights into

potential cooling strategies for PEM Fuel Cells’ thermal management systems, such as liquid cooling, air
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cooling, evaporative cooling, and flow boiling.

In their evaluation of fuel cell aircraft, Scholz et al. [29], highlight a critical aspect: fuel cells and the

components of the electrical powertrain lack a natural heat rejection system, akin to the exhaust flow in

conventional internal combustion engine (ICE) aircraft powered by gas turbines. As a result, alternative

methods for heat dissipation become imperative. The utilisation of convection-based heat transfer can

introduce various challenges, including anti-icing, cabin heating, and component overheating, potentially

leading to operational failures, especially under hot weather conditions. Adding to this complexity is the

observation made by Rheaume and Lentsii [60] that the heat loads of these components are at their peak

during take-off, presenting a distinctive challenge. As a conventional solution, ram air-based Thermal

Management Systems (TMS) are employed, where ambient air serves as the primary heat sink. As a

result, further research was conducted on ram-air-based thermal management systems [60, 61]. In a

separate study, Kellerman et al. [62] proposed a comprehensive approach to ram-air-based thermal

management for hybrid aircraft, emphasising the efficient dissipation of heat to the surrounding ambient

air. This approach can also be adapted for fuel cell-powered aircraft. Additionally, Kellerman et al. [63]

conducted a study in which they assessed various cooling systems for Battery Thermal Management

Systems (TMS). Ultimately, they developed a battery TMS model that includes a Thermoelectric module, a

finned ram air heat exchanger (HEX) serving as a heat sink, and a simplified heat pipe for heat acquisition.

In a recent study conducted by Kösters et al. [64], a novel phase-change-heat-pump (PCHP) cooling

strategy was proposed and compared to conventional liquid cooling through a model-based analysis. This

innovative approach involved using water as a coolant, which is evaporated within cooling channels inside

the fuel cell. Subsequently, the water vapour is compressed to high pressures (5 bar) by a compressor and

directed to a condenser. The condenser, in turn, is cooled using ram air. The liquid water is then throttled

through an expansion valve and circulated back into the fuel cell. An intriguing aspect of this method is

that it raises the temperature of the steam entering the condenser to 324°C, resulting in significantly higher

heat transfer potential due to the increased temperature difference with the surrounding air. Consequently,

this approach leads to the use of smaller heat exchangers, offering a more efficient cooling solution.

Recent theses from TU Delft, such as those authored by Scoccimarro [53] and Hoogerdijk [65],

also delved deeply into the intricacies of thermal management systems for hydrogen-electric propulsion.

Furthermore, various TMS architectures and the factors influencing TMS selection were explored in a

literature review by Coutinho et al. [66]. The majority of TMS topologies examined in this literature review,

particularly for hypothetical aircraft, saw the use of liquid cooling loops as their primary transport systems.

The use of ram air was also noted to be a prevalent and well-established technology at the aircraft level.

The review emphasised that one of the primary challenges in TMS design was the integration of diverse

heat transfer technologies to ensure the necessary heat transfer functionality while minimising adverse

effects on overall aircraft efficiency and performance. Lastly, Scholz et al. [29] also pointed out that thermal

management system design is closely linked to the design of the propulsion system due to the high level

of interdependencies and interactions between them.

2.4.6. Power Management and Distribution
Power Management and Distribution (PMAD) serves as a crucial subsystem within the overall framework,

primarily tasked with the efficient management and distribution of electric power. This encompassing

system is comprised of various components, including cables, protection switches, inverters, and converters.

PMAD’s primary function revolves around the redundant and protected distribution of electric power from

diverse sources, such as the hydrogen fuel cell (HFC) stack and the battery, to the myriad electrical loads

throughout the aircraft. These electrical loads encompass a wide spectrum, including propulsion systems,

avionics, lighting, and various other critical electrical components.

Notably, the fuel-cell stack produces electric power in the form of direct current (DC), and this output

voltage is influenced by factors like stack architecture and current density. PMAD, therefore, takes on the

vital role of ensuring that the voltage and frequency align seamlessly with the specific requirements of each

load. In instances where electric motors necessitate alternating current (AC) power, PMAD incorporates

inverters. Furthermore, PMAD systems include monitoring and control functions to ensure the safe and

efficient distribution of power. When designing aircraft models, it is crucial to carefully consider both the

mass and efficiency of this system to optimise overall performance and efficiency [4, 67].
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2.4.7. Electric Motors and Propellers
The electric motors play a pivotal role in the conversion of electric power into shaft power, which is the force

responsible for turning the aircraft’s propellers. An insightful comparative analysis conducted by Hayes and

Goodarzi [67] underscores the superior suitability of AC motors for electric vehicle (EV) applications. The

efficiency of these electric motors is intricately linked to two key variables: motor torque and motor RPM.

The interplay between these factors significantly influences the overall efficiency of the electric motors.

Subsequently, the propellers act as the final link in the chain, responsible for the transformation of

the shaft power generated by the electric motors into thrust. This thrust, as the ultimate outcome of this

process, serves as the driving force for propelling the aircraft forward. It’s worth noting that well-optimised

propellers can achieve impressive propulsive efficiencies, with typical values typically reaching around 0.8

[42].

2.4.8. Battery
Batteries function as electrochemical storage devices, delivering direct current (DC). In a hydrogen-electric

powertrain, batteries serve as auxiliary power sources, typically composed of multiple lithium-ion cell-based

battery packs. These batteries are primarily utilised during take-off and climb phases, when additional

power is needed, and are recharged during other flight phases by harnessing excess power generated by

the fuel cell.

According to insights from Vratny, Kuhm, and Hornung [68], the battery’s output voltage is predominantly

determined by two key factors: the current discharge rate and the state of charge (SOC). Their research

emphasises that “the lower the SOC, the lower is the nominal/operating voltage of a battery [...] at a

given SOC, the higher the discharge current, the higher is the decrease of the available output voltage.”

Moreover, the paper highlights the significance of considering both SOC and discharge rate effects, even

when the power demand remains constant. This consideration is necessary because the varying output

voltage of the battery significantly influences the efficiency of any connected converter, thus affecting

the overall efficiency of the powertrain and, consequently, the required output power from the battery,

especially as the discharge rate fluctuates.

A study by Finger, Braun, and Bil [15] emphasises the critical significance of taking the discharge C-rate,

along with specific power, into account. This importance is particularly pronounced in the context of hybrid-

electric aircraft that are designed with peak-load shaving operational strategies in mind. These factors are

shown to be just as essential, if not more so, than specific energy when optimising the performance and

efficiency of battery systems in such applications. Additionally, it is essential to recognise that maintaining

a certain SOC margin is crucial for battery protection.

2.5. Powertrain Modeling and Operational Strategy
In recent years, multiple research studies have delved into powertrain modelling and architecture within

the realm of hydrogen-electric propulsion systems (HEPS). For instance, Hales et al. [69], representing

GKN Aerospace3, introduced the Hybrid Hydrogen Electric Architecture (H2GEAR) program. This initiative

aims to demonstrate the technological advancements required to create a certifiable power and propulsive

system based on fuel cell-driven hydrogen electric powertrains. The paper emphasises the significance of

technology development in the fuel cell power system, with a focus on enhancing fuel cell stack operating

temperature, efficiency, and specific power.

Vietze and Weiland [70] conducted a comprehensive modelling study of a hydrogen-electric aircraft

powertrain, focusing on its functional characteristics and component behaviour. The research employed the

DAHER TBM850 as a reference aircraft and involved modelling the entire hydrogen circuit, from the storage

tank through various sub-systems to the consumption of hydrogen by the fuel cell. This encompassed

modelling the tank, motor, heat exchanger, fuel cell, and mission profile. The study also incorporated a

sensitivity analysis to identify two critical factors significantly impacting the system’s functional behaviour

and fundamental design characteristics: the minimum inlet pressure of the fuel cell (FC) and the initial

condition of the liquid/vapour thermodynamics. In addition, Vietze and Weiland also derived specific

powertrain requirements, including maximum tank pressure and tank volume. Simultaneously, Swannet

[71] in the pursuit of designing control and energy management for hybrid aircraft, contributed to the field

3https://www.gknaerospace.com/en/about-us/

https://www.gknaerospace.com/en/about-us/
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by modelling the electric powertrain in his thesis. Swannet’s modelling extended to components like the

battery, electric motor, and propeller, enhancing the overall understanding of powertrain dynamics for

hybrid aircraft.

In a recent publication by Staggat et al. [72], the focus was on modelling a powertrain topology for a

regional aircraft that combines a fuel cell with battery support. The chosen regional aircraft for this study

was the ATR 72-600, and the assumed flight mission encompassed takeoff, climb, cruise, and descent

phases. The aircraft featured two propulsor units, one on each wing, each comprising a propeller, an

electric motor with a gearbox, a motor controller, a fuel cell system, its respective thermal management

system (TMS), and a battery. The hydrogen was assumed to be stored in a liquid hydrogen (LH2) tank.

The fuel cell system incorporated high-temperature proton exchange membrane (HTPEM) fuel cell

stacks and a compressor driven by fuel cell power. The auxiliary power source was a lithium-ion battery

with a 20% state of charge (SoC) margin. The operational strategy drew inspiration from a battery energy

strategy introduced in Hoelzen et al.’s work on conceptual operational strategies [73]. This strategy involved

using the battery stack to support the fuel cell system only during peak power loads, enabling the downsizing

of the fuel cell system. Additionally, surplus fuel cell system power during less power-demanding flight

phases (such as cruise and descent) were used to recharge the battery for later high-power manoeuvres,

such as a go-around.

The temperature control for the fuel cell system, gearbox, motor, inverter, and converter was actively

managed by a TMS, while the battery pack was assumed to be passively cooled. The different temperature

levels and levels of waste heat for dissipation led to separate modelling of the TMS for the power electronics,

electric motors, and gearboxes compared to that of the fuel cell system. The TMS management system

model included components like heat exchangers, coolants, coolant pumps, pipes, and air fans. Electric

components such as converters, inverters, and motors were individually modelled.

The component sizes and the maximum take-off mass (MTOM) of the aircraft were to be determined

using an iterative sizing methodology. The powertrain model was then subjected to simulations varying

the hybridisation factor (HF) from 0.2 to 0.8 and the assumed battery pack’s specific energy (BSE) from

300 Wh/kg to 1000 Wh/kg, aiming for a weight-advantageous fuel cell-battery configuration. The results

revealed a global minimum of MTOM at an HF of approximately 0.5 and the highest BSE investigated

of 1000 Wh/kg. The resulting MTOM of approximately 24,000 kg closely aligned with the ATR 72-600’s

MTOM of 22,800 kg. The study’s conclusion emphasised that, for the investigated aircraft, achieving the

best results in terms of maximum take-off mass (MTOM) required a higher specific energy (BSE). As a

result, future aircraft of similar weight and size would necessitate highly advanced battery technology with

a specific energy (BSE) significantly surpassing currently available state-of-the-art solutions.

Having explored the nuances of modelling the Hydrogen Electric Propulsion System (HEPS), the

attention now shifts to a specific mission profile namely, the go-around phase. As this phase has been

selected for closer examination within the context of HEPS behaviour, it becomes pertinent to delve into a

discussion about it and its significance within flight operations.

2.6. Go-Around
Runway excursions or overruns, responsible for 33 percent of all commercial aviation accidents, often

stem from unstable approaches and a failure to execute a go-around, as Michael Coker highlighted in his

article [74] (see Figure 2.4). When the safety of a landing is in question, a go-around manoeuvre should

be initiated without hesitation. Several circumstances necessitate a go-around, including requests from air

traffic control (ATC), unexpected events like wind shear, an unstable approach, or when landing within the

touchdown zone seems improbable.

According to the Federal Aviation Administration (FAA) [75], a go-around represents a standard protocol

utilised in instances where approach and landing conditions deviate from expected norms or when safety

is compromised. However, executing go-around manoeuvres presents significant challenges. These

procedures, crucial for safety occur at low altitudes and speeds, in close proximity to the ground. Pilots

executing a go-around must navigate through a series of actions, including adjustments in attitude, thrust,

aircraft configuration, and pitch trim [76]. These specific actions are outlined in the aircraft operating

manual as part of Standard Operating Procedures (SOPs) – the go-around/missed approach checklist.
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Figure 2.4: Example of a go-around manoeuvre [74]

The Federal Aviation Administration (FAA) underscores [75] that careful monitoring of available thrust

and the thrust required to maintain flight is critical during the approach. If a go-around manoeuvre is

initiated, pilots must swiftly apply full or maximum allowable takeoff power, commonly referred to as

takeoff/go-around (TOGA) thrust. This application of thrust demands a sufficient energy reserve to ensure

the aircraft remains in control and attains a desired speed to move towards a safe altitude. Furthermore, it’s

essential to understand that the go-around manoeuvre itself is not inherently dangerous. Its safety depends

on prompt execution and proper handling. To this end, Rosenkrans [77] reinforces FAA’s guidance by

emphasising that any approach or landing may result in a go-around, so the pilots should be prepared to

execute a go-around in the presence of unstabilised elements during an approach or landing. Delays or

incorrect execution can introduce potential risks. According to Flight Safety Foundation (FSF) [78], the

crew is advised to review the fundamental elements of the go-around manoeuvre and the missed approach

procedure at an appropriate moment during the final approach.

Consequently, executing a go-around represents a high-workload scenario where pilots may need to

manage various aspects of energy control. When integrating a novel propulsion system such as HEPS, the

procedural dynamics of executing a go-around may diverge from the established practices associated with

conventional propulsion systems. Pilots may encounter altered performance characteristics or response

times, necessitating a thorough understanding of how the new system influences critical manoeuvres like

the go-around. Consequently, pilots might need to incorporate additional preparatory steps to ensure that

the operational conditions specific to HEPS are conducive to a safe and effective go-around procedure.



3
Research Questions

For the prospective integration of hydrogen-based flights, understanding the modifications in flight oper-

ations and the interplay between humans and machines due to the new propulsion system is essential.

This study primarily aims to explore the behaviour of HEPS specifically during the crucial go-around phase,

an integral element within flight operations. Achieving an in-depth comprehension of HEPS behaviour is

contingent upon employing modelling and simulation techniques. This pivotal exploration forms the core

objective of this research endeavour:

To model and simulate a hydrogen-electric propulsion system for regional turboprop aircraft,

during a representative go-around phase.

Research Objective

The specific research questions are then given as,

What components of the Hydrogen-Electric Propulsion System must be modelled in the

event of a go-around procedure for future turboprop regional aircraft?

1.1 What factors contribute to the selection of these components for inclusion in the model?
1.2 What impact do the modelled components have on the power demand of the HEP system?

Research Question 1

To what extent is the model influenced by the initial parameters?

2.1 What is the impact of the initial settings and/or assumptions on the output behaviour of the

HEPS model?
2.2 What implications do variations in initial settings and assumptions have on go-around flight

procedures?

Research Question 2

15



4
Project Plan

Advancing the comprehension of hydrogen-electric propulsion system (HEPS) behaviour, especially in

challenging scenarios like the critical go-around phase of regional turboprop aircraft, is the central objective

of this study. This chapter outlines the strategic plan designed to fulfil this overarching goal.

4.1. Methodology
To construct the system model effectively, a comprehensive understanding of system requirements,

expected outputs, and operational conditions is essential. This initial research phase involves gathering

fundamental data from industry references and literature sources. This includes details on the aircraft, fuel

cell, powertrain configuration, component specifications, and operational parameters. Additionally, mission

profile requirements will be established to define critical factors such as thrust levels, desired altitude, and

specific manoeuvring characteristics.

The focal point of this research lies in developing a Hydrogen-Electric Propulsion (HEP) system

model using the MATLAB/Simulink platform. Simulink’s versatile interface and extensive component

library make it well-suited for modelling HEPS. For complex powertrain components, like fuel cell stacks,

SimScape toolboxes will be utilized. Leveraging real-time simulation capabilities and MATLAB toolbox

integration, the model will efficiently analyse HEPS integration into practical aviation scenarios. This

comprehensive model, constructed from a wealth of data and mission profile requisites, will integrate

mathematical models of various powertrain components sourced from existing literature. Initially, these

individual component models will be formulated to align with the specific requirements and functionalities

of the powertrain. Subsequently, these models will be intricately interconnected, amalgamating to form

a holistic Hydrogen-Electric Propulsion System (HEPS) model. It aims to provide crucial data to cockpit

systems, yielding outputs such as thrust, fuel flow, power usage, and powertrain temperatures. The model

will undergo thorough examination, particularly emphasising critical components and their performance in

mission-specific scenarios, notably the go-around maneuver.

Post extensive model development, simulation will evaluate its applicability and validity under diverse

initial conditions. This sensitivity analysis ensures the model accurately represents real-world behaviour,

particularly concerning human interactions during the mission-critical go-around phase. This rigorous

verification and validation process establish the model’s fidelity in representing the Hydrogen-Electric

Propulsion system, forming the groundwork for a comprehensive system evaluation.

4.1.1. Background Information
The chosen aircraft for this modelling initiative is the Dash 8-Q300, presently equipped with two Pratt

& Whitney Canada PW1 turboprop engines. However, the plan involves retrofitting the existing engine

configuration with a Hydrogen-Electric Propulsion (HEP) system to replace these engines. The primary

mission profile entails executing a go-around manoeuvre for an ILS approach at Runway 06 of Schiphol

Airport. The intended model will represent a 2MW powertrain operating at an approximate 2000V bus

voltage.

To thoroughly comprehend the aircraft’s operational dynamics, critical aerodynamic and operational

parameters have been methodically considered. The system will be powered primarily by Proton Exchange

Membrane Fuel Cells (PEMFC), arranged in a multi-stack setup. In addition, Lithium-ion (Li-ion) batteries

16
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Figure 4.1: Proposed Architecture of the Powertrain

will provide supplementary power during high-demand phases such as take-off and climb. Both these

power sources will generate electrical output directed to the Power Management and Distribution (PMAD)

unit, responsible for optimising the utilisation of this electrical power. Additionally, the fuel cell system

will integrate a thermal management system (TMS) and an air compressor. The TMS maintains optimal

operating temperatures within the fuel cell stacks, managing heat flow to enhance their efficiency and

lifespan. Simultaneously, the air compressor plays a pivotal role in sustaining adequate oxygen levels

at the fuel cell’s cathode. The motor and propeller systems will be meticulously modelled based on the

aircraft’s specific requirements, drawing power from the Power Management and Distribution (PMAD) unit

within the powertrain. For a visual reference, please see Figure 4.1.

4.1.2. Simulation
To analyze the system comprehensively, alterations in various initial conditions will be introduced. These

changes encompass factors such as the initial fuel levels in the tanks, battery State of Charge (SoC),

temperature settings, and environmental conditions (such as hot-day take-off). Assessing the impact of

these modifications on the model’s behaviour will enable a thorough examination to pinpoint potential

adjustments required in pilot behaviour and flight operations.

The simulation will take place within the DUECA (Delft University Environment for Communication and

Activation) environment, utilising the SIMONA Research Simulator at TU Delft. This controlled environment

facilitates the exploration of diverse scenarios and their effects on the system’s performance.

4.2. Expected Results
The components depicted in the powertrain diagram (Figure 4.1) are anticipated to wield significant

influence over the overall behavior of the comprehensive model. Predominantly, the fuel cell stack and the

battery serve as the primary power sources, thereby exerting the most substantial impact on the system’s

dynamics and performance. Moreover, the Balance Of Plant, encompassing the Thermal Management

System and the Air Compressor, is expected to contribute notably to the model’s power performance.

These elements play a pivotal role in utilizing a considerable portion of the available system power, thus

potentially influencing overall system efficiency.

Among the varying initial conditions, it is projected that alterations in the initial fuel levels and battery

State of Charge (SoC) will have a more pronounced effect on the behaviour of the model compared to

changes in other operational conditions. These adjustments are likely to significantly influence the system’s

power management and performance, potentially necessitating adaptations in operational procedures and

pilot behaviour.
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4.3. Planning
The project planning comprises two pivotal phases: Model Development and Simulation Analysis. In the

Model Development phase, individual component models will be formulated and integrated to culminate in

a comprehensive system model. Subsequently, in the Simulation Analysis phase, this model undergoes

rigorous testing, refinement, and various simulations to conduct sensitivity analysis under diverse conditions.

A detailed breakdown of this plan is visualised in the Gantt Chart depicted in Figure 4.2.
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Modelling and Operational Analysis of Hydrogen-Electric
Powertrain for Future Regional Aircraft During A Go-Around

Avani Patidar ∗

Delft University of Technology, Delft, The Netherlands, 2629 HS

The aviation industry’s shift towards sustainable propulsion, notably hydrogen-electric

propulsion (HEPS), underscores the need to grasp its effects on flight procedures and pilot

duties. This research aims to develop a HEPS engine powertrain model for evaluating its

influence on flight procedures, especially during critical phases like go-around for regional

turboprop aircraft. The HEPS engine powertrain model was constructed by selecting powertrain

components important for modelling based on their relevance to important HEPS system outputs

like the thrust generation, battery discharge, and fuel left in the tank. Subsystems such as the

fuel cell system, battery, motor, propeller etc. were modelled using MATLAB/Simulink and

integrated to form a holistic representation of the HEPS engine. The model underwent testing

through a simulated go-around mission, followed by an analysis of its operational envelope,

which unveiled significant parameters influencing system behaviour during such manoeuvres.

Among the critical parameters identified were the initial battery state of charge (SoC), nominal

battery capacity, and propeller efficiency. Thrust generation limitations were identified for

heavier aircraft configurations, as well as the relatively low impact of go-around speed on the

system’s power path. For a HEPS-based Dash 8 Q-300 aircraft with a mass of 38,000 pounds

and a go-around speed of 96 knots, the State of Charge (SoC) of a 200Ah battery should be at

least 23% for a successful go-around manoeuvre. Using appropriate parameters, the presented

model framework assists in identifying such constraints and delineating flight procedural

changes for future regional aircraft. The study highlights areas for model enhancement,

including better thermal management system models for the fuel cell stack and battery, and

improved motor-propeller models. This research contributes to sustainable aviation, guiding

the integration of HEPS into flight operations for enhanced efficiency and eco-friendly air travel.

Nomenclature

BSE = Battery Specific Energy DC = Direct Current

∗M.Sc. Student, Faculty of Aerospace Engineering and AIAA Student Member.



FC = Fuel Cell HEPS = Hydrogen-Electric Propulsion System

HF = Hybridization Factor HFC = Hydrogen Fuel Cell

Li-ion = Lithium Ion MTOM = Maximum Take-Off Mass

PEMFC = Proton Exchange Membrane Fuel Cell PMAD = Power Management and Distribution

PMSM = Permanent Magnet Synchronous Motor SHP = Shaft Horse Power

SoC = State of Charge TMS = Thermal Management System

Subscripts

amb = ambient bat = battery

comp = compressor conv = converter

fc = fuel cell GA = go-around

lim = limit max = maximum

mot = motor nom = nominal

prop = propeller ref = reference

req = required st = fuel cell stack

tank = hydrogen storage tank trq = torque

I. Introduction
The aviation industry faces challenges with the growing climate impact. Recognising this, global entities like the

European Union have committed to introducing environmentally sustainable aircraft options for regional transport

by 2035 [1]. Amid the array of available alternatives—ranging from sustainable aviation fuel to battery-powered

solutions—liquid hydrogen-based options have garnered attention since the 1990s due to their notably low emissions

and eco-friendly attributes [2]. However, a comprehensive study by Hagling et al. [3] in 2006, shed light on an

important aspect: although hydrogen combustion could eradicate CO2 emissions, it still engendered water vapour and

nitrogen oxides (NOx), potentially contributing to the greenhouse effect. Considering aviation applications, Friedrich et

al. [4] and Kadyk et al. [5] underscored that fuel cells present myriad advantages over liquid hydrogen combustion.

These benefits encompass durability, reliability, silent operations, zero emissions, and heightened efficiency, ultimately

curtailing fuel necessities.

In recent years, researchers such as Zamboni et al. [6] and Palladino et al. [7] have delved into hybrid-electric

propulsion systems. Their work delineated a conceptual design involving the hybridisation of gas turbines with batteries

or fuel cells, offering a framework adaptable to systems incorporating fuel cells. In 2023, Pontika et al. [8] compared

the mission performance of a fully-electric Fuel Cell (FC) regional aircraft with traditional and hydrogen gas turbine

models. They highlighted the FC aircraft’s increased weight due to a complex balance of plant, necessitating greater
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thrust, impacting efficiency across different power settings. Consequently, the study recommended a hybrid system for

future research: optimising the FC for heightened efficiency during cruise while strategically integrating batteries to

handle peak demands during take-off and climb. This Hydrogen-Electric Propulsion System (HEPS) garnered attention

from various researchers.

Marciello et al. [9] conducted a thorough investigation into the HEPS design, focusing on an energy architecture

scenario where a fuel cell system serves as the primary power source with batteries acting as a backup. The study

underscored that identifying the optimal point for maximum fuel savings hinges upon the strategy employed for battery

usage during the flight mission. Their findings highlighted that employing battery-supported fuel cell configurations

for aircraft akin to the ATR, engineered for a 600-nautical-mile range, could potentially reduce fuel consumption by

over 85% for a typical 200-nautical-mile mission. Similarly, Gao et al. [10] studied a multiple-propeller, fixed-wing

aircraft integrating an FC/lithium battery hybrid power system. Their research found that FC regional aircraft with a

1,000-kilometre range could potentially reduce energy consumption while significantly mitigating climate impact with a

higher Maximum Takeoff Mass (MTOM) than conventional aircraft.

In order to investigate the complexities of HEPS and streamline the design process of hydrogen-electric regional

aircraft, researchers have dedicated efforts in modelling the HEPS powertrain, estimating its size, and scrutinising its

operational characteristics. Vietze and Weiland [11] conducted an exhaustive modelling study on a hydrogen-electric

aircraft powertrain, highlighting critical factors influencing the DAHER TBM850 hybrid propulsion system’s behaviour

and specifying necessary powertrain requirements such as maximum tank pressure and tank volume. In addition, Staggat

et al. [12] focused on modelling a powertrain topology for a regional aircraft that integrates a fuel cell with battery

support. Drawing from Hoelzen et al.’s work on conceptual operational strategies [13], they adopted an operational

approach using the battery stack to aid the fuel cell system during peak power demands, allowing for downsizing.

In addition, surplus power from the fuel cell during low-demand flight phases was used to recharge the battery for

high-power manoeuvres. The paper extensively discussed powertrain components, determining sizes and the MTOM via

simulations varying the hybridisation factor (HF), which was defined as the ratio of the maximum power to be provided

by the fuel cell stack to the total maximum power of the engine powertrain, and assumed Battery pack’s Specific Energy

(BSE). Results indicated an optimised MTOM at an HF of 0.5 and a BSE of 1000 Wh/kg, closely aligned with the ATR

72-600’s MTOM. The study concluded that achieving the optimal Maximum Takeoff Mass (MTOM) for the investigated

aircraft necessitates a higher Battery Specific Energy (BSE), indicating the requirement for advanced battery technology.

The existing powertrain models in literature serve as a foundation for understanding size and design strategy

optimisation. However, they fall short in elucidating how the introduction of a new propulsion system might reshape

flight operations and standard procedures. The integration of HEPS into aircraft demands a thorough grasp of their

functionality, particularly their interaction with pilots during critical phases such as the go-around. The go-around

involves swift thrust transitions that significantly impact safety and aircraft performance, necessitating a thorough
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examination of HEPS performance during these pivotal moments. Regrettably, literature lacks a consolidated model

capable of scrutinising and guiding flight operational procedural changes.

The main contribution of this work is to fill this gap by developing an HEPS powertrain model specifically designed

to provide information to the pilot and can be used in assessing the human interaction modifications and flight procedures

during the go-around phase. Following a top-down modelling approach, the representative model is intended to be

sufficiently elaborate to provide the pilot with the necessary data for evaluating flight performance. while maintaining

simplicity. Anticipating potential adaptations in future aircraft operations with advancements in fuel-cell-based energy

sources, this tailored model aims to pave the way for a comprehensive understanding of HEPS impact on aviation

operations. The study is part of the “Hydrogen Aircraft Powertrain and Storage System (HAPSS)” project under the

Dutch Government’s “Luchtvaart in Transitie” program. This collaborative initiative with the aviation sector aims

to achieve climate-neutral flying by accelerating the adoption of zero-emission hydrogen-powered aviation through

retrofitting large regional turboprop aircraft already in service [14].

This paper is outlined as follows: In section II, the necessary information required to create the model is introduced,

including details on the aircraft, mission profile, and powertrain architecture. section III outlines the steps undertaken to

develop the model, covering the creation of individual component models and the assembly of the complete model.

Following this, section IV provides details on the simulation setup for the complete model and the methodology for

conducting operational envelope exploration. The results of the simulation and operational envelope exploration are

presented in section V, with a brief discussion accompanying them. section VI delves into the implications of the results,

offering insights into the performance and behaviour of the model under different conditions. Finally, section VII

provides a conclusion to the paper, summarising the key findings and implications of the study.

II. Background
In this study, modelling the HEPS powertrain necessitates an extensive array of information encompassing aircraft

details, operational conditions, and the powertrain architecture. This section will comprehensively present these

components.

A. Aircraft Information

The chosen aircraft for this modelling study is the Dash 8-Q300, which presently utilises two Pratt & Whitney

Canada PW123 turboprop engines. These engines are slated for replacement by retrofitting the Hydrogen-Electric

Propulsion (HEP) system into the current engine setup ensuring that the original aerodynamic performance remains

unaltered. It is important to note that each of these engines drives a Hamilton Sundstrand 14SF-23 four-bladed propeller,

with a diameter of 3.96 meters, through the engine gearbox.

Critical aerodynamic and operating parameters have been considered to ensure a comprehensive understanding
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Table 1 Aircraft Characteristics

Property Symbol Value Property Symbol Value
Wing Span 𝑏 90 [ft] Wing Area 𝑆 605 [sq. ft]

Aerodynamic
Chord

𝑐 7.125 [ft]
Airframe
Length

𝐿 84.25 [ft]

Maximum
Take-off Weight

𝑀𝑇𝑂𝑀 43,000 [lb]
Maximum

Landing Weight
𝑀𝐿𝑊 41,000 [lb]

Operating
Empty Weight

𝑂𝐸𝑊 26,000 [lb]
Wing Dihedral

Angle
𝜆 2.5 [deg]

Maximum
Operating Altitude

𝐻max 25,000 [ft]
Maximum

Cruising Speed
𝑉𝑐𝑟 ,𝑚𝑎𝑥 285 [kts]

Range 𝑅𝐴 1,558 [km]
Maximum

Take-off Power
𝑀𝑇𝑂𝑃 2,500 [SHP]

Lift Coefficient 𝐶𝐿 0.5082# - Drag Coefficient 𝐶𝐷 0.0228# -
Angle of Attack 𝛼 0.59# [deg] #Refer to the appendix

of the aircraft’s operational characteristics, as detailed in Table 1. The parameters include aircraft geometry, limits

and engine specifications. These precise details have been sourced from the Dash 8-Q300 aircraft operating manual

and airport planning manual. They form the cornerstone of data for the subsequent phases involving modelling and

simulation in this research.

B. Mission Profile

Examining potential changes in flight procedures during a go-around when using HEPS is important as performing

a go-around requires thrust similar to take-off conditions, which impacts safety and aircraft performance.

For this study, representative mission conditions for Dutch airspace are chosen – go-around scenario at Amsterdam’s

Schiphol Airport. The mission entails executing a go-around manoeuvre during a normal Instrument Landing System

(ILS) approach to Schiphol Airport Runway 06. The runway sits at an elevation of -11 feet with a heading angle of

56 degrees. As per the Jeppesen Chart for this approach [15], the Obstacle clearance altitude (OCA) at the missed

approach point (MAPt) prompting the go-around call is set at 410 feet. Subsequently, in the event of a missed approach,

the aircraft must climb to an altitude of 2000 feet while maintaining the same heading. The environmental conditions

comply with the International Standard Atmosphere (ISA), and for this scenario, there is an assumption that wind

effects are not present. The aircraft’s weight was chosen as 𝑀 = 38000 pounds, slightly below the maximum allowed

landing weight. As outlined in the Dash Q300 Aircraft Manual, the approach speed/go-around speed, denoted as 𝑉𝐺𝐴,

is specified at 96 knots. Given the landing configuration of the aircraft, the flaps are set at 15 degrees.

For this mission, the flight path angle (𝛾) of the aircraft is set at 8 degrees to achieve an approximate climb rate

of 1500 feet per minute, adjusting as the aircraft approaches the 2000-foot altitude mark. Throughout the climb, the
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Mission Profile: Go-Around
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Fig. 1 Mission Profile

aircraft’s speed gradually increases to 106 knots, as depicted in Figure 1. Based on rough estimates derived from the

mission profile using a point-mass aircraft model, it is projected that the aircraft will require approximately 1.9 MW of

power at its peak demand. This translates to 0.95 MW per engine, assuming both engines are operational throughout the

mission. These estimates factor in power losses through the powertrain during the mission.

Hence, it is imperative that the powertrain to be designed possesses the capability to deliver at least 1 MW of

output power per engine for this mission. This specification is to ensure that the powertrain can effectively provide the

necessary propulsion and electrical power to support various flight phases and operational scenarios while upholding

operational efficiency and reliability. Also, the HAPSS project opted for a 1MW powertrain to accommodate electrical

cabling requirements.

The hybridization factor (HF) is commonly defined as the ratio of auxiliary power to the total powertrain requirement.

Thus in this context, the HF represents the ratio of battery power to the total powertrain requirement. Following the

observation by Staggat et al. [12], the powertrain is designed to have half of the required power supplied by the fuel cell

stack (primary supply) for optimal HEPS system performance. Hence, the HF in this study is set to 0.5.

C. Components of HEPS Powertrain

Within the domain of a HEP system, akin to a traditional internal combustion engine, the powerplant relies on several

ancillary subsystems to sustain an optimal operational state and guarantee system-wide reliability. The architecture of

the powertrain holds utmost significance in modelling the HEPS. As previously mentioned, the powertrain configuration
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for the HEP system will integrate FC stacks as the primary energy source, complemented by auxiliary power from

batteries. The overall system architecture is visually depicted in Figure 2.

1. Liquid Hydrogen Storage

Storing hydrogen on board poses a significant challenge for hydrogen-based powertrains. Even with a superior

weight energy density, hydrogen has a disadvantage in terms of volumetric energy density in comparison to conventional

hydrocarbon fuels, making it difficult to store [16]. One prominent storage method in hydrogen-powered aircraft

applications is the utilisation of cryo-compression tanks. Verstraete et al. [17] extensively discussed the design of twin

LH2 tanks tailored for regional aircraft. These tanks are characterised by approximately 12 to 13 cm of insulation,

operating at low pressures ranging from 1.7 to 3 bar, and maintaining cryogenic temperatures around 20.3 K. The

hydrogen boil-off from the tank is elevated to operating temperatures before being supplied to the FC stack. Similarly,

Winnefeld et al. [18] presented a tool for designing cryogenic hydrogen tanks intended for future applications in aircraft

with fuel cell power supplies. In their discussion on the mechanical design of the tank, they also accounted for thermal

effects including, convection and internal pressure changes.

2. Fuel Cell System

The basic fuel cell system within this powertrain is made up of key components that work together to ensure its

functionality. These critical elements include the FC stack, which produces electrical energy, the Thermal Management

System (TMS), which regulates optimal temperatures, and an air compressor, which supplies air to enable efficient fuel
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Table 2 PEMFC Fuel Operating Conditions

Property Symbol Value Property Symbol Value
Operating

Temperature
𝑇fc,0 65 [°C]

H2 Operating
Pressure

𝑝𝐻2, 𝑓 𝑐 1.7 [bar]

Dynamic
Time Constant [21]

𝜏fc 0.1 [s]
O2 Operating

Pressure
𝑝𝑂2, 𝑓 𝑐 1.1 [bar]

cell reactions. The electric power generated by the combination of these subsystems is utilised to propel the aircraft.

Among various fuel cell types, the Proton Exchange Membrane Fuel Cell (PEMFC) stands out due to its notably

high power density, rapid start-up and shut-down capabilities, and its ability to function at relatively low temperatures,

typically below 90°C [16, 19]. These attributes render it suitable for diverse applications, potentially replacing

combustion-based propulsion systems. The chosen operating conditions for this study are presented in Table 2.

A single PEM Fuel Cell typically yields only 0.8 to 1.0 volts [16]. To achieve higher voltage output, multiple fuel

cells are often connected in series, forming what’s termed a FC stack. To meet the voltage requirements for powering

regional aircraft, multiple stack configurations are employed to enhance power output [20]. The selection of fuel cell

configurations and architecture significantly impacts system weight and power loss in the event of failure. For a 1MW

powertrain (per engine), this study explores the implementation of one stack delivering 500kW to fulfil the necessary

power requirements per engine.

Within an optimal operating condition at approximately 80°C, an ideal PEMFC exhibits a conversion rate where

roughly 80% of the chemical energy translates into electricity, with the rest is dissipated as waste heat [16]. For larger

PEMFC systems, active cooling mechanisms and robust Thermal Management Systems (TMSs) become essential to

regulate temperature fluctuations within the stack. This emphasis on maintaining consistent operating temperatures is

vital, as variations can significantly impact the efficiency of the fuel cell system. Consequently, the model integrates a

simplified perfect TMS, ensuring the steady maintenance of the operating temperature while also estimating the heat

dissipation requirements necessary to uphold the desired temperature level.

Filtered ambient air serves as the fuel cell’s oxygen source, posing hurdles at higher altitudes due to reduced oxygen

availability, which affects its performance. To tackle this, compressors are added to increase air pressure within the fuel

cell. However, this addition increases weight and power demands, impacting aircraft efficiency [16]. Despite these

implications, air compression remains an appealing choice for Hydrogen Fuel Cell (HFC) aircraft applications. This

study assumes an adiabatic compressor with 85% efficiency [22].

3. Power Management and Distribution

Power Management and Distribution (PMAD) is an important subsystem that is primarily responsible for efficiently

managing and distributing electric power. This system, which consists of cables, protection switches, inverters, and
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converters, focuses on monitoring and controlling functions in order to safely and efficiently distribute electric power

from various sources such as the hydrogen FC stack and the battery to various electrical loads throughout the aircraft.

Propulsion systems, avionics, lighting, and other critical electrical components are among the loads. In this study, the

power management system will include a decision system, a DC-DC converter and an inverter.

4. Battery

Batteries function as electrochemical storage units, supplying direct current (DC) in a hydrogen-electric powertrain.

In this context, batteries act as supplementary power sources, typically composed of multiple lithium-ion cell-based

battery packs. They play a vital role during take-off and climb phases, providing additional power when required, and

are recharged during other flight phases by harnessing surplus power generated by the fuel cell.

This study will simulate the current discharge rate and State of Charge (SoC) of a battery capable of providing a

maximum of 500kW of power, which is the supplementary power source of the 1MW engine power train. The battery will

supply power as directed through the PMAD system. Both the SoC and discharge models are indispensable to generate

the necessary output power from the battery. This becomes particularly significant in the realm of hybrid-electric

aircraft, designed with operational strategies aimed at managing peak loads [23]. To ensure battery protection, a 20%

SoC margin will be maintained [12, 24].

5. Motor and Propeller

The electric motors play a pivotal role in the conversion of electric power into shaft power, which is responsible for

turning the aircraft’s propellers. Permanent Magnet Synchronous Motors (PMSM) are widely considered the most

appropriate motor for electric aircraft applications [25, 26] due to their favourable static and dynamic properties such as

high efficiency, high torque to inertia ratio, high power density, low maintenance requirement and reliability [27].

Subsequently, the propellers act as the final link in the chain, responsible for the transformation of the shaft power

generated by the electric motors into thrust. This thrust serves as the driving force for propelling the aircraft forward.

Here, the propeller characteristics are derived from the propellers of the Dash 8-Q300: Hamilton Sundstrand 14SF-23.

The propeller is presumed to function at 1200 RPM at takeoff, 1050 RPM during climb, and 900 RPM throughout level

flight, descent, and the landing [28]. The key characteristics of the propeller are provided in Table 3.

Table 3 HS 14SF-23 Propeller Characteristics

Property Symbol Value Property Symbol Value
Blades 𝐵prop 4 - Diameter 𝐷prop 13 [ft]

Max Rotations 𝑅𝑃𝑀max 1212 [rpm] Efficiency 𝜂prop 0.85 -
Gear Box Factor 𝐾 8 - Moment of Inertia 𝑀𝑜𝐼prop 100 [kg m2]
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III. Methodology
The choice of modelling software plays a pivotal role in accurately simulating the powertrain. For this project,

MATLAB® and Simulink® are selected due to their versatile interface and extensive library of components, making them

well-suited for HEPS modelling. Furthermore, the SimScape™ toolboxes are used to enhance modelling capabilities,

particularly in replicating physical signals within intricate powertrain components such as FC stacks.

The modelling approach for the HEPS follows a top-down methodology. This choice is motivated by the fact that the

HEPS components are still in the design phase, resulting in a lack of concrete specifications and physical characteristics.

As the system design remains the subject of ongoing research, creating a comprehensive physical model is presently

unfeasible. The top-down approach offers the advantage of flexibility in model development, allowing for the expansion

of model details as they become finalised in the design process. This approach enables gradual refinement of the model’s

complexity and accuracy as more detailed specifications and physical characteristics become available. Additionally, it

allows for valuable insights into system behaviour, performance, and interactions, even in the absence of complete design

specifications. In this scenario, employing a top-down methodology streamlines the development of a comprehensive

HEPS powertrain model. This method entails breaking down the system into its constituent sub-components and

identifying the key components. These sub-components are modelled with an appropriate level of fidelity to sufficiently

represent their behaviour and provide the necessary outputs for evaluating flight performance. This approach ensures

that the model remains both simple and manageable.

Initiating this methodological trajectory, the initial phase focuses on identifying the fundamental inputs and outputs

important for simulating pilot interactions within the designed HEPS system. The selected inputs and outputs for

this modelled HEPS system are delineated in Table 4. The model receives thrust requirement and propeller RPM

requirement as representatives of the Power and Condition Lever settings, respectively. Aircraft states such as airspeed

and altitude determine the operating and ambient conditions, serving as inputs to the model. The outputs provided

represent information from the HEPS that pilots may need to monitor during different flight phases.

Following this, the process entails identifying and selecting critical components within the broader powertrain

framework for subsequent modelling. The listing of major HEPS powertrain components is presented in Figure 3a.

Table 4 Selected Inputs and Outputs for HEPS Model

Inputs Outputs
1. Thrust Requirement (Power Lever) 1. Generated Thrust 2. Propeller RPM
2. Propeller RPM Requirement (Condition Lever) 3. Fuel Left in Tank 4. Fuel Cell Output Power
3. Aircraft Airspeed 5. Fuel Cell Temperature 6. Fuel Cell Efficiency
4. Aircraft Altitude 7. Battery Output Power 8. Battery Temperture

9. Battery State of Charge 10. Motor Output Power
11. Motor Torque
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(a) Major components involved in HEPS Powertrain

(b) Components selected for HEPS Model and their connected outputs

Fig. 3 Component Selection

A. Selection of Critical Components

The selection of critical components to be modelled is made by considering each component’s significance. At the

outset, it is determined that modelling the fuel tank’s cryogenic storage system, while significant, is not imperative

due to its intricate dynamics, such as internal pressure variations, and the need for detailed physical tank attributes

[17, 18]. This study, however, primarily focuses on understanding how the behaviour of the HEPS affects flight and

pilot procedures, which is not significantly impacted by pressure variations in the storage tank. Therefore, modelling the

dynamics of the storage tank is deemed unnecessary, and it is assumed to maintain a constant temperature and pressure.

Instead, emphasis is placed on modelling the valve for the fuel tank. For the purposes of this study, it is assumed that

this valve facilitates the isobaric evaporation of liquid hydrogen and the subsequent heating of the gaseous hydrogen to

achieve the desired operating temperature.

Moving on to the fuel cell system, the water management system maintains optimal water content and humidity

levels within the membrane-electrode assembly (MEA) of the fuel cell. However, since usually the pilot does not need

to prioritise the intricacies of water management inside the fuel cell, this system is assumed to be functioning flawlessly

and is not explicitly modelled. Conversely, the TMS, responsible for regulating fuel FC temperature—an established

output parameter—is deemed critical and therefore will be modelled accordingly. In addition, the HFC stack and air
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compressor are integral components of the HEPS powertrain and ought to be included in the model. The HFC stack is

the primary power source, and the air compressor ensures a consistent supply of oxygen to the HFC stack for optimal

power generation at the constant operating pressure, despite significant variation in ambient air pressure during flight.

Subsequently, the battery will be modelled as it serves as the supplementary power source within the system.

Furthermore, the decision-making system embedded within the PMAD holds significant importance and will be

modelled to orchestrate the power allocation from the fuel cell system and battery, implementing the peak shaving

strategy effectively. Additionally, the inclusion of the DC-DC converter in the modelling process is imperative to

stabilise the voltage outputs of the power sources, maintaining a constant bus voltage of 1,500V.

Upon observation, it has been noted that although the utilisation of an inverter holds significance in real-world

PMAD applications, its relevance within the specific modelling context is diminished. This is attributed to its singular

function of supplying AC power solely to the PMSM motor, which, via Park transformation, internally reconverts it

to DC [27]. As a result, both the inverter and the motor’s internal Park transformation are considered non-essential

components and will be represented solely as a gain associated with the inverter’s efficiency in electrical power transfer.

The dynamics of the motor itself, however, will be modelled since the motor’s power delivery and shaft torque are

critical system outputs that pilots may need to monitor.

Concluding the component selection process, the gear box within the propeller system will be modelled to regulate

the RPM. Conversely, the propeller pitch system is excluded from modelling, as the variation in thrust resulting from

pitch adjustments can be sufficiently simplified and integrated into the broader dynamics of the propeller system. Thus,

the reduced component list which is considered for modelling can be seen in Figure 3b.

B. Liquid Hydrogen Tank Model

As previously discussed, the model for the hydrogen tank relies on thermodynamic equations. The liquid hydrogen

is presumed to be stored at 20K and 1.7 bar [17] in an ideal cryogenic storage. The process of isobaric evaporation of

liquid hydrogen and its subsequent heating to the ambient temperature occurs at the ideal valve. The following isobaric

heat transfer equation [29] and ideal gas equations are utilised to model this process at the valve,

Δℎliq,𝑇tank→gas,𝑇fc = 𝐶𝑝,𝐻2liq (𝑇BP𝐻2 ,1.7bar − 𝑇tank) + Δℎ𝐻2 ,evap + 𝐶𝑝,𝐻2gas (𝑇fc − 𝑇BP𝐻2 ,1.7bar ) (1)

Δ𝑄 = ¤𝑚Δℎ (2)

¤𝑚 = 𝜌 ¤𝑣 = 𝑝

𝑅gas𝑇
¤𝑣 (3)

Here, Δ𝑄 represents the input heat flow rate at the valve (in J/s), Δℎ denotes the change in specific enthalpy (in

J/kg), 𝐶𝑝 signifies the specific heat capacity of hydrogen at constant pressure (in J/kg·K), ¤𝑚 and ¤𝑣 stand for the mass

flow (in kg/s) and volumetric flow (m3/s) of hydrogen, respectively. Also, 𝑅𝑔𝑎𝑠 represents the specific gas constant (in

12



Table 5 Liquid Hydrogen and Tank Characteristics

Property Symbol Value Property Symbol Value
H2 Storage

Temperature [17]
𝑇tank 20 [K]

H2 Storage
Pressure [17]

𝑝𝐻2,tank 1.7 [bar]

H2 Boiling
Point at 𝑃𝐻2 [30]

𝑇BP𝐻2 ,1.7bar 22 [K]
H2 Specific Heat of
Evaporation [31]

Δℎ𝐻2 ,evap 446.1 [kJ/kg]

RMS Specific Heat
Capacity (LH2) [32]

𝐶𝑝,𝐻2liq 10.2254# [kJ/kg·K]
Hydrogen

Gas Constant [33]
𝑅𝐻2 4124.18 [J/kg·K]

RMS Specific Heat
Capacity (Gas)[34, 35]

𝐶𝑝,𝐻2gas 13.395# [kJ/kg·K]
Initial Fuel

Stored (LH2)
𝑀0,𝐻2 100 [kg]

Hydrogen Tank
Time Constant

𝜏tank 0.005 [s] #Refer to the appendix

Nm/kg·K), 𝑝 represents the pressure (in Pa), and 𝑇 denotes the temperature (in K). The values of these parameters

utilised in the modelling process are displayed in Table 5.

The model accepts the reference value of fuel flow from the fuel cell as input, generating outputs such as the fuel

(H2) supply pressure, fuel flow rate, and the remaining fuel quantity in the tank. Additionally, it provides the heat flow

rate to the hydrogen tank necessary for the evaporation process. The actual fuel flow rate is derived from the demanded

fuel flow rate (in lpm) by filtering it through a first-order filter with a time constant of 𝜏tank = 0.005 s, implying highly

ideal tank and valve dynamics.

To calculate the fuel remaining in the tank, the principle of mass conservation is applied. It is assumed that although

the volumetric flow of gaseous hydrogen at boiling point (𝑇BP) in the storage may differ from that at 𝑇fc due to density

variations, the mass flow remains constant from liquid hydrogen in the tank at 20K to gaseous hydrogen at 𝑇fc. Therefore,

leveraging the ideal gas law [29]:

¤𝑚liq,20𝐾 = ¤𝑚liq,𝐵𝑃 = ¤𝑚gas,𝐵𝑃 (4)

=
𝑝𝐻2,tank

𝑅𝐻2𝑇BP
¤𝑣𝐻2 ,BP =

𝑝𝐻2,tank

𝑅𝐻2𝑇fc
¤𝑣𝐻2 ,fc (5)

The mass flow rate is integrated and then subtracted from the initial fuel mass stored in the tank, 𝑀0,𝐻2 , to

determine the remaining fuel quantity in the tank at any given moment. The Simulink model, which incorporates the

aforementioned equations for the hydrogen tank, is illustrated in Figure 4.

C. Air Compressor Model

The design of the air compressor is integral to the system, as it is responsible for compressing atmospheric air to the

required operating pressure, 𝑝𝑂2, 𝑓 𝑐 = 1.1 bar, for air supply to the fuel cell. The compression process is modelled

using adiabatic compression equations, assuming ideal gas behaviour. The specific enthalpy difference due to adiabatic
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compression and the outlet temperature are calculated as follows [36]:

Δℎcomp =

(
1

𝜅 − 1
+ 𝑧

)
𝑅air𝑇in,air

[(
𝑝out
𝑝in

) 𝜅−1
𝜅

− 1

]
(6)

𝑇out,comp =
1

𝜂comp
𝑇in,air

[(
𝑝out
𝑝in

) 𝜅−1
𝜅

− 1

]
+ 𝑇in,air (7)

Here, Δℎcomp denotes the change in specific enthalpy for adiabatic compression (in J/kg), 𝑅air represents the specific

gas constant of air (in J/kg·K), 𝜅 is the isentropic exponent (or specific heat ratio) of air, 𝑧 is the real gas factor, and

𝜂comp is the adiabatic efficiency of the air compressor.

Similar to the hydrogen tank, the compressed air output from the compressor is heated to the fuel cell operating

temperature 𝑇fc via isobaric heating [29], which results in heat enthalpy change (Δℎheat):

Δℎheat,air = 𝐶𝑝,air (𝑇fc − 𝑇out,comp) (8)

Finally, the expressions for determining the heat power required for isobaric heating of air, denoted as 𝑄heat,air, and

the power required by the air compressor [36], represented as 𝑃comp, are as follows:

𝑃comp =
¤𝑚airΔℎcomp

𝜂comp
(9)

𝑄heat,air = ¤𝑚airΔℎheat (10)

The model accepts the reference value of air flow from the fuel cell as input, alongside the ambient air pressure and

temperature. Outputs comprise the air supply pressure, air flow rate, and the heat flow rate of the compressor. The

actual air supply rate is determined from the demanded air supply rate (in lpm) via a first-order filter with a time constant

of 𝜏comp = 0.001 s, signifying ideal dynamics and assuming instantaneous availability of the required air supply, with

air inlet dynamics neglected. The values of the compressor parameters used in the modelling process are provided in

Table 6, while the Simulink Model is depicted in Figure 5a, with Figure 5b showing the adiabatic compressor system.

Table 6 Air Compressor Characteristics

Property Symbol Value Property Symbol Value
Air Gas

Gas Constant [33]
𝑅air 287.058 [J/kg·K]

Air Specific
Heat Capacity

𝐶𝑝,air 1.008 [kJ/kg·K]

H2 Isentropic
Exponent

𝜅air 1.401 -
Real Gas

Factor of Air
𝑧air 1 -

Air Compressor
Time Constant

𝜏comp 0.001 [s]
Adiabatic

Efficiency[22]
𝜂comp 0.85 -
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D. Fuel Cell Stack Model

To model the FC stack, inputs are supplied from the LH2 tank (including the fuel flow rate ¤𝑣𝐻2 and fuel supply

pressure 𝑝𝐻2, 𝑓 𝑐), the Air Compressor (with air flow rate ¤𝑣air and air supply pressure 𝑝𝑂2, 𝑓 𝑐), and the Power Management

and Distribution System (PMAD) for the required FC output power. The outputs of the FC stack model include the

voltage 𝑉st and current 𝐼st output of the stack, the temperature of the stack 𝑇fc, and the heat flow rate 𝑄fc from the stack.

Additionally, the required fuel flow rate ¤𝑣𝐻2 ,𝑟𝑒 𝑓 and the required air flow rate ¤𝑣𝑎𝑖𝑟 ,𝑟𝑒 𝑓 are determined and provided as

output.

As depicted in the Simulink model of the fuel cell system shown in Figure 6, the modelling of the FC stack utilises a

SimScape Electrical block named "Fuel Cell Stack." This block is founded on the PEM Fuel Cell mathematical model

introduced by Souleman et al. [37], incorporating assumptions of ideal thermal management and water management

systems, along with negligible pressure drops and constant internal resistance. However, since the preset models

provided by Simscape have lower output power compared to the requirement of 500 kW for this regional aircraft

powertrain, the block is tuned with parameters outlined in Table 2 and Table 7 to simulate a FC stack capable of

providing 500 kW of power. The parameters used in this modelling study are based on assumptions, as actual datasheets

or specifications for a 500 kW 1500 Vdc FC stack were unavailable. These parameters have been extrapolated to align

with the requirements of the task, under the assumption that such a state-of-the-art FC stack will be developed in the

future, as a result of ongoing research in fuel cell technology.
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Table 7 500kW 1500Vdc Fuel Cell Stack Characteristics

Property Symbol Value Property Symbol Value

Number of Cells 𝑁fc 800 -
Open Circuit

Voltage
𝐸oc 1550 [V]

Voltage at 1A 𝑉1 1549.5 [V]
Nominal

Operating Point
𝐼nom, 𝑉nom 335, 1500 [A], [V]

Maximal
Operating Point

𝐼end, 𝑉end 350, 1499 [A], [V]
Nominal Stack

Efficiency
𝜂st,nom 55 [%]

Nominal
Air Flow Rate

¤𝑣air,nom 7200 [lpm]
Concentration
of H2 in Fuel

𝑥𝐻2 99.95 [%]

Fuel Cell
Time Constant

𝜏fc 0.1 [s]
Concentration
of O2 in Air

𝑥𝑂2 21 [%]
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Fig. 7 Fuel Cell Stack VI Characteristics

The tuning of the SimScape block provides cell param-

eters such as the Nernst voltage of one cell 𝐸𝑛, fuel cell

resistance 𝑅fc, exchange current 𝑖0, and nominal utilisation

of hydrogen and oxygen. These parameters are saved for

future use in calculation of required fuel flow rate. The

SimScape block with these characteristics is employed, with

signal variation for fuel flow rate, air flow rate, fuel supply

pressure, and air supply pressure. The VI characteristics of

the FC stack are shown in Figure 7.

To control the output of the stack, a "Battery CC-CV"

Simulink block is used, which serves as a battery manage-

ment system for constant voltage output. This controller is

fed with the stack voltage 𝑉st and required current as per the

power requirement received from PMAD. The output of this

block is utilized to drive an ideal current source across the

terminals of the FC stack, ensuring that the desired current

𝐼st flows from the stack. The outputs of the FC stack, such

as the current, voltage, and stack efficiency, are selected from the output bus.

The reference fuel flow rate and air flow rate are calculated as follows [37]:

¤𝑣𝐻2 ,ref =
60000𝑅𝑇fc𝑁fc𝐼st

2𝐹 (𝑝𝐻2, 𝑓 𝑐 ∗ 101325) (0.01𝑈 𝑓 ,𝐻2 ) (0.01𝑥𝐻2)
(11)

¤𝑣𝑎𝑖𝑟 ,ref = ¤𝑣𝐻2 ,ref
𝑈 𝑓 ,𝑂2

𝑈 𝑓 ,𝐻2

(12)
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Here,𝑈 𝑓 ,𝐻2 and𝑈 𝑓 ,𝑂2 represent the nominal percentage utilization of the fuel (H2) and oxidant (O2) respectively

with 𝑅 = 8.3145 J/mol·K (Universal Gas Constant) and 𝐹 = 96485 A·s/mol (Faraday’s Constant).

Regarding the thermal management of the FC stack, assuming an ideal TMS within the stack implies no change in

the system temperature 𝑇fc. However, it is important to evaluate the amount of heat power that needs to be dissipated

from the FC stack. It is estimated using the following equation [38, 39]:

𝑞st = 𝑄heat,fc = (𝑉st,ideal −𝑉st)𝐼st (13)

=

(
1
𝜂st
− 1

)
𝑉st𝐼st (14)

𝑑𝑇fc
𝑑𝑡

=
𝑞st
𝐶𝑡ℎ

(15)

Here, 𝑞st represents the total heat inside the FC stack (in J/s), also denoted as𝑄heat,fc. 𝑑𝑇fc
𝑑𝑡

represents the temperature

change rate that could result if the heat is not dissipated (in K/s), and 𝐶𝑡ℎ denotes the thermal mass of the stack in (J/K).

This thermal system is modelled simply using the "Convective Heat Transfer" SimScape block. The expanded view of

the thermal management model is presented in Figure 8.

E. Battery Model

The battery model is designed to supplement power during peak demand periods such as take-off and climb phases.

In addition, if surplus power is available from the fuel cell, the battery can be charged when its state of Charge (SoC)

falls below a certain threshold. Inputs to the battery from the PMAD include the required battery output power and the

battery charge signal. Outputs encompass the battery output voltage 𝑉bat, current 𝐼bat, state of Charge 𝑆𝑂𝐶bat, and the

heat power generated by the battery 𝑄bat.

As illustrated in the Simulink model in Figure 9, the battery is modelled using SimScape Electrical’s "Battery"

model. This block represents the battery as a series resistor and a charge-dependent voltage source, given by,
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𝑉bat = 𝑉nom

[
𝑆𝑂𝐶

1 − 𝛽(1 − 𝑆𝑂𝐶)

]
(16)

Here, 𝑆𝑂𝐶 denotes the current state-of-charge of the battery, 𝑉nom is the voltage when the battery is fully charged

at no load (nominal voltage), and 𝛽 is a constant internally calculated using the block parameters 𝑉1 and 𝐴𝐻1. 𝐴𝐻1

represents the charge (in C) when the no-load voltage is 𝑉1 (𝑉1 < 𝑉nom).

In a parallel manner to the FC stack scenario, no specific battery specifications are accessible to meet the requirements

of providing a 500 kW 1500 Vdc output for the powertrain. The parameters for this anticipated battery system, as

outlined in Table 8, have been extrapolated from EVESCO’s 500 kW Energy Storage System ES-500500-EU datasheet

[40]. It is assumed that advancements in battery technology will lead to the availability of such systems in the future.

Constants related to charge dynamics are assumed, with the battery temperature set at 298.16 K (25°C). Thermal mass

of the battery, along with temperature dependence constants, are also assumed.

The battery output control is executed similarly to the fuel cell system, employing a "Battery CC-CV" controller to

drive an ideal current source across the battery terminals. The determination of the state of Charge (SoC) is based on
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Table 8 500kW 1500Vdc 200Ah Battery Characteristics

Property Symbol Value Property Symbol Value
Nominal
Voltage

𝑉bat,nom 1497.6 [V]
Internal

Resistance
𝑅bat 0.2 [Ω]

Nominal Battery
Capacity

𝐶nom,bat 200 [Ah]
No-load

Operating Point
𝑉1, 𝐴𝐻1 1482, 0.7 [V], [C]

Battery First
Time Constant

𝜏1,bat 10 [s]
First Polarisation

Resistance
𝑅pol1,bat 0.005 [Ω]

Battery Second
Time Constant

𝜏2,bat 30 [s]
Second Polarisation

Resistance
𝑅pol2,bat 1e-4 [Ω]

Initial SoC 𝑆𝑂𝐶0 50 [%]
Battery Operating

Temperature
𝑇bat,0 298.16 [K]

the battery charge signal 𝑢, and is calculated as follows [41]:

𝑢 =



1, if charging

-1, if discharging

0, if disconnected

⇒ 𝐼bat =



<0, if u = 1

>0, if u = -1

0, if u = 0

(17)

𝑆𝑂𝐶bat = 𝑆𝑂𝐶0 −
∫

𝐼bat
𝐶nom,bat

𝑑𝑡, (18)

Additionally, an ideal TMS of the battery is modelled using the SimScape block "Convective Heat Transfer." The

heat power dissipated 𝑄heat,bat is measured using the "Heat Flow rate Sensor" and connected to an output port, along

with the battery temperature sensed using the "Temperature Sensor" block, as depicted in Figure 9.

F. Propeller Model

The propeller system in this model was modelled simply using the propulsive efficiency equation for a symmetric

flight, given as [42]:

𝜂prop =
𝑃prop

𝑃mot
(19)

𝑃prop = 𝐹𝑇𝑉𝑎 (20)

𝑃mot = 𝜔mot𝑇mot = 𝜔prop𝑇prop (21)

Here, 𝑃prop represents the power delivered by the propeller, while 𝑃mot denotes the shaft power delivered by the

motor. The thrust generated by the propeller is given by 𝐹𝑇 (in N), where 𝑉𝑎 is the airspeed (in m/s), 𝜔mot represents

the angular velocity of the motor shaft (in rad/s), and 𝑇mot denotes the mechanical torque of the motor shaft (in N·m).
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Fig. 10 Simulink Model of Propeller

In addition to the propulsive efficiency equation, a gear box is modelled to adjust the angular velocity for the

propeller shaft. Specifically, 𝜔prop = 𝜔mot/𝐾 and 𝑇prop = 𝐾𝑇mot, where the Gear Box Factor is denoted by 𝐾. It is

assumed that the propeller efficiency remains constant throughout the go-around mission profile. The thrust 𝐹𝑇 and

propeller RPM are calculated from using Equation 19 to Equation 21:

𝐹𝑇 = 𝜂prop
𝜔prop𝑇prop

𝑉𝑎
(22)

𝑅𝑃𝑀prop =
60
2𝜋
𝜔prop (23)

These equations, integrated with the gear box model, are implemented in the Simulink model as depicted in Figure 10.

G. Motor Model

PMSM motors employed in aircraft applications possess non-linear dynamics [27], typically necessitating control

methodologies like Field-Oriented Control which employs vector-controlled Pulse Width Modulation (PWM) [43, 44]

or Predictive Torque Control [44] to drive the motor. However, modelling such control intricacies exceeds the scope

of this study, which aims to develop a representative system. Consequently, the motor is simplified and modelled as

a first-order dynamic model of shaft angular velocity and shaft torque. The dynamic time constants for the motor

dynamics are detailed in Table 9.

Table 9 Motor Characteristics

Property Symbol Value Property Symbol Value
Motor

Efficiency
𝜂mot 0.98 -

Time Constant
for Torque

𝜏𝑚𝑜𝑡,𝑡𝑟𝑞 0.5 [s]

Time Constant
for Angular Velocity

𝜏𝑚𝑜𝑡,𝜔 0.01 [s]
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Fig. 11 Simulink Model of Motor

The PMAD provides inputs including the input power 𝑃in,mot and the error in propeller RPM 𝑒RPM. The input 𝑒RPM

undergoes processing by a PI controller followed by first-order dynamics with time constant 𝜏mot,𝜔 to yield the motor

shaft angular velocity 𝜔mot (in rad/s). This value is then transmitted to the propeller, which calculates 𝑅𝑃𝑀prop and

relays it back to the PMAD, forming a closed loop.

Additionally, the motor shaft angular velocity 𝜔mot (in rad/s) is used to compute the reference motor shaft torque

using the equation:

𝑃mot,ref = 𝜔mot𝑇mot,ref = 𝜂mot𝑃in,mot (24)

This reference torque serves as input for a control loop regulating motor shaft torque 𝑇mot, utilizing a PI controller

and first-order torque dynamics with time constant 𝜏mot,trq. Thus, the motor system is implemented as illustrated in

Figure 11.

H. Power Management and Distribution (PMAD) Model

The final component addressed in the modelling of the HEPS is the Power Management and Distribution System

(PMAD). It functions as a crucial element in overseeing and distributing power within the HEPS. This study focuses on

modelling three principal subsystems within the PMAD: the Power Decision System, DC-DC Converters, and Motor

Control Outputs. Each of these subsystems assumes a significant role in regulating the flow of power within the HEPS,

thereby enhancing the overall efficiency and performance of the aircraft. The Simulink model representing the PMAD,

illustrated in Figure 12, integrates these subsystems to effectively manage and allocate power within the HEPS. Also,

the parameters governing the decisions are set as shown in Table 10.

Table 10 PMAD Operational Settings

Property Symbol Value Property Symbol Value
Maximum

Engine Power
𝑃max,eng 1000 [kW]

Hybridisation
Factor

𝐻𝐹 0.5 -

Load Power
Requirement

𝑃load 30 [kW] Power Margin Δ𝑃 50 [kW]

SoC Charge
Limit

𝑆𝑂𝐶lim,charge 45 [%]
SoC Discharge

Limit
𝑆𝑂𝐶lim,discharge 20 [%]
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Fig. 12 Simulink Model of the Power Management and Distribution System

1. Power Decision System

This subsystem assumes the responsibility of decision-making concerning power distribution, predicated on various

inputs such as the reference thrust 𝐹𝑇,ref (expressed in Newtons), airspeed 𝑉𝑎 (measured in meters per second), and

battery state of charge 𝑆𝑂𝐶bat. It determines the requisite power from both the FC stack and the battery to fulfil the

operational demands of the aircraft.

The power required to drive the propeller and motor to generate the desired thrust is computed using 𝐹𝑇,ref and 𝑉𝑎

through the formula:

𝑃req =
𝐹𝑇,ref𝑉𝑎

𝜂mot𝜂prop
(25)

Nevertheless, within the aircraft, additional electrical loads such as the air compressor, pressurising system, cockpit

power, lighting, and air conditioning may necessitate power from this powertrain. Let us postulate that this extra power

required by the aircraft systems remains constant throughout the go-around phase, denoted as 𝑃load. Thus, the total

power required from the power sources is given by: 𝑃total = 𝑃req + 𝑃load.
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Algorithm 1 Power Distribution: Peak Shaving Algorithm [13]
𝑃fc,cap ← 𝑃max,eng · (1 − 𝐻𝐹)
Δ𝑃← Power Margin
if 𝑃total ≤ 𝑃fc,cap then ⊲ If required power is less than available stack power

if 𝑆𝑂𝐶bat < 𝑆𝑂𝐶lim,charge then ⊲ If Battery SoC is below certain charge limit
𝑃fc,req ← 𝑃fc,cap − Δ𝑃 ⊲ FC Stack to charge the Battery
𝑢 ← 1 ⊲ Battery Charge

else
𝑃fc,req ← 𝑃total
𝑢 ← 0 ⊲ Battery Disconnected

end if
𝑃bat,req ← 𝑢(𝑃fc,cap − Δ𝑃 − 𝑃total)

else if 𝑃total > 𝑃fc,cap then ⊲ If required power is more than available stack power
𝑃fc,req ← 𝑃fc,cap ⊲ FC Stack working at full power
if 𝑆𝑂𝐶bat < 𝑆𝑂𝐶lim,discharge then ⊲ If Battery SoC is below certain discharge limit

𝑢 ← 0 ⊲ Battery Disconnected
𝑃bat,req ← 0

else
𝑢 ← −1 ⊲ Battery Discharge
𝑃bat,req = 𝑃total − 𝑃fc,cap ⊲ Extra power provided by battery

end if
end if

if	{	}

Action	Port

1
power_req

1
P_e_fc

2
SoC_bat

2
P_e_bat

	>	45

++

3
Charge	Signal
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	>	20
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P_e_bat
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2
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(b) Power Required > Available Stack Power

Fig. 13 Model of PMAD Decision System Peak Shaving Implementation
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Subsequently, based on the hybridisation factor (HF), again defined as the ratio of the maximum power to be

provided by the battery to the total maximum power of the engine powertrain, a peak-shaving strategy inspired by the

work of Hoelzen et al. [13] is implemented. According to this strategy, the fuel cell and battery collaborate to supply

power during peak power requirement phases, such as take-off and climb. In contrast, during phases with lower power

requirements, such as cruise and landing, only the fuel cell provides power. Additionally, the fuel cell can charge the

battery if necessary during these phases. This operational approach adheres to the algorithm outlined in Algorithm 1,

the implementation of which is depicted in Figure 13. It is noteworthy that the battery undergoes charging only when

its SoC is below the charging limit 𝑆𝑂𝐶lim,charge, and it ceases to provide power (discharge) if its SoC falls below the

discharging limit 𝑆𝑂𝐶lim,discharge. Currently, existing aircraft do not employ this charge-discharge strategy during flight.

However, it is assumed that this control logic will be implemented in future aircraft designs.

For this study, 𝑆𝑂𝐶lim,charge was set at 45% to assess the model’s implementation of the charge-discharge algorithm

across a wider range of SoC values; however, in real-world scenarios, this limit could be different. The 𝑆𝑂𝐶lim,discharge is

set at 20% for battery protection, as discussed earlier. Additionally, a power margin Δ𝑃 is used to prevent instantaneous

switching of battery from discharge to charge phase when 𝑃total drops below 𝑃fc,cap.

2. DC/DC Converter

The DC/DC converters serve the purpose of maintaining a constant voltage output from both the fuel cell 𝑉fc and

the battery 𝑉bat, ensuring they align with the bus voltage 𝑉bus = 1500 V. These converters are pivotal in stabilising the

voltage output from the fuel cell and the battery, thereby ensuring compatibility with the bus voltage. By regulating

voltage levels, these converters optimise power transfer efficiency and enhance system stability. In this model, two

DC/DC converters are employed, one for the FC stack output and another for the battery output.

Mathematically, the DC/DC converters are modelled according to the equation given by Luo et al.[45] as depicted in

Figure 14:

𝐺conv (𝑠) =
1

1 + 𝑠𝜏conv + 𝑠2𝜏conv𝜏d,conv
(26)

1
V_out

1
V_in

2
I_in

2
I_out

x

x
÷

DC-DC	Mathematical

x

x
÷

Efficiency

zero	avoider1

zero	avoider
[Converter.V_bus]

Power

M

I_out

V_out

Fig. 14 Simulink Model of DC/DC Converter
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Table 11 DC/DC Converter Characteristics

Property Symbol Value Property Symbol Value
Converter

Efficiency [13]
𝜂conv 0.98 -

Converter Dynamic
Time Constant

𝜏conv 0.2 [s]

Converter Damping
Time Constant

𝜏d,conv 0.06 [s] Bus Voltage 𝑉bus 1500 [V]

Here, 𝜏conv and 𝜏d,conv represent the dynamic time constant and damping time constant of a DC/DC converter,

respectively. The input voltage 𝑉in,conv undergoes transformation through a feedforward voltage gain 𝐾conv =
𝑉bus
𝑉in,conv

before being applied to the mathematical model to generate the DC/DC converter’s output voltage𝑉out,conv. The resulting

current 𝐼out,conv is computed as in the following equation. The parameters of the DC/DC Converter, with their assumed

values, are presented in Table 11.

𝐼out,conv = 𝜂conv
𝑉in,conv𝐼in,conv

𝑉out,conv
(27)

3. Motor Control Outputs

This subsystem primarily involves straightforward calculations. It involves subtracting 𝑃load from the sum of the

power outputs generated by the two DC/DC converters and passing it through the inverter efficiency (𝜂inv = 0.98 [13])

gain to simulate a simple inverter. The output of the inverter is then transmitted as power output to the motor. Moreover,

it determines the error between the simulated RPM and the reference RPM signal supplied to the model, as outlined in

subsection III.G, and forwards it to the motor.

I. Consolidated Model

The consolidated HEPS Powertrain model is constructed by integrating all the component models – with varying

fidelity – according to the architecture depicted in Figure 2. This model encompasses four inputs: reference thrust,

reference RPM, altitude, and airspeed, as mentioned in Table 4. Correspondingly, the Simulink Model yields eleven

outputs specified in the table, along with four additional outputs which are the heat power generated by the stack and

battery, and the heat power required for heating hydrogen and air to 𝑇fc,0. The model is represented in Figure 15.
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IV. Model Simulation and Operational Envelope Exploration Setup
To simulate the HEPS powertrain model effectively for this mission, continuous input of the true airspeed (𝑉𝑎) in

meters per second, flight path angle (𝛾) in radians, and the reference propeller RPM (𝑅𝑃𝑀prop,ref) for a go-around

scenario is essential throughout the simulation duration. Initially, the desired flight path angle (𝛾) and airspeed (𝑉𝑎)

are employed to determine the required thrust and altitude of the aircraft. This is accomplished by employing aircraft

performance equations [42] based on the point-mass aircraft symmetric flight free-body diagram (Figure 16). This

preliminary step lays the groundwork for subsequent simulation endeavours.

ℎ = ℎ0 +
∫
𝑉𝑎 sin(𝛾)𝑑𝑡 (28)

𝐹T,ref = 𝐹𝐷 cos𝛼 − 𝐹𝐿 sin𝛼 + 𝑀 [𝑔 sin(𝛾 + 𝛼) + ¤𝑉𝑎 cos𝛼] (29)

=
1
2
𝐶𝐷𝜌𝑉

2
𝑎𝑆 cos𝛼 − 1

2
𝐶𝐿𝜌𝑉

2
𝑎𝑆 sin𝛼 + 𝑀

[
𝑔 sin(𝛾 + 𝛼) + ¤𝑉𝑎 cos𝛼

]
(30)

Fig. 16 Point-mass aircraft FBD

Here, ℎ0 represents the initial altitude (in m), 𝐹𝐷 denotes the drag force (in N),

𝐹𝐿 denotes the lift force (in N), 𝛼 denotes the angle of attack (in rad), 𝑀 signifies

the mass of the aircraft (in kg), 𝑉𝑎 denotes the true airspeed of the aircraft (in

m/s), ¤𝑉𝑎 stands for the aircraft acceleration (in m/s2), 𝑔 represents the acceleration

due to gravity in (in m/s2), 𝐶𝐷 indicates the drag coefficient of the aircraft, 𝐶𝐿

indicates the lift coefficient of the aircraft, 𝜌 represents the air density (in kg/m3),

and 𝑆 denotes the wing area (in m2). Through these computations, all four inputs -

𝑉𝑎, 𝐹T,ref, ℎ, and 𝑅𝑃𝑀prop,ref - are integrated into the Simulink model to facilitate

the simulation process.

In this simulation, airspeed and flight path angle are established based on the

mission profile shown in Figure 1 with aircraft mass 𝑀 = 38000 lbs and 𝑉𝐺𝐴 = 𝑉𝑎0 = 96 kts. It is important to note that

unlike conventional carbon-based propulsion systems, the HEPS boasts high fuel efficiency. Therefore, the variation in

aircraft mass due to fuel burn during short missions is relatively small, and neglected here. Consequently, the aircraft

mass is assumed to remain constant throughout the simulation. Beginning with an initial altitude of 410 feet (ℎ0 = 410

ft), the aircraft ascends and stabilises at an altitude of 2000 feet, meeting the Schiphol go-around requirement. This

milestone is reached approximately 85 seconds into the simulation. Therefore, the simulation duration is set to 𝑇sim = 85

at a frequency of 1000 Hz to accommodate the higher rate required for simulating the fuel cell system model effectively.

A dedicated model is developed within Simulink to execute this simulation, thereby enhancing the facilitation of the

entire process. The model, depicted in Figure 17, provides a structured framework for seamlessly running the simulation,

ensuring efficiency and accuracy in the analysis of the HEPS powertrain.
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A. Unit Tests

Prior to initiating tests on the entire model, a thorough examination of its sub-units is vital. This step aids in

the isolation and prompt identification of any faults, leading to fewer complications during the consolidated model

simulation. In this context, three main power units within the comprehensive system undergo evaluation: two units

responsible for providing power and one unit consuming power. These unit models are visually represented in Figure 18.
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Fig. 18 Power Units present in the Model

The Fuel Cell Power Unit, serving as the primary power source for the HEPS powertrain, is the first unit scrutinised.

This unit encompasses the fuel cell system, hydrogen tank, and air compressor, collectively contributing to the generation

of electrical power. Next, the Battery Power Unit, acting as an auxiliary power source, undergoes assessment. This unit

comprises the battery, playing a vital role in storing and supplying electrical energy as required. Lastly, the Propulsion

Power Unit, responsible for consuming power to propel the aircraft forward, is examined. This unit includes the motor

and the propeller, essential components for generating thrust and facilitating aircraft movement.

To evaluate their functionality, these units are subjected to mock inputs, simulating various operating condition.
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B. Operational Envelope Exploration

Exploring the operational envelope of the HEPS Powertrain Simulink model is critical because it allows for the

identification of key factors influencing system behaviour. This exploration aids in determining the most suitable

operating conditions for the mission profile. Furthermore, it helps to evaluate the model’s reliability by checking

for consistent performance across various conditions by systematically adjusting input parameters and observing

corresponding output responses.This exploration serves a dual purpose as a sensitivity analysis of the model, suggesting

areas for model refinement and facilitating targeted optimisation efforts to enhance model fidelity for real-world

applications.

During a go-around, a pilot’s primary concern is ensuring that the aircraft can deliver adequate power for take-off

thrust and climb thrust under the prevailing conditions. Therefore, it is important to monitor the model’s outputs,

including power outputs, thermal conditions, thrust generation, battery SoC, and fuel remaining in the tank, across

various scenarios and parameters such as:

1) Battery Initial State of Charge 𝑆𝑂𝐶0:

The initial state of charge of the battery affects the amount of stored energy available for propulsion during the

go-around maneuver. A higher SoC ensures a greater reserve of electrical energy, allowing for continuous power

delivery during critical flight phases.

For the exploration, the battery’s initial SoC ranges from 15% to 85% at the same 𝐶nom,bat of 200Ah.

2) Battery Nominal Capacity 𝐶nom,bat:

The capacity of the battery determines its energy storage capability and the rate of drop in the SoC. A higher

battery capacity translates to a greater amount of available energy, which is essential for providing the required

power during the go-around phase

The nominal capacity of the battery is varied between 20 Ah and 500 Ah, with the bus voltage of 1500V.

3) Aircraft Mass 𝑀:

The weight of the aircraft directly influences its performance during the go-around manoeuvre. Heavier aircraft

require more propulsion power to achieve the desired climb rate and altitude, so weight is an important factor in

determining energy requirements and overall propulsion system efficiency.

The aircraft weight is varied between 34000 lbs and 40000 lbs (MLM) during the exploration to simulate an

increasing payload. This increase in payload equates to approximately 40 passengers, with an average weight of

150 lbs each, being accommodated in the aircraft.

4) Velocity at Go-around 𝑉𝐺𝐴:

The velocity at go-around has a significant impact on the aerodynamic forces acting on the aircraft, as well as

the power needed for propulsion. Higher velocities may require more propulsion power to maintain safe flight

parameters during the go-around phase.
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Go-around Velocity is increased from 96 kts to 104 kts.

5) Propeller Efficiency 𝜂prop:

Propeller efficiency directly impacts thrust generation and, consequently, the aircraft’s climb rate and manoeuvra-

bility during go-around manoeuvres. High propeller efficiency leads to more effective propulsion, lower energy

losses, and improved overall system effectiveness and responsiveness.

For the exploration, the propeller efficiency is varied between 0.7 and 1.

To facilitate the exploration, a dedicated MATLAB script was developed to streamline the iterative simulation

process of the model depicted in Figure 17. This script operates systematically by adjusting parameters of interest and

executing the Simulink model for each distinct parameter set. It collects and stores the resultant simulation output data

to enable further analysis. Subsequently, the script leverages this accumulated data to generate graphical representations

of the simulation outputs. These visualisations offer a comparative view across different values of the varied parameter,

thereby aiding in the discernment of how variations in specific parameters impact the overall system behaviour.

V. Results

A. Individual Unit Tests

As discussed in the previous section, test runs of the individual units were conducted to check and correct the model.

The final simulation results for these power unit runs are presented in Figure 19.

Upon examining the simulation results of the fuel cell power unit (in Figure 19a), it becomes evident that the fuel

cell power unit effectively fulfils its role in providing the required power. This assertion is supported by the close

alignment observed between the plots of the reference power 𝑃ref,fc and the actual power delivered by the FC Stack 𝑃fc.

Moreover, an interesting observation emerges regarding the consumption of hydrogen, which closely mirrors the output

power dynamics. Specifically, when the power provided by the stack is low, the drop in the liquid hydrogen mass 𝑀𝐻2 in

the tank occurs at a slower rate. Conversely, when the fuel cell operates at its maximum power output, the depletion of

hydrogen accelerates accordingly. The stack voltage 𝑉st and current 𝐼st graph exhibit an initial surplus voltage when the

stack provides less power than its nominal rating. Subsequently, the voltage gradually stabilises, reaching its nominal

value of 1500V. Correspondingly, the current increases in line with the power demand. The observed variation in stack

output voltage underscores the critical role of the DC/DC converter in maintaining a constant bus voltage, ensuring

consistent and reliable power distribution throughout the system. Finally, it is worth noting that the energy supplied by

the FC stack consistently accounts for approximately 50-60% of the energy stored in the hydrogen fuel consumed with

gravimetric energy density being about 120 MJ/kg [46]. This aligns with the nominal efficiency defined for the FC stack.

In the simulation of the battery power unit (refer to Figure 19b), the input charge signal 𝑢 determines whether the

battery is being charged or discharged, toggling between these modes via a square wave. The power plot of the battery
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Fuel Cell Power Unit Simulation
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Fig. 19 Simulation Results for Power Units

illustrates that it provides or consumes power in accordance with this charge signal, denoted by 𝑃bat = 𝑢𝑃bat,ref. This

charge and discharge behaviour is also reflected in the 𝑆𝑂𝐶bat graph, where the state of charge increases for 𝑢 = 1 and

decreases for 𝑢 = −1. Moreover, the battery voltage 𝑉bat exhibits an increase during charging and drops slightly below

1500V during discharge. The battery current 𝐼bat follows the power demands accordingly. Thus, a DC/DC converter is

also required for the battery to maintain a constant bus voltage.

Lastly, the simulation of the propulsion power unit (depicted in Figure 19c) illustrates the reduction in the power

delivered by both the motor, 𝑃mot, and the propeller, 𝑃prop, compared to the input power provided to the motor, 𝑃in, due
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to their respective efficiency factors. The propeller RPM, 𝑅𝑃𝑀prop, closely tracks the reference RPM, 𝑅𝑃𝑀prop,ref, with

a slight lag attributed to the motor’s dynamics. The initial few seconds of these plots are disregarded, as the initial

conditions of the system may differ in a real-world scenario. Finally, the thrust generated, 𝐹T, by this unit closely follows

the reference thrust, 𝐹T,ref, albeit with a slight lag, again attributable to system dynamics.

B. Complete Model Simulation

With all the individual units functioning as desired, the full model undergoes simulation. The expected outputs

identified earlier can be categorised into four groups based on their common characteristics. These categories are as

follows:

• Power-related outputs: 𝑃fc, 𝑃bat, and 𝑃mot.

• Thermal outputs: 𝑇fc, 𝑇bat, 𝑄heat,fc, 𝑄heat,bat, 𝑄heat,tank, and 𝑄heat,air.

• Battery or Fuel Cell-related outputs: 𝜂st, 𝑆𝑂𝐶bat, and 𝑀𝐻2 .

• Propulsion-related outputs: 𝑇𝑚𝑜𝑡 , 𝑅𝑃𝑀prop, and 𝐹𝑇 .

The simulation results of the complete HEPS Engine Powertrain model system under the specified conditions and

mission profile are presented in the aforementioned categories in Figure 20.

From the analysis of Figure 20a, it becomes evident that during the initial phase, such as when the aircraft is

preparing for take-off or executing a go-around thrust, the power is solely provided by the FC stack. However, as the

demand for power escalates significantly during the climb, the battery supplements the FC stack by supplying additional

power. This support from the battery is discontinued only when the aircraft begins to stabilise, following the predefined

mission profile. It is noteworthy that the power delivered by the motor to the propeller closely mirrors the total power

supplied by both the stack and battery. This dynamic power distribution between the FC stack and the battery during

different flight phases, particularly during go-around manoeuvres, underscores the versatility and adaptability of the

HEPS powertrain. The smooth transition from fuel cell power to combined fuel cell and battery power underscores

the system’s capability to meet sudden increases in power demand effectively, ensuring uninterrupted and reliable

propulsion.

Moving on to the thermal analysis depicted in Figure 20b, it is observed that, as anticipated due to the assumption of

an "ideal" TMS, the temperatures of both the FC stack and the battery remain constant. To sustain this stability, the

heat generated by the FC stack (𝑄heat,fc) and the battery (𝑄heat,bat) must be dissipated entirely. The substantial waste

heat, as high as 400kW, generated by the FC stack indicated in the graphs emphasises the necessity of a highly efficient

TMS onboard the aircraft for both the FC stack and the battery. Particularly during go-around manoeuvres when power

demands are at their peak, maintaining thermal stability of these components becomes crucial to prevent overheating

and ensure optimal performance. The significant heat power generated underscores the need for implementing advanced

thermal management strategies to dissipate excess heat effectively and maintain system integrity. Furthermore, the
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(a) Simulation Results for Power Related outputs
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(b) Simulation Results for Thermal outputs

Battery/FC Characteristics Plots
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(c) Simulation Results for Battery/FC related outputs
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(d) Simulation Results for Propulsion related outputs

Fig. 20 Simulation Results of the HEPS Powertrain Engine

heat demand graphs for 𝐻2 evaporation and heating in the tank as well as air heating show a combined heat power

requirement of around 40 kW. This observation suggests that the heat extracted from the battery and FC Stack could be

used to heat the air and hydrogen via the TMS to improve thermal flow through the system. Nonetheless, it is important

to note that there is an extensive surplus of heat that must be dissipated in order to ensure optimal operation of FC stack.

Regarding the battery and fuel cell characteristics analysis presented in Figure 20c, the fuel stack efficiency remains

relatively constant throughout the mission, hovering around the nominal efficiency of 𝜂st,nom = 55%. This consistent fuel
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stack efficiency throughout the mission period indicates the steady performance of the fuel cell system, which is critical

for sustaining propulsion during critical flight phases like go-around. The Battery SoC experiences a decline during

the climb phase, wherein the battery provides peak shaving power, before stabilising once the battery is disconnected.

It is observed that the SoC drops by approximately 3% by the end of the given mission, which aids in determining

the lowest SoC% required for the go-around to be completed safely. In this case, it would be the 23% taking the SoC

margin of 20% into account. In the graph depicting fuel left in the tank, the gradual decrease in fuel mass corresponds

to hydrogen consumption by the fuel cell throughout the mission. The consumption of hydrogen mass is very low

(∼0.6 kg), even during the peak power requirement flight phase of a single go-around. It stores approximately 20 kWh

of energy, underscoring the fuel efficiency of liquid hydrogen propulsion. When accounting for inefficiencies in the

modelled powertrain, this produces approximately 8.5kWh of propulsive energy. This analysis aids in determining the

lowest levels of fuel required in the tank for successfully completing power-intensive manoeuvres such as the go-around.

Finally, as depicted in Figure 20d, the propeller RPM closely tracks the reference signal, as does the thrust generated

by the propeller. The motor shaft torque gradually increases to adjust the propeller shaft torque accordingly, matching

the thrust requirement while maintaining a constant propeller RPM. The close tracking of propeller RPM and thrust

with the reference signals during go-around signifies the responsiveness of this HEPS system representative model.

C. Operational Envelope Exploration

The results of the operational envelope exploration for the HEPS engine powertrain model are presented and analysed

in the section that follows. This analysis seeks to provide insights into the system’s behaviour under various conditions

by systematically varying multiple parameters, with the goal of not only contributing to informed decision-making for

real-world applications by examining the operational limits of the HEPS powertrain in given conditions but also suggest

potential improvements in the model.

1. Sensitivity to Battery Initial State-of-Charge

As previously discussed, the Initial State of Charge (SoC) of the battery holds significant importance for the

successful execution of a go-around manoeuvre, as it directly influences the battery’s ability to deliver the required

power during the manoeuvre. Consequently, the parameter 𝑆𝑂𝐶0 is systematically varied within the range of 85%

charge to 15%, representing a typical battery operating range, with a constant battery capacity 𝐶nom,bat = 200 Ah. The

simulation results for varying values of 𝑆𝑂𝐶0 are depicted in Figure 21.

In Figure 21a, it is observed that altering the initial SoC has no discernible impact on the stack efficiency, which

aligns with expectations. The next graph in the figure illustrates the battery’s SoC throughout the mission. While a

decline in SoC is evident across most model simulations, a more detailed view of cases with 𝑆𝑂𝐶0 ≤ 0.4 2 reveals an

initial increase in 𝑆𝑂𝐶bat, attributed to the battery’s charging with surplus power drawn from the FC stack, as dictated
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by the PMAD algorithm. Subsequently, the SoC decreases due to discharge during the climb phase, with additional

charging occurring at the end if the SoC remains below the charging threshold. Furthermore, when 𝑆𝑜𝐶0 ≤ 0.2, the

battery discharge is disconnected by the PMAD, resulting in the SoC remaining unchanged. The effect of battery

charging is further evidenced in the stack power graph (Figure 21b), wherein higher power is drawn from the stack

during initial and final stages for 𝑆𝑂𝐶0 ≤ 0.4 compared to other 𝑆𝑂𝐶0 values. The charging process is also evident in

the 𝑃bat graph, with negative power denoting charging power consumed by the battery for 𝑆𝑂𝐶0 ≥ 0.4. Moreover, for
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Fig. 21 𝑆𝑂𝐶0 Sensitivity Analysis Graphs
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𝑆𝑂𝐶0 ≤ 0.2, as the battery becomes disconnected to ensure battery protection, the power graph drops to zero.

The charging activity impacts the heat power generated by both the stack (due to additional power provision) and the

battery (during charging), as well as the increased power required for hydrogen and air heating (Figure 21c), stemming

from heightened consumption during the stack’s supplementary power output. Consequently, the slightly diminished

fuel mass left in the liquid hydrogen tank for 𝑆𝑂𝐶0 ≤ 0.4 , shown in Figure 21a, is attributable to this increased

consumption. Under the assumption of an ideal TMS, there is no observable effect of 𝑆𝑂𝐶0 variation on the stack and

battery temperatures.

As depicted in Figure 21b and Figure 21d, disconnecting the battery for 𝑆𝑂𝐶0 ≤ 0.2 leads to a notable decrease

in power supplied to the motor, resulting in inadequate motor torque and hence diminished thrust generation. This

highlights the unsuitability of this range of initial SoC for completing a go-around maneuver with battery protection,

underscoring the necessity of a minimum initial battery SoC of 23% for a nominal battery capacity 𝐶nom,bat of 200 Ah.

Intriguingly, these adjustments do not affect the propeller RPM, even with reduced power.

2. Sensitivity to Battery Nominal Capacity

In addition to 𝑆𝑂𝐶0, the nominal capacity of the battery (𝐶bat,nom) is another vital parameter that reflects the energy

storage capacity of the battery unit. Variations in this parameter are essential for evaluating the performance of the

powertrain during the go-around phase. The simulation results for different values of 𝐶bat,nom are presented in Figure 22.

In this context, modifying this parameter of the battery unit does not influence the fuel stack efficiency, remaining

fuel in the tank, or the overall power delivered to the motor. Consequently, this lack of impact extends to the power
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Fig. 22 𝐶bat,nom Sensitivity Analysis Graphs
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output of the motor, motor torque, propeller RPM, and the thrust generated by the propeller. Primarily, it affects three

key outputs of our model: the battery State of Charge (SoC), the power supplied by the fuel cell, and the power supplied

by the battery under mission conditions.

As the nominal capacity decreases, the charge stored in the battery diminishes accordingly, resulting in a rapid

decline in the battery SoC. This phenomenon is illustrated in the simulation results depicted in Figure 22a, wherein the

SoC experiences a substantial drop to around 20% for 𝐶nom,bat = 20 Ah. Such a significant decrease implies that if a

need arises for a second go-around, an aircraft equipped with a 20 Ah battery would need to wait until the battery is

sufficiently charged before the pilot can attempt another go-around. Conversely, an aircraft with a nominal capacity of

50 Ah sees its SoC drop only to around 40%, providing ample margin to attempt another go-around without delay.

The power plots indicate that with an initial SoC of 50%, there is no immediate need to charge the battery at

the outset. However, once the battery’s power support to the stack is exhausted, the SoC drops below the charging

threshold for cases where 𝐶nom,bat ≤ 100 Ah, prompting recharging with the stack power. Similar implications to that of

SoC analysis emerge for heat power generation/requirements due to charging in the final stages,for simulations where

𝐶nom,bat ≤ 100 Ah. No change in the temperature of either the battery or the FC stack are observed for this analysis, due

to the ideal TMS.

3. Sensitivity to Aircraft Mass

The weight of an aircraft plays a crucial role in determining the energy demands of its powertrain system, especially

during high-power phases like the go-around, where maintaining consistent airspeed and rate of climb is paramount. To

assess its impact, the aircraft weight is varied within the range of 34,000 lbs to 40,000 lbs, which corresponds to the

maximum landing mass of the Dash 8-Q300 aircraft. The simulation outcomes corresponding to these weight variations

are depicted in Figure 23.

Variations in aircraft mass prompt corresponding adjustments in thrust requirements to maintain consistent airspeed

throughout the mission profile. Specifically, an increase in mass necessitates higher thrust requirements, while a

decrease in mass diminishes these demands. Consequently, the power demand fluctuates accordingly, with heavier

aircraft requiring more power and lighter aircraft necessitating less, as evidenced in the power characteristics depicted in

Figure 23a. While alterations in aircraft mass did not significantly affect power derived from the stack, as it consistently

provides 500 kW power for almost the entire duration of the mission, heavier aircraft experience this power demand over

a longer duration. However, an increase in power derived from the battery is observed as aircraft mass increases. For

aircraft masses of 39,000 and 40,000 lbs, the battery even operates at maximum power for a duration, underscoring its

critical role in heavier aircraft configurations.

The amplified power demand from the battery implies increased heat generation by the battery, as depicted in

Figure 23b. Although other heat power characteristics also experience some alterations with changes in aircraft mass,
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Aircraft Mass Sensitivity: Power Plots
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Aircraft Mass Sensitivity: Thermal Plots
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Aircraft Mass Sensitivity: Battery/FC Characteristics Plots
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Aircraft Mass Sensitivity: Propulsion Plots
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Fig. 23 Aircraft Mass Sensitivity Analysis Graphs

these changes are not as substantial as the increased power demand from the battery. The battery power increase also

results in a more rapid decline in State of Charge (SoC) for heavier aircraft. However, the difference in final SoC

between the heaviest and lightest aircraft is only 1%, as shown in Figure 23c which means that even heavier aircraft

can complete the go-around successfully with the help of battery power under current mission conditions. The slight

increase in stack power results in only a negligible decrease in the hydrogen mass left in the tank for heavier aircraft

configurations. In addition, the variation in aircraft mass has minimal impact on stack efficiency.
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Due to the elevated thrust requirements arising from heavier aircraft, the combined power provided by the FC stack

and battery results in increased motor torque and consequently higher thrust for the mission. Remarkably, changes in

aircraft mass do not influence propeller RPM. However, it is important to note that due to the limit on the maximum

power supplied from the battery-FC combination, the thrust generated for heavier aircraft (39,000 lbs and 40,000 lbs) is

slightly lower than the required thrust for those aircraft masses. As a result, these aircraft may take a little longer than

expected to complete the mission.

4. Sensitivity to Velocity at Go-Around

The go-around speed (𝑉𝐺𝐴) stands as one of the main parameters governing thrust requirements during a go-around

manoeuvre, thus influencing the energy demands of the powertrain. Consequently, a sensitivity analysis was conducted

to assess the system’s response to variations in 𝑉𝐺𝐴. The range of 𝑉𝐺𝐴 was systematically explored, spanning from 96

knots to 104 knots. The selection of 96 knots as the baseline choice is deliberate, stemming from its designation as the

prescribed go-around speed for the chosen aircraft mass, as delineated in the aircraft manual. The simulation results are

depicted in Figure 24.

The analysis of the powertrain’s response to changes in 𝑉𝐺𝐴 unveiled subtle but noticeable shifts across various

parameters. Notably, as go-around speeds increased, both the stack and the battery generated slightly greater electrical

power, as illustrated in Figure 24a. This increased power demand had a significant impact on the battery’s heat

generation, which increased considerably. This contrasted with the relatively minor effects observed on other heat-related

characteristics within the system. As depicted in Figure 24c, the variation of go-around speed had no discernible
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Fig. 24 𝑉𝐺𝐴 Sensitivity Analysis Graphs
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Fig. 24 𝑉𝐺𝐴 Sensitivity Analysis Graphs

effect on stack efficiency or the remaining hydrogen in the tank. However, a slight decrease in battery State of Charge

(SoC) was observed for higher speeds, corresponding to the elevated power demand imposed on the battery. Moreover,

Figure 24a and Figure 24d showcase a slight increase in motor power, accompanied by an elevation in motor torque. The

propeller RPM, however, remained unaffected by changes in 𝑉𝐺𝐴. Consequently, these observed variations in motor

performance led to slight variation in thrust, consistent with the expected effects of changes in go-around speed.

5. Sensitivity to Propeller Efficiency

The analysis of propeller efficiency serves as a critical evaluation of the thrust generation capabilities within the

HEPS powertrain. Variations in propeller efficiency, ranging from 0.7 to 1, are systematically examined to assess their

impact on system performance, as depicted in Figure 25.

As anticipated, a decrease in propeller efficiency necessitates higher electrical power generation from both the fuel

cell and the battery to maintain the same thrust requirements. In Figure 25a, it is evident that for propeller efficiencies

𝜂prop ≤ 0.8, the battery power reaches its maximum for almost the entire duration of the climb. This heightened power

demand from the battery is channelled to the motor, translating into increased motor torque. However, due to the 1 MW

power constraint of the powertrain, the combined power output from the fuel cell and the battery proves insufficient to

meet the demands of lower efficiency propellers. Conversely, higher propeller efficiencies result in significantly lower

power derivation from the battery.

The consequential increase in power generation leads to a notable rise in battery heat generation, surpassing other

heat characteristics, as illustrated in Figure 25b. Meanwhile, Figure 25c demonstrates that variations in propeller
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Propeller Efficiency Sensitivity: Power Plots

10 20 30 40 50 60 70 80

Time (s)

0

200

400

P
o
w

e
r 

(k
W

)

Power Provided by Fuel Cell

10 20 30 40 50 60 70 80

Time (s)

0

100

200

300

400

500

P
o
w

e
r 

(k
W

)

Power Provided by Battery

10 20 30 40 50 60 70 80

Time (s)

0

200

400

600

800

1000

P
o
w

e
r 

(k
W

)

Power Delivered by Motor

prop
 = 0.7

prop
 = 0.75

prop
 = 0.8

prop
 = 0.85**

prop
 = 0.9

prop
 = 0.95

prop
 = 1

(a) Simulation Results for Power Related outputs

Propeller Efficiency Sensitivity: Thermal Plots
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Propeller Efficiency Sensitivity: Propulsion Plots
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Fig. 25 𝜂𝑝𝑟𝑜𝑝 Sensitivity Analysis Graphs

efficiency cause negligible fluctuations in the remaining hydrogen mass in the tank, while stack efficiency remains

constant. The battery SoC exhibits a steeper decline in response to the utilisation of battery power for lower efficiency

simulations. The graphs presented in Figure 25d illustrates that, while the propeller RPM remains constant, variations

in efficiency have a notable impact on thrust generation. Simulations with propeller efficiencies of 𝜂𝑝𝑟𝑜𝑝 ≥ 0.85

demonstrate sufficient thrust, contrasting with those exhibiting lower efficiency. Hence, for optimal performance of this

specific HEPS powertrain within the prescribed mission profile, a propeller efficiency of 0.85 or higher is recommended.
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VI. Discussion
In the context of the provided mission profile, the HEPS Engine Powertrain model operates as anticipated, delivering

power and generating thrust as needed, facilitated by the implementation of the peak-shaving algorithm. This enables a

comprehensive assessment of the powertrain under different conditions, achieved through sensitivity analysis.

The model demonstrates sensitivity to both the initial state-of-charge and nominal battery capacity, affecting battery

power and SoC dynamics. However, these parameters primarily impact stack output during battery charging and do not

directly influence thrust output unless the battery SoC drops below the discharge limit, ceasing to provide electrical

power. This behaviour aligns with real-world expectations for HEPS powertrain systems, as directed by the peak-shaving

algorithm. Moreover, variations in aircraft mass primarily impact the battery’s peak shaving power during climb phases,

leading to heightened heat generation, especially since the fuel stack operates at full power throughout the mission.

This emphasises the critical need for an optimal TMS and highlights a limitation of modelling only a 1MW powertrain,

which may result in sub-optimal thrust for heavier aircraft. Conversely, the model exhibits relative robustness to minor

variations in go-around speed, with only slight deviations in output compared to the baseline model. This includes

minimal changes in thrust generation and decreases in battery SoC. However, the powertrain model exhibits high

sensitivity to propeller efficiency, leading to power demands frequently exceeding the powertrain’s capacity. This

results in significantly reduced thrust generation for the majority of the climb phase of the mission, causing delays in

completion. This limitation renders the current powertrain configuration unsuitable for propellers with lower efficiency.

The model facilitates the assessment of various flight procedures and operational scenarios, enabling the identification

of optimal procedures tailored to specific mission profiles. For the go-around mission profile analysed, it is essential

to ensure that the aircraft’s battery has a SoC of at least 23% with a capacity of 200Ah or 40% SoC with a capacity

of 20Ah to prevent a loss of thrust during climb. This underscores the importance of verifying appropriate battery

levels before go-around execution. In addition, if battery charging is necessary, pilots should allot sufficient time for

charging before executing the go-around, potentially requiring earlier go-around checks. The analysis also suggests that,

for effective completion of the mission within the simulation duration, the aircraft weight should not exceed 38,000

pounds, as heavier weight results in reduced thrust. However, this restriction does not imply an absolute constraint on

aircraft weight, but rather emphasises the trade-off between weight and thrust generation. Regarding go-around speed,

while there is no significant restriction, lower speeds (baseline at 96 knots) are preferable for effective go-around energy

management. Moreover, while propeller efficiency may not directly impact flight procedural changes, it signals a longer

duration required to complete the go-around. This may necessitate procedures for calculating duration and informing air

traffic control (ATC) about the extended climb after the go-around manoeuvre.

The current 1MW powertrain model has been designed with adaptability in mind, offering flexibility to accommodate

higher power requirements for both the powertrain and FC stack through tweaking of the model parameters. However,

such adjustments would necessitate careful re-tuning of the FC stack and battery model, which are sensitive in nature.
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This is currently challenging due to the lack of reliable state-of-the-art specifications capable of higher power output.

Nevertheless, as more details about such systems become available, these adjustments could become more feasible.

During the operational envelope exploration, it was observed that despite the high heat generation throughout the

mission due to ideal TMS assumptions, stack and battery temperatures remain unaffected by parameter changes. To

enhance the realism of the HEPS powertrain model, future improvements could focus on implementing more realistic

TMS for the FC stack and battery systems. the consistent tracking of the RPM reference signal by the propeller RPM,

even under conditions of low input power and component model failures, reveals a flaw in the model: the RPM control

loop in the motor model operates independently with a first-order filter and error in RPM, separate from the rest of

the powertrain model. This highlights the need to address the simplicity and isolation of motor dynamics within the

powertrain model. To improve model fidelity, future versions could incorporate more intricate and interconnected

motor-propeller models, thereby eliminating component isolation.

Additionally, the current simulation of the HEPS powertrain relied on mathematically calculated inputs, resulting in

the aircraft’s velocity and altitude remaining constant in accordance with the predefined mission profile, regardless

of the thrust generated by the powertrain. However, future research could integrate this model into a broader aircraft

model, supplanting the engine model. This integration would enable real-time testing and simulation based on the

aircraft’s dynamics, potentially allowing for the utilisation of this model in flight simulators. Such integration could

facilitate the simulation of aircraft equipped with HEPS powertrains using parameters tailored to the specific powertrain

and aircraft configuration. In the long term, an enhanced iteration of the model developed in this study can serve as a

valuable training tool for pilots, allowing them to acquaint themselves with the operation of HEPS powertrain systems

and practice various flight procedures in a simulated environment.

Lastly, this model serves as a versatile tool capable of simulating various HEPS configurations, operating conditions,

and mission requirements by adjusting modelling parameters and providing diverse inputs for different missions. This

approach enables comprehensive evaluations of HEPS powertrain responses through a relatively simplified model.

The model’s usefulness extends to analysing critical performance metrics such as power delivery, efficiency, and

thermal management to optimise system design and operation. By simulating the powertrain’s behaviour under different

scenarios, researchers can pinpoint opportunities for design enhancement. Moreover, the model’s flexibility enables the

simulation of a broad range of design alternatives and scenarios to meet diverse application needs.

VII. Conclusion
The objective of this study was to develop a representative model of a Hydrogen-Electric Propulsion System

(HEPS) powertrain for a retrofitted future regional aircraft and analyse its behaviour during a critical go-around mission,

which necessitates careful energy management. The HEPS powertrain model was constructed by simulating various

subsystems, including the FC stack, battery, hydrogen tank, air compressor, Power Management and Distribution
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(PMAD) system, motor, and propeller. The designed HEPS powertrain in this study is a 1MW system with a HF of 0.5,

indicating that the FC stack supplies 500kW of power as the primary source, while an additional 500kW is provided by

the auxiliary battery during peak power demands. Simulation of the powertrain under specified mission conditions

demonstrated the seamless implementation of this strategy.

Operational envelope analysis conducted on the model unveiled the significant impact of parameters such as initial

battery state of charge, battery capacity, and propeller efficiency on various performance attributes of the designed

powertrain, including power consumption, heat dissipation, and thrust generation during the go-around procedure.

These insights are invaluable for optimizing battery management strategies, determining optimal battery capacities, and

enhancing overall system efficiency and reliability.

The model framework demonstrated in this study is highly versatile, enabling the simulation of various Hydrogen-

Electric Propulsion System (HEPS) configurations and mission scenarios by adjusting parameters. It effectively evaluates

key performance metrics such as power delivery, thereby aiding in system refinement. Moreover, the developed model

serves as a valuable tool for assessing the impact of Hydrogen-Electric Propulsion System (HEPS) powertrains on flight

procedures tailored to diverse missions, including the go-around manoeuvre. It aids in the identification of optimal

procedures by analysing the model’s output and evaluating the effectiveness of different strategies, thereby fulfilling the

study’s objective of creating a model capable of this task.

Future enhancements may prioritise improving model accuracy by integrating more sophisticated motor-propeller

models to address component isolation. Additionally, advancements could involve implementing realistic Thermal

Management Systems when its specifications are known. Ultimately, an upgraded version of the model holds promise as

an invaluable pilot training tool, offering a simulated environment for practising HEPS powertrain operations and flight

procedures. In addition, future research efforts could also explore the development of battery charge-discharge control

and the implementation of the peak-shaving strategy within the Power Management and Distribution (PMAD) systems

of HEPS aircraft.

This endeavour represents a fundamental step toward integrating Hydrogen-Electric Propulsion Systems (HEPS) into

practical aviation scenarios, contributing significantly to the advancement of sustainable regional aviation propulsion

systems. It signifies a major milestone in transitioning toward environmentally friendly aviation solutions.

Appendix

Drag Polar Curve

The Dash-8 Q300’s lift and drag coefficients were calculated using Digital DATCOM Software. Estimated aircraft

geometry from the Dash-8 Q300’s Aircraft Planning Manual, as well as varying mission profile conditions such as

Mach number, altitude, velocity of sound, and angles of attack ranging from -6.5 to 3 degrees, were loaded into the
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software. Matlab was used to extract and process the DATCOM output, which included Lift Coefficients (𝐶𝐿) and Drag

Coefficients (𝐶𝐷) for 40 different conditions. Using Matlab’s Curve Fitting routine, a drag polar equation, presented as

Equation 31, was derived from the obtained coefficient data.

𝐶𝐷 = 0.03125𝐶2
𝐿 − 0.005447𝐶𝐿 + 0.01745 (31)

The equation defines the relationship between the drag coefficient and the lift coefficient over an altitude range of

0-2,000 feet and velocities ranging from 95 to 120 knots, providing valuable insights into the aerodynamic properties of

the Dash-8 Q300 aircraft for this study.

Hydrogen Specific Heat Calculation

The specific heat capacity of hydrogen exhibits considerable variation across the wide temperature range pertinent

to this study, extending from 20 K to 338 K, encompassing transitions between the liquid and gaseous phases. For the

cryogenic temperature range of 14 K to 22 K, the Specific Heat Capacity (𝐶𝑝) of Liquid Hydrogen was referenced from

Choi’s 2004 report [32], which credits the data to Roge et al. [47] and Roder et al. [48]. Additionally, the Specific Heat

Capacity of gaseous hydrogen from 175 K to 375 K was extracted from an online database provided by The Engineering

Toolbox [34]. The values for the intermediate temperature range were linearly interpolated. The specific heat capacity

of liquid and gaseous hydrogen utilised in this study is the root mean square of the interpolated database, ranging from

20 K to 22 K for liquid hydrogen and 33 K to 365 K for gaseous hydrogen. This interpolation is illustrated graphically

in Figure 26.
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A
Longer Duration Simulation Results

In the results section, the simulation focused solely on the climb phase of the go-around, with a duration

limited to 85 seconds. However, the comprehensive nature of the model enables analysis beyond this

initial phase, extending to subsequent flight segments such as the cruise section. This expanded analysis

is depicted in Figure A.1, which illustrates an additional 15 seconds of cruising at 2000ft altitude post-climb.

During this cruising phase, key flight parameters such as airspeed, flight path angle, and reference RPM

are held constant to simulate steady-state conditions.

Examining the power requirements during cruising reveals a consistent demand well below the 500

kW capacity of the stack. Consequently, all power during this phase is supplied solely by the FC stack,

resulting in a corresponding reduction in fuel mass within the tank and diminished heat generation by the

fuel cell stack. As both fuel and air consumption decrease during cruising, the amount of heat needed to

warm them up to the fuel cell operating temperature also decreases accordingly.

The battery remains inactive throughout the cruising phase, maintaining its state of charge (SoC)

unchanged. However, it is worth mentioning that if the SoC were to drop below 45% (or the charging

limit), surplus power would be generated by the FC stack to charge the battery, ensuring optimal energy

management according to the peak-shaving algorithm.

Despite these adjustments, the propulsion system continues to function as expected during cruising,

with the model consistently generating the required thrust albeit with minor delays.
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Figure A.1: Simulation Results of the HEPS Powertrain Engine: Longer Duration



B
All Graphs from Operational Analysis

In the context of operational analysis, the omission of certain graphs from the scientific paper was delib-

erate due to their lack of relevance in substantiating the drawn conclusions. Including them would have

unnecessarily occupied space without contributing significantly to the article’s discourse. As a result, this

chapter encompasses all operational analysis graphs, including those related to two parameters that had

minimal impact on the model’s responses, making their inclusion in the scientific article unnecessary.

Additionally, it covers a parameter affected by the powertrain limitation of the model.

On the subsequent pages, the analysis of the HEPS powertrain model’s responses to various parameters

is presented through a series of graphical representations:

• Figure B.1 provides insights into the model’s reactions to different Initial Battery State of Charge

(SoC) values.

• Figure B.2 showcases the model’s behaviour across different Battery nominal capacities.

• Figure B.3 illustrates the model’s responses to variations in aircraft masses.

• Figure B.4 displays the model’s performance under different go-around speeds.

• Figure B.5 demonstrates the model’s outputs under varying propeller efficiency conditions.

Furthermore, three bonus operational analyses are included:

• Figure B.6 presents the model’s reactions to changes in fuel cell operating temperature.

• Figure B.7 showcases the model’s responses to adjustments in the battery’s thermal mass.

• Finally, Figure B.8 illustrates the model’s outputs under varying hybridisation factors. This variation

has significant implications for the model’s operation, which will be discussed in a later section.

Each set of graphs contributes to a comprehensive understanding of the HEPS powertrain model’s

behaviour and performance characteristics under specific parameter variations, enriching the analysis and

insights derived from the study.

Sensitivity to Hybridisation Factor
The hybridisation factor plays a pivotal role in dictating the power demands to be covered by both the

battery and the fuel cell within the hydrogen-electric propulsion system (HEPS). It serves as a fundamental

component of the peak shavings strategy, influencing the system’s reliance on the FC stack. For the

sensitivity analysis, the powertrain model is subjected to variations in the hybridisation factor (HF), ranging

from 0.25 to 0.5, with the simulation results depicted in Figure B.8.

Upon examination of the power figures, it is evident that the powertrain model encounters a critical

issue, as the FC stack model crashes when unable to provide more than 500-550 kW of power. This

outcome is anticipated, considering that the FC stack is specifically parameterised to deliver 500 kW of

power and no more. Given its role as the primary power source in the powertrain model, the crash of the

FC stack precipitates the crash of the motor model downstream in the powertrain. Consequently, without

power input from the FC stack and the battery, no motor torque is generated, leading to a cessation of

thrust generation for HF values below 0.5.
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Remarkably, the battery continues to operate effectively, as it remains disconnected from the aftermath

of the fuel cell crash. However, an interesting observation emerges regarding the propeller RPM, which

continues to adhere to the RPM reference signal in Figure B.8(d). This observation underscores a flaw

in the model, wherein the RPM control loop operates independently between an isolated first-order filter

in the motor and the error between actual RPM and reference. This disconnects the RPM control loop

from the rest of the powertrain model, highlighting a potential area for refinement and optimisation in future

iterations of the model.
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Figure B.1: Battery Initial SoC Sensitivity Analysis Graphs
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Battery Nominal Capacity Sensitivity: Power Plots
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Figure B.2: Battery Nominal Capacity Sensitivity Analysis Graphs
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Aircraft Mass Sensitivity: Power Plots
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Figure B.3: Aircraft Mass Sensitivity Analysis Graphs
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Go-Around Speed (V
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Figure B.4: Go-Around Speed Sensitivity Analysis Graphs
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Propeller Efficiency Sensitivity: Power Plots
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Figure B.5: Propeller Efficiency Sensitivity Analysis Graphs
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Fuel Cell Operating Temperature Sensitivity: Power Plots
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(b) Simulation Results for Thermal outputs
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(c) Simulation Results for Battery/FC related outputs

Fuel Cell Operating Temperature Sensitivity: Propulsion Plots
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Figure B.6: Fuel Cell Operating Temperature Sensitivity Analysis Graphs
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Battery Thermal Mass Sensitivity: Power Plots
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Figure B.7: Battery Thermal Mass Sensitivity Analysis Graphs
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Hybridisation Factor Sensitivity: Power Plots
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(c) Simulation Results for Battery/FC related outputs
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Figure B.8: Hybridization factor Sensitivity Analysis Graphs



C
Example Input to DIGITAL DATCOM

To determine the lift and drag coefficients of the Dash 8-Q300 aircraft, an input file was prepared for use

with the DIGITAL DATCOM Software. Example contents of the input file is as follows :

$FLTCON NMACH=1.0, MACH=0.1457, VINF=1.1157E3,

NALPHA=20.0,ALSCHD=-6.0,-5.5,-5.0,-4.5,-4.0,-3.5,-3.0,-2.5,-2.0,

-1.5,-1.0,-0.5,0.0,0.5,1.0,1.5,2.0,2.5,3.0,3.5,

RNNUB=4.1005E6,NALT=1.0, ALT=188.0,

WT=38000.0, GAMMA=9.0, LOOP=1.0$

$OPTINS SREF=605.0, CBARR=7.125, BLREF=90.0$

$SYNTHS XCG=33.2, ZCG=0.0, XW=33.167, ZW=5.232, ALIW=1.71, XH=75.583,

ZH=19.393, ALIH=0.0, XV=62.75, ZV=0.0$

$BODY NX=11.0, X=0.5,5.0,10.0,11.0,50.0,55.0,60.0,70.0,75.0,78.0,78.25,

S=0.7854,25.9672,56.7450,61.1673,61.1673,53.4562,38.4845,15.9043,8.2958,

1.2272,0.0001$

NACA-W-6-66-418
$WGPLNF CHRDTP=3.9167,SSPNOP=32.08, SSPNE=40.5, SSPN=45.0, CHRDBP=8.333,

CHRDR=8.333, SAVSI=0.0, SAVSO=5.34, CHSTAT=0.25,DHDADI=2.5,TYPE=1.0$

NACA-H-4-0012
$HTPLNF CHRDTP=4.9167, SSPNE=12.5, SSPN=13.0, CHRDR=6.667, SAVSI=7.96,

DHDADI=0.0,CHSTAT=0.25, TYPE=1.0$

NACA-H-4-0015
$VTPLNF CHRDTP=9.0, SSPNE=13.625, SSPN=20.445,

CHRDR=15.0, SAVSI=36.267,CHSTAT=0.25, DHDADI=0.0, TYPE=1.0$

$PROPWR NENGSP=2.0, PHALOC=27.0, PHVLOC=9.75, PRPRAD=6.5,

NOPBPE=4.0, YP=12.916$

$SYMFLP FTYPE=1.0, NDELTA=1.0, DELTA=15.0$

CASEID DASH 8 Q300 GO AROUND SCHIPHOL

SAVE

BUILD

PLOT

NEXT CASE

The FLTCON section of the file specifies the testing flight conditions, including the aircraft’s Mach

number, speed of sound, Reynolds number, altitude, and 20 angle of attack values ranging from -6 to 3.5

degrees. Additionally, the weight and flight path angle of the aircraft are provided.

In the OPTINS section, details such as wing area, wing span, and aerodynamic chord of the aircraft are

specified. The SYNTHS and BODY sections contain estimated geometric points of the aircraft, including

the center of gravity point, wing height, and tail height.

”NACA-W-6-66-418” is provided as a rough reference for the wing airfoil, with additional information

on wing geometry in section WGPLNF. Similarly, ”NACA-H-4-0012” and section HTPLNF provide rough

estimations for the horizontal stabilizer, while ”NACA-H-4-0015” and section VTPLNF provide rough

estimations for the vertical stabilizer.

Section PROPWR includes information on the propeller characteristics, such as diameter, height, and

number of blades. Lastly, section SYMFLP contains details on the flap condition, set at 15 degrees here.
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