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Abstract

Electric propulsion (EP) and hybrid electric propulsion (HEP) are novel concepts that
significantly impact the future aircraft design and emission reduction. These novel tech-
nologies can be used to decarbonise air transportation, especially regional aircraft in short
term future. Despite the potential benefits, their implementation challenges such as dura-
bility, reliability, architectural design, subsystem health state impacts, and the dynamic
behaviour of various components in an integrated propulsion system have not been fully
explored. The methodologies and results in literature varied significantly, they either
focused on parametrically varying technology levels for aircraft weight and range sensi-
tivity, or considered detailed subsystem design for specific purposes. Moreover, an im-
portant aspect not fully considered in most publicly available studies is to utilise fuel cell
and hydrogen as the primary power supplier and energy source for future electric regional
aircraft.

To fill in these gaps a modular component based simulation framework is developed
in this work, aiming to model and assess the design and off-design performance of in-
tegrated hybrid electric aircraft propulsion systems by capturing the characteristics, in-
teractions and interdependencies of its components. The developed component models
include the main devices: batteries, fuel cell system, power electronics such as converters
and inverters, and electric motors. Another key feature of this simulation framework is
its multi-fidelity natural. The low-fidelity models enable fast system analysis and para-
metric studies in various aspects for holistic mission, whereas the high-fidelity ones allow
detailed subsystem sizing, architectural design and evaluation, and performance assess-

ment. In this study, power electronics and electric motors are modelled in both low fidelity

il
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and high fidelity. For power electronics, the switching circuit elements are not included
and their control mechanisms are realised by simple PI controllers for low fidelity models;
whereas complete switching circuit systems are modelled to simulate their power losses
and control logic for high fidelity models. For electric motor systems, dq model with PI
control system are used as low fidelity models whereas a MotorCAD based PMSM per-
formance map, with ‘I; = 0’ control strategy and SVPWM modulation inverter circuit are
used as high fidelity models.

The simulation framework was applied to study a 50 PAX, ATR42 like regional air-
craft. Two forms of propulsion architectures were investigated: a pure PEMFC power-
train and a hybrid electric one. Based on the developed electric models and simulation
framework, various cases and scenarios not studied in literature were investigated. For
pure PEMFC system, the impacts of air mass flow rate and air supply pressure variation
on fuel cell based system performance were investigated; The degradation impacts of fuel
cell and battery on the system performance and sizing were also studied; A thorough dis-
cussion on fuel cell multi-stack architectural design was presented. Whereas for hybrid
electric system, a comparative study between hybrid battery, hybrid fuel cell and hybrid
battery/fuel cell propulsion system was conducted. The study evaluated key factors that
can affect the electric system weight, such as mission length, hybridisation level, battery
cycling number, etc. All these problems are significant and need to be solved before
implementing the novel electrical propulsion technologies on regional aircraft.

Key findings and important conclusions were drawn from these case studies. For pure
PEMEFC system, it was found that the FC system normally exhibited higher efficiency at
low power level (e.g. approximately 45% at top of climbing and 58% during descent).
Therefore, a slight over-sized FC system can help improve the efficiency performance;
Secondly, the effects of FC air supply pressure and mass flow rate on FC system efficiency
and robustness were investigated. It was found that, although there was reduction in
FC stack efficiency when keeping a relatively low FC air supply pressure, the overall

FC system efficiency was improved throughout flight mission. Also, a potential risk of
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low air supply rate was identified and a control strategy balancing efficiency and system
reliability was proposed; Thirdly, FC degradation can cause imbalance performance of the
whole multi-stack FC system. In this study, a 10% voltage and current degradation from a
single FC was used, and it was found that such single cell level degradation can cause the
whole FC system malfunction for some flight phases, which was detrimental. A detailed
solution to avoid the malfunctioning risk was discussed in this study. For hybrid electric
system, it was found that, under current and short-term technology level, FC based hybrid
propulsion system generally had weight advantages over battery based one for regional
aircraft. Specifically, a case study demonstrated that pack-level battery S.E. was expected
to reach around 335-, 406-, and 543 Wh/kg to compete against the hybrid fuel cell system
for 200-, 300-, and 600 nmi mission for the same power profiles. This required huge
technology improvement for battery, since its cell level state-of-art S.E. was merely 250
Wh/kg when the research was initiated. Moreover, when battery cycling degradation was

considered, further battery technology improvement was required.
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Chapter 1

Introduction

1.1 Motivation

The increasingly stringent environmental requirement motivates the research on aircraft
propulsion electrification. Electric propulsion (EP) and hybrid electric propulsion (HEP)
have the potential to reduce pollution and emission, enhance propulsion system perfor-
mance and improve synergies between airframe and propulsion system [33]]. Despite lofty
promises, the EP/HEP implementation challenges such as design, sizing, and the system
dynamic behaviour analysis have not been fully explored. A suitable modelling and anal-
ysis framework is desired to explore the design space and system behaviour assessment
at conceptual level. Moreover, there is a great need and investment in technologies level
and specific component development to facilitate their successful application in aviation
sector [33]]. It needs to be noted that, EP refers to all-electric propulsion in this thesis,
where only batteries or hydrogen based fuel cell systems were used as the only source of
propulsion power for the aircraft. Whereas HEP uses both gas turbine engines and bat-
teries or fuel cell systems, or batteries plus fuel cell systems for propulsion during one or
more phases of flight.
A range of conceptual studies have captured academic and industry interests in EP/HEP.

However, they are typically relying on highly-advanced technology level assumptions,
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such as extremely high battery specific energy and power, high temperature supercon-
ducting technologies and so on. These assumed technologies are unlikely seen before
year-2050 time frame or even later. Moreover, some research focus on advanced future
aircraft platforms which forecast ground-breaking performance. Whilst predicting the
technology in long-term future, more near-term research need to be focused for decision
making based on a more current technology background. This way is more likely to be the
logical development pathway to market. Moreover, the lack of confidence and validation
of futuristic technology may cause misjudgements for academia and industrials. For this
reason, the simulation framework in this study focuses on mid-term technology levels,
allowing conservative variations for year-2035-timeframe. The aircraft retrofit model is
based on ATR42-like regional type, which is considered more likely to be electrified in
short-term future.

For EP/HEP conceptual studies, there are two typical extremes: some studies focus
more on propulsion system level with low-fidelity models for electrical subsystem. Essen-
tial component parameters are based on fixed S.E., S.P., and efficiency. Important electri-
cal dynamic performance details are less concerned. On the other hand, some component
specialised studies conducted in depth research on subsystem with high fidelity models.
The integration and matching problems to more comprehensive propulsion system level
are not fully explored. Whilst this aids the detailed understanding of selected component
and subsystem, the complex models can be problematic when considering “modifying”
them to capture technology levels impacts. Also, integrating these models to EP/HEP
system level and simulate holistic aircraft mission performance is not fully addressed by
these models. In this study, a modular-based simulation framework is developed, with the
capability to capture missing details in the literature, as well as the availability to conduct
holistic performance investigations in wider EP/HEP level.

Hydrogen based fuel cell is gradually capturing academic and industrial interest due
to its zero emission nature and high S.E., but the majority e-aviation conceptual studies

utilise batteries as the propulsion power without considering FC. Numerous FC stud-
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ies focusing on various modelling methods and fidelity levels are available in litera-
ture [34-36]. Most studies considered land-based applications such as PEM-FC vehicles
and trams [37,38]]. These studies presented insights into comprehensive land based fuel
cell power-train system analysis, but the similar study on FC-power aircraft is lacking.
The aviation application is so different that, there is a research need for assessment of FC
system as the aircraft power-train, with a detailed and comprehensive models capturing
both component and system level parameters. In this study, fuel cell system is integrated
to the electric system, which offers relevant and insightful viewpoints of FC-powered air-
craft. Numerous key performance parameters of fuel cell system are captured for system
assessments and decision makings, which are likely to be missed in many conceptual
design studies.

The subsystem components off-design and degradation performance are important to
be taken into accounts. Being able to model the change in component performance, the
impacts on the power-train can be assessed. These impacts often affect some key system
design decision makings and performance aspects. In this study, the focus being fuel
cell stack imbalance performance and its system knock-on effects, fuel cell architectural
topology arrangement, better fuel cell operation strategies, avoidance of potential system
malfunctions, battery system sizing, weight penalty consideration, aircraft ranges and
hybrid architecture selection.

The whole study is classified into two propulsion architectures: pure fuel cell electric
propulsion (PEMFC-EP) and hybrid electric propulsion (HEP) architecture. The PEMFC-
EP investigates an all-electric regional aircraft powered by PEMFC solely. It provides
a platform for comprehensive investigations on fuel cell propulsion system including:
detailed mission-level system analysis, stack off-design assessment, fuel cell operation
strategy design, stack degradation impacts on multi-stack configuration, and multi-stack
configurational selection and design space exploration. However, scaling the fuel cell
system and electrical systems for Mega-Watt power level regional aircraft is currently be-

yond the state-of-the-art fuel cell technology, especially when minimising aircraft weight
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is considered. Despite the limitations, these studies are still important since they help un-
derstanding any architecture that might utilise PEMFC system for propulsion. For HEP
architecture study, the regional aircraft is powered by gas turbine and electrical system.
As the electric power rating is greatly reduced, the fuel cell and battery system can be
investigated based on a more state-of-the-art technology level. Studying this platform
provides a more mid-term look at the use of these technologies in aviation industry. It
also helps decision making when considering architectural selections. Finally, with the
capability to adjust power split between gas turbine, battery and/or fuel cell, the energy

management strategies can be explored for different targets.

1.2 Research aim, objectives and research questions

The research aim in this thesis is: “develop a modular component based simulation frame-
work to model and assess the design point and off design performance of integrated hybrid
electric aircraft propulsion systems by capturing the characteristics, interactions and in-
terdependencies of its components and use it to simulate and assess different energy man-
agement strategies.” To meet the research aim, the following research objectives need to

achieve:

1. Evaluate the effect of various operation settings (including on and off design stud-

ies), component and subcomponent states for a given integrated propulsion system.

2. Develop subsystem models with appropriate level of fidelity to capture component
performance and their interactions involved in the EP/HEP: battery pack, PEMFC
system, controlled DC/DC converter, controlled three phase DC/AC inverter and

PMSM in comparison with existing models for HEP.

3. Construct a pure PEMFC EP architecture to evaluate feasibility of hydrogen-fuelled

PEMEFC system as the primary energy storage and propulsion power supply system.
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i Identify the key parameters that influence PEMFC stack performance and
evaluate their impacts on the system performance.

ii Explore the impact of PEMFC stack connection topology and its effectiveness
in reducing the system impact of degradation and voltage/current variations in

each stack.
i1 Examine the other potential PEMFC stack configurations.

4. Construct a HEP architecture to enable hybrid battery and hybrid fuel cell perfor-

mance evaluation.

i Investigate GT/battery and GT/PEMFC architectures in terms of weight, effi-
ciency, and system performance, assess and compare the different character-

1stics of both architectures.

i1 Explore the key factors that influence lithium battery pack performance and

evaluate their impacts on the propulsion system.

iii Investigate the impact of flight mission range on the propulsion system per-

formance, energy management strategies and architecture decision.

In order to achieve above listed top level research objectives, the steps can be broken

down into answering the following specific research questions.

For a typical 50 PAX regional aircraft pure fuel cell propulsion architecture:

* How to develop a methodology and build a simulation framework to perform sizing,
integration, subsystem interdependency and matching investigation, and holistic

system performance analysis for regional aircraft pure fuel cell electric system?

* What are the key aspects of the subsystem and system parameters need to be con-

sidered?

» After identifying these effective key parameters, what fidelity level is suitable to

model them?
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* Are these subsystem component models validated to acceptable confidence levels?

* Which parameters can cause fuel cell system performance variations (quantita-

tively)?

* For these identified operation variables, is the propulsion system benefited from or

detriment to them?

* By what strategies can these parameters be controlled to avoid the potential risks

and improve system performance?

* What is the impact of fuel cell stack degradation on the system? Can the fuel
cell stack configuration help to reduce the impact of voltage and current imbalance

performance due to stack degradation?

* What are the potential fuel cell multi-stack configurations and their corresponding
advantages and disadvantages for a regional aircraft propulsion system? How are

these different configurations affecting the design for DC/DC converter?

For a typical 50 PAX regional aircraft hybrid electric propulsion architecture:

* How to develop a methodology and build a simulation framework to perform sizing,
integration, subsystem interdependency and matching investigation, and holistic

system performance analysis for regional aircraft hybrid electric system?

* How to simulate and validate the battery system from cell to pack level and enable

them to capture all necessary parameters?

* What are the impacts of mission characteristics, such as power profile, mission

length, and hybridisation level on the system weight and sizing?

* How does battery degradation affect the system performance, sizing and aircraft

mission range?
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* How to compare hybrid-battery and hybrid-fuel cell architectures in terms of sizing

consideration?

* Which architecture yields lighter potential system weight, hybrid-battery, hybrid-

fuel cell, or hybrid-battery/fuel cell?

* Can hybrid battery fuel cell allow more intelligent energy management strategy so
that the system weight can be minimised amongst the three competing architec-

tures?

Each of these research questions must be fully addressed to realise the objectives. A
systematic, validated and reproducible methodology for propulsion system modelling,
holist system on/off-design performance evaluation, system configuration assessment,
and energy management implementation for electric and hybrid electric regional aircraft
can be formulated by answering these questions. And finally, the research aim can be

achieved.

1.3 Research contributions

1.3.1 Description of the research contribution

This work produced original understanding and knowledge in the area of pure fuel cell
electric and hybrid electric propulsion system for ATR42 like regional aircraft. Novel

contributions are summarised:

* In Chapter 4, the simulation framework for pure FC propulsion power-train for a
typical 50 PAX regional aircraft is introduced, with appropriate fidelity modelling
for subsystem components, which has several advantages compared to most exist-
ing simulation frameworks. By utilising this multi-objectives, multi-fidelity model,
all relevant performance parameters of individual components, their interaction and
the holistic systematic performance are captured in mission-based level. Key per-

formance aspects, such as voltage, current, power and electrical efficiencies of FCs,
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converters, bus line, inverter and motor, air/fuel flow and consumption rate for FC,
mechanical performance of PMSMs are captured. Some performance evaluations
and system design decision makings not seen before are now available by utilis-
ing this simulation framework. Moreover, this framework is modular and considers
component integration and electric system control and stabilization. The devel-
oped model can simulate various propulsion architectures, without redesigning the
methodology framework. Modular nature enables fast studies for different cases
and system configurations; control and stabilisation mechanisms enable desired op-
eration conditions for each component. The study of air mass flow rate r,;, and
air supply pressure p,i. effects on FC off-design operation for aircraft propulsion
system is a novel work. Trade-off between system robustness and efficiency is
demonstrated due to their variations. By adjusting the two operation parameters,
different control strategies are proposed and assessed based on system reliability
and efficiency aspects. A control strategy balancing these two aspects is obtained.
The methodology of this study is generic and applicable to any system contain-
ing a PEMFC. Another novel contribution comes from investigating fuel cell stack
imbalance performance impacts on the system. The V-I polarisation curve is com-
promised when FC stack degrades after long time usage. This can cause stack
imbalance amongst FC arrays and these impacts are simulated. The potential risk
due to stack imbalance performance is identified and demonstrated. It is found that
carefully designed FC stack connection configuration can mitigate the potential risk
due to imbalance performance. Finally, more possible FC stack configurations are
analysed using a high fidelity model. More refined and detailed component and
system efficiencies are demonstrated for various configurations. The contribution
comes from: the set-up of high-fidelity models in an integrated way; The sizing and
design process of converter considering the maximum operating points; quantita-
tive mission-level analysis of the high-fidelity PEMFC-EP architecture model; and

finally, identification of the most suitable FC stack configuration for the a typical
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50 PAX regional aircraft.

* In Chapter 5, a similar framework is proposed to model hybrid propulsion power-
train for an ATR-42 like aircraft. The main difference is the implementation of
energy management strategy for power split between gas turbine, fuel cell and bat-
tery system, using two parameters: DoH and ®gpj;;. The characteristics of battery
nominal and degrading performance are presented with validated models. A clear
procedure for sizing the propulsion system is proposed based on the aircraft power
requirement and battery/FC ratings and operation states. Carefully designed study
cases quantitatively show that the relation between battery system weight and bat-
tery health state (cycling number degradation in this study), mission length, en-
ergy management strategy and S.E. technology level. The potential risk of battery
degradation on system reliability is presented for different cycling numbers. Three
competitive architectures: hybrid battery, hybrid fuel cell, and hybrid battery fuel
cell are proposed and weight comparisons between them are made. It is found that,
battery is not suitable for mission with long range while fuel cell is not ideal for
missions with large power variation. Applying proper energy management strategy
allows significant decrease in system weight. It is recommended to allocate power
split such that, pure FC provides low power throughout the whole flight phase and
battery works as a supplement at high power but short duration, like “Take-off”
and “Climbing”. Including both battery and fuel cell, the electric system can be

designed with significantly low weight. These results are presented in Chapter 5.

1.3.2 Publication

Part of Chapter 4 and 5 have been published in several conference proceedings as cited
in [20,39]. And the multi-fidelity simulation framework developed in Chapter 3 has been

utilised in paper as cited in [40].
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1.4 Thesis outlines

This thesis comprises six chapters and two Appendices. The series of subsections for each
chapter are presented in the thesis contents. A top level summary of each chapter is listed

below:

* Chapter 1 - Introduction: This chapter introduces the context and motivation of
the research and states the overall scientific aim. The objectives and research ques-
tions that need to be addressed to deliver against the overall aim are then described.

The research contributions that obtained are also summarised.

* Chapter 2 - Review of Aviation Electrification Research: This chapter provides
a literature review on electrified aviation research and seeks answers to the research
questions. Also, the research gaps are identified and the methodology to achieve

the research objectives and questions are presented.

* Chapter 3 - Methodology and Simulation Framework: This chapter introduces
the detailed simulation tools developed and its building blocks to simulate the elec-

tric and hybrid electric propulsion system for the ATR-42 like regional aircraft.

* Chapter 4 - 50 PAX Regional Aircraft Fuel Cell Propulsion: This chapter pro-
vides the results and their analysis to answer the research questions outlined in

chapter 1 for the pure fuel cell propulsion system.

* Chapter 5 - 50 PAX Regional Aircraft Hybrid Propulsion: This chapter answers
the research questions outlined in Chapter 1 for the hybrid electric propulsion sys-

tem.

* Chapter 6 - Conclusions and Future Work: This chapter summarises the conclu-
sions derived from this research project. The contributions of this work are high-

lighted and a list of future work is recommended.



CHAPTER 1. INTRODUCTION 11

* Appendix: The appendices are provided to further explain the methodology and

simulation model, as well as some key Matlab codes being utilised.



Chapter 2

Review of Aviation Electrification

Research

2.1 Backgrounds of aircraft electrification

The global aviation sector consumes more than 7% of oil products and produces 2.7%
of in-flight combustion-related CO, [41]]. Moreover, the global aviation sector has yet
reached its full growth potential, the demand is predicted to grow at a rate of 4.8% annu-
ally [42,43]]. The U.S. Energy Information Administration (EIA) projects a greater than
60% air travel seat miles increase with a corresponding 38% increase in energy use by
year 2050 [44].

Under these critical situations, many organisations and research councils have set forth
regulations, and outlined environmental and performance targets. For example, the NASA
‘N+3 Strategic Implementation Plan’ outlines: by year 2035, an 80% NOy emission, a
60% block fuel consumption, and a 52% dB noise reduction are expected to achieve,
relative to the 2005 state-of-art level [45]. Also, the Advisory Council of Aviation Re-
search and Innovation in Europe (ACARE) formulated guidelines for ‘Flightpath 2050°,
targetting a 75% CO, and 90% NOy emission cut and a 65% noise reduction for the avi-

ation sector in 2050 [46]]. However, the potential fuel-efficiency and emission improve-

12
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ments achieved by conventional technology evolution approaches are already reaching a
plateau, applying them alone would not meet the environmental targets [47]. Electrified
aircraft propulsion technology has emerged and identified as the most suitable avenue
to realise energy-efficient, sustainable and less-emission for regional air transportation

aviation [48]].

2.2 Overview of aircraft electrification concepts

The idea of aircraft electrification leads to the discussion of propulsion system architec-
tures, categorised as four primary types: full electric, series hybrid electric, parallel hybrid
electric, and turboelectric [41]]. In this section, each architecture is introduced from the
perspectives of concepts, benefits and challenges, followed by a summary of representa-

tive aircraft studies and applications.

2.2.1 Full electric

The full electric architecture is shown in Fig. It uses batteries or hydrogen based
fuel cell system as the only propulsion power source on the aircraft. Batteries or FC sys-
tem produces electricity, and electrical power propagates through power electronics and
reaches to the electric motors, where it is converted to mechanical power to drive the
propeller. The secondary energy for the other aircraft system is also driven from the bat-
tery or FC system. The key features of full electric are high energy conversion efficiency
and zero emissions. In practice, full electric aircraft are currently feasible for short-haul
flights, such as electric vertical take-off and landing aircraft (¢eVTOLSs), general aviation
aircraft, commuter aircraft, and regional aircraft. The key studies and applications are

summarised in Table [C.I] Appendix [C|
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2.2.2 Series hybrid electric

The series hybrid electric architecture is shown in Fig.[2.1b] The electrical power is either
from generator driven by gas turbine or from batteries. The electrical power is distributed
to motors via power electronics and electric buses. Both gas turbine engine and electrical
system are electrically coupled, and this is the key feature of “Series hybrid electric”
as commonly accepted by academia and industrial. In this architecture, the gas turbine
can be decoupled from propulsive part, resulting in a more efficient gas turbine system.
But, with the combination of generator systems, the overall weight is generally heavier
than its hybrid-parallel counterpart. Moreover, due to more energy conversion stages, the
series architecture exhibits lower efficiency than the parallel one. The key studies and

applications are summarised in Table Appendix

2.2.3 Parallel hybrid electric

The parallel hybrid electric architecture is shown in Fig. In this architecture, the
gas turbine engine and the electric motor are connected via a rigid gearbox. Both heat
engine and electric system are connected mechanically instead of electrically. This is the
commonly accepted key feature of “Parallel hybrid electric” architecture. Though this
connection topology could need a complex gearbox system, it does not require heavy
generators and corresponding power regulators, resulting in a lighter propulsion system.
Moreover, it has fewer energy conversion stages, which further increases the overall sys-
tem efficiency.

This architecture has fewer energy conversion stages, so that it has system efficiency
and weight advantages over series hybrid system [49]. However, the control and operation
aspects are relatively complicated due to mechanical coupling issues. The key studies and

applications are summarised in Table|C.3] Appendix|[C]
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2.2.4 Turboelectric

The turboelectric architecture is shown in Fig. [2.1dl The electricity is provided by gas-
turbine-driven generators. The electrical power is transmitted to the motor via power
electronics, and finally the mechanical propulsion power is generated through electric
motors. This architecture does not rely on batteries; the energy is stored in aviation fuel
and converted to electrical energy.

It is predicted by the Committee that turboelectric propulsion can be introduced into
service in next 10 to 30 years. It can also maximise the synergic benefits with advanced
boundary layer ingestion (BLI) concepts [33]]. The key studies and applications are sum-

marised in Table[C.4] Appendix|C|
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Figure 2.1: Schematic diagrams of (a) Full-electric, (b) Series hybrid electric, (c) Parallel
hybrid electric and (d) Turboelectric architecture [|1].
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Table 2.1: Electric component technology requirements for full electric, parallel hybrid
and turboelectric systems proposed by Committee on Propulsion and Energy Systems to
Reduce Commercial Aviation Carbon Emissions [28]].

Aviation sector Power rates MW) S.P. (kW/kg) B.S.E. (Wh/kg)
General aviation/commuter

Full electric EM < 1 > 6.5 > 400
Parallel electric EM < 1 >3 > 250
Turboelectric EMand G < 1 > 6.5 n/a
Regional/single-aisle

Full electric EM 1-11 > 6.5 > 1800
Parallel electric M 1-6 > 6.5 > 800
Turboelectric EM 1.5-3; G 1-11 >3 n/a
Twin-aisle

Full electric infeasible

Parallel electric n/a

Turboelectric EM 4; G 30 > 10 n/a

*EM: electric motor, S.P.: specific power, B.S.E.: battery specific energy, G: generator
1 S.P. includes power electronics systems

During the comprehensive aircraft concept/design/studies literature review, three ob-

servations related to the study can be found:

* Observation 1: The majority of these aircraft conceptual studies focused on
parametrically varying the technology levels for the range and weight sensitiv-
ity. However not many studies considered the electrical performance aspects,
such as short time-scale electrical performance during mission, efficiency vari-
ation profiles, and long time-scale component degradation impacts. A consen-
sus on how to assess the electrical systems for these novel power-trains has yet

to be reached.

* Observation 2: Many of these studies relied on radical technology levels and
concepts: high component specific energy and power, HT'S technologies, bound-
ary layer ingestions or distributed electric propulsion concepts. A more mid-

term future technology was slightly overlooked.

* Observation 3: Battery was preferable to many studies, however the state-

of-art specific energy is far from the minimum requirements proposed by the
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Committee [28]], especially for regional/single-aisle aviation sector. The devel-
opment of energy storage of batteries is gradually reaching its limit, but alter-
native energy storage and energy conversion systems such as hydrogen-based

fuel cells were not adequately explored or investigated for aircraft propulsion.

2.3 Overview of hydrogen fuel cell aircraft

Hydrogen is a plausible solution to achieve decarbonisation target for aviation transporta-
tion, given that the challenges of technology and implementation are addressed. Amongst
various technologies, Hydrogen based fuel cell technology can promise emission free
short-to-medium-range aircraft, and direct H, combustion in gas turbine can decarbonise

longer range missions [84]. In this study, fuel cell based aircraft is considered.

2.3.1 Fuel cell overview

There are different types of fuel cells, differentiated from one another on their fuel types
and electrolyte. Six representative fuel cells are illustrated in Fig. with their ad-
vantages and disadvantages comparisons summarised in Table [2.2] and their respective

state-of-art technological metrics in Table [2.3
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Table 2.2: Advantages and disadvantages of different fuel cell types (comparisons adopted
from [29,30]).

FC type Advantages Disadvantages

PEMFC Highest specific power compared to Expensive catalyst and polymer
others, high efficiency, highly mod- membrane, complex water manage-
ular and compact for most applica- ment required, low CO and S toler-
tions, rapid start-up time and tran- ance, and H,O by-products.
sient response, and zero CO,/NOy
emission.

AFC High efficiency, extremely low Relatively low power density, must
electrolyte cost, low non-precious use pure H,-O,, the presence of
metal catalyst cost, and zero CO, degrades KOH electrolyte
CO,/NOy emission. (cannot operate even at atmospheric

CO; level), low life-time, and H,O
by-products.

DMFC  Compact FC size, easy fuel stor- Low cell voltage and efficiency, low
age and delivery, and simple ther- power density, poison CO is formed
mal management and humidifica- intermediately during anode reac-
tion system. tion, inevitable by-products of CO,

and H,O.

PAFC High TRL, simple water manage- Slow start-up time, low power den-
ment, small CO, amount tolerance, sity and efficiency, large system
potential CHP applications avail- size, risk of corrosive electrolyte
able due to high temperature, zero leakage, expensive catalyst, and
CO,/NOy emission. H,O by-products.

MCFC Fuel flexibility, high efficiency, Very high operating temperature,
high contaminants tolerance, non- slow start-up time and transient re-
precious metal catalyst, and suit- sponse, degradation issues and low
able for CHP. life-time, corrosive molten elec-

trolyte, CO, and H,O by-products,
and a recycling system needed for
it.

SOFC Very high efficiency, high contami- Extremely high operating tempera-

nant tolerance, fuel flexibility, high-
quality of waste heat for CHP, non-
precious metal catalyst.

ture, extremely slow start-up time
and transient response, high ther-
mal stresses, complex sealing is-
sues, low life-time, high manu-
facturing costs, and potential NOy
emissions due to high temperature,
as well as H,O by-products.

*PEMFC: proton exchange membrane fuel cell, AFC: alkaline fuel cell, DMFC:
direct methanol fuel cell, PAFC: phosphoric acid fuel cell, MCFC: molten carbonate
fuel cell, SOFC: solid oxide fuel cell, TRL: technology readiness level, and CHP:
combined heat and power.

19
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Table 2.3: Comparison of state-of-art technology metrics of different fuel cell types.

FC type Efficiency Temperature Life-time Specific power
[%] [°C] [h] [kW/kg] -
PEMFC 40 - 60 [85] 60 - 80 [86] 5000-20000 0.40 - 1.00 [86]
(871,
> 4000 [88]]
AFC up to 65 [89] 60 - 120 [6] 8000 [90] 0.17 [91]]
DMFC 10 - 40 [92] 70 - 100 [89] > 4000 [88] 0.10-0.20 [89]
PAFC 40 - 45 [93]] 220 [6] > 50000 0.12 891

MCFC 60 - 70 if waste 600 - 800 [94] 7000 - 8000 [89] N/A
heat is usedl89]

SOFC 50 - 65 [92], 800 - 1000 [96] > 10000 [[88] N/A
70 [95]]

From above fuel cell literature review, PEMFC and SOFC are two competitive candi-
dates for aircraft propulsion. Firstly, the zero emission requirement rules out the DMFC
and MCFC, as carbon dioxides are inevitably produced from their chemical reactions.
Secondly, AFC could be challenging as atmospheric CO; level is not tolerable for its fuel
and oxidants. This feature leads to the inclusion of complex gas treatment system and
hence more weight and volume penalty in aircraft payloads. Finally, PAFCs are gener-
ally reported with lower specific power and efficiency than that of PEMFC and SOFC.
Therefore, the author concluded that, PEMFC and SOFC are more suitable for aircraft
propulsion system than others. It is also agreed by other studies that both PEMFC and
SOFC are feasible for aviation application among the various fuel cell devices types [97].
However, it should be noted that all these fuel cells inevitably generate H,O by-products.
And water is a potential contributor for global warming due to contrail formation. There-
fore, a mitigation strategy of contrails formation is also necessary to get complete benefit
of fuel cells.

In this study, PEMFC is considered because the applications of SOFC involve intense
investigations on combined heat and power synergy effects of gas turbine/SOFC system
[97], which is not the main focus of this study.

In comparison to batteries, the hydrogen fuel of PEMFC system has much higher

specific energy, and the FC system has shorter refuelling time, longer life-time, and lower
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emission with non-carbon hydrogen harvest method [3]]. However, the low specific power,
low efficiency, high thermal losses, and lack of hydrogen refuelling station at airport
still remain as considerable challenges. Only until recent years, the aviation community
starts considering it as a primary power supplier. This is due to the improvement in
technological readiness, especially fuel cell specific power. For example, the state-of-art
off-the-shelf PEMFC stack level specific power can reach 4.7 kW/kg, but this figure only
accounts for stack dry mass [98]. Also, a 2.0 to 2.5 kW/kg of PEMFC system (stack +
balance of plant) and a 70% stack efficiency are predicted to reach in year 2030 [99]. The
specific power of the fuel cell stack is also investigated in [100], based purely on the its
active component, a 10 kW/kg is estimated for future developments. These developments
gradually put the PEMFC back to the racetrack. The maximum S.P. of ATR42 equipped
PW127M engine equipped is 4.3 kW/kg according to [[101]]. It is therefore considered
viable to conduct more research on PEMFC as the primary energy source for regional
electrified aircraft. The current S.E. and S.P. level comparison for different energy storage

systems is shown in Fig.[2.3]
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Figure 2.3: (a) Specific energy comparison between lithium ion battery, jet fuel and hydro-
gen from [3]]. (b) Specific power comparison between capacitor, supercapacitor, battery
and fuel cell from [4].

However, even though hydrogen based FCs are gradually showing their potentials
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and viabilities, on board hydrogen storage still remain one of the main challenges to
implement them in aircraft propulsion. The state-of-art gravimetric hydrogen storage
capacity is merely 5.7% (wt) according to [160]. With such figure, the hydrogen tank

would be over-weighted and aircraft payload could be limited.

2.3.2 PEMFC aircraft overview

In industrial sector, there are already some successful flights powered by fuel cell, such
as a sole PEMFC-powered aircraft, developed by Boeing based on a 2-seater Diamond-
DA20, flew for 20 minutes in 2008 [[102]. A 4-seater aircraft developed by DLR-HY4,
made its maiden flight in 2016 for ten minutes [103]. A ZeroAvia’s 6-seater aircraft
flew for 20 minutes in 2021 [104]. Moreover, different research institutes and leading
companies also launched research projects of hydrogen aircraft concepts. DLR has been
working on the BALIS project to develop Mega Watt fuel cell power-train since January
2021 (40+ seater, 1000 km and 1.5 to 2 MW) [105]]. Airbus’s ZEROe project has set goals
to develop the world’s first zero-emission commercial aircraft by 2035 with hydrogen
propulsion, either with hydrogen combustion technique or fuel cells [106].

Despite the emission-free nature, fast developing fuel cell technological readiness
level, there are many aspects of the fuel cell system performance, design, operation and
implementation challenges yet to be explored. Therefore in academia sector, many stud-
ies are in active. Kadyk. et al [100] proposed a method for designing the fuel cell as
the transportation aircraft main energy supplier with a physical-based model. They also
proposed a way to size the fuel cell based on the relation between efficiency and power
density. They concluded that the efficiency can be increased by over-sizing the fuel cell.
And the optimal weight obtained from over-sizing benefits is not only determined by fuel
cell, but also the fuel and tank. If the system is heavy in fuel and/or tank, larger over-
sizing is beneficial. However, this study does not consider other important components,
especially air supply and conditioning system.

There are several studies considered more detailed electrical system analysis and sim-
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ulation for fuel cell aircraft: Kasim et al [107] developed a sole PEMFC propulsion system
for Cessna level aircraft, where a complete fuel cell system was simulated for the holistic
flight mission. They concluded that a fully hydrogen powered 8-passenger aircraft is fea-
sible. A failure analysis of the system was also included. Zeng et al [108]] also presented
an integrated fuel cell and aerodynamic model for a 30kW level two-seat aircraft. How-
ever, the influence of fuel cell off-design and other detailed electrical system level analysis
were neglected. Hartmann et al [109]] presented a PEMFC powered system for regional
aircraft, with the applications of superconducting cables and motors. They looked into the
application of liquid hydrogen to provide cryogenic cooling for superconductors. It was
argued by Kasim et al [107] that multi-stack configuration can not only achieve larger
power requirements, but also enhance system reliability. However, there is not enough
study in multi-stack configuration design and determination for aircraft propulsion appli-
cations. Apart from fuel cell applications on aviation platform, Zhou et al [110] reviewed
PEM multi-stack fuel cell systems in terms of architectures, redundancy, degraded mode
operation, lifetime, efficiency, and hydrogen consumption. Enlightened by them, The
multi-stack related research was extended to other suitable multi-stack configurations for
aircraft propulsion, considering implementation limitations of weight constraints and high
voltage at high altitude in Chapter 4 and published in [20]].

The hydrogen technology and PEMFC aircraft literature reviews lead to the following

observations:

* Observation 4: The rapid development in PEMFC technology makes it feasible
as the primary energy supplier for aircraft propulsion system in short-term fu-
ture. But the architectures with PEMFC are not commonly investigated by the
study launching time. More research are required to investigate such propul-

sion system type.

* Observation 5: A comprehensive simulation framework for fully or hybrid
PEMFC electric aircraft was not seen by the study was launched. The per-

formance of PEMFC as well as the overall system depends on various fac-
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tors, such as power settings, ambient conditions, architectural selection, stack
degradation level, stack reactants conditions and so on. A holistic mission level

analysis considering all these factors is required to understand the system.

* Observation 6: Battery has strength in specific power but weakness in specific
energy, whereas hydrogen fuel based PEMFC has specific energy advantage
but specific power shortage. It is potential to combine them to minimise the

propulsion system weight with properly designed energy management strat-

egy.

2.4 Relevant e-aircraft simulation framework

There have been increasing number of simulation frameworks developed to study different
aspects of the subsystem and system performance in differing level of details for the
electrified aircraft. Some of the relevant works are briefly summarised below, with a
discussion on their advantages, key features, and limitations.

S. Stiickl [111] attempted to demonstrate the viability of a sole-battery-based elec-
tric propulsion system architecture for a 68 PAX ATR-72 like aircraft. In this frame-
work, an adapted preliminary iterative sizing methodology including electric subsystem
for battery-powered aircraft was proposed, as the conventional statistical-based method
was not available for e-aircraft due to the lack of design data. Also, the author identified
the critical components that substantially drive weight and impact safety for this type of
power-train. This study also showed the practical limits of battery-based aircraft based
on the foreseeable technology progress. A series of key electric subsystems were iden-
tified, modelled, and sized in the framework: storage of electric energy, electric power
transmission, power switches and circuit breakers, electric motors and its drive systems,
propeller and other aircraft secondary systems. Some key contributions of this paper
came from the modelling of these subsystems such as the HTS cables and motors. The

weight improvements brought by Li-S and Li-air battery, HTS electric motors were also
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demonstrated. An interesting comparison between copper, aluminium, and superconduct-
ing materials as cable materials was also conducted and it was found that aluminium was
the best suited conductor material. Although this simulation framework improved the
sizing methodology for the novel e-aircraft, and included a comparison and assessment
on wide range of potential technologies, there were still gaps yet to fill in. For example,
many of the component used were still in early development stage, there was not enough
information about more detailed operational and performance characteristics. Moreover,
some key technology level assumptions were slightly ambitious, for instance the advent
of commercial available battery with specific energy of 2000 Wh/kg is yet questionable.
Furthermore, battery storage capacity and performance are prone to cycling degradation,
but these impacts were not fully captured. Also, the specifications of HTS motor were
mainly power rating and specific power, but detailed performance maps of different op-
eration points were missing. Finally, alternative energy storage system such as fuel cell
was not considered. In conclusion, the electrical models in this study were generally in
low-fidelity level, mostly were based on simple mathematical correlations and physical
meanings were missing, gaps on detailed mass and (off-design) performance modelling
of electric architecture part remained existing.

Based on these gaps, P. C. Vratny [|112] proposed a simulation framework attempting
to close them. The framework was utilised to investigate the hybrid-electric power-train
for a 180 PAX A320 like aircraft. In this framework, a more detailed electric compo-
nent modelling approached was adopted to cover the relevant aspects for electric system
parameters assessments. The impacts of hybridisation levels, protection systems and de-
sign voltages (values, time-varying or constant) on the system mass and design efficiency
were captured. With this framework, some key findings were displayed: HTS motors
provide best mass and efficiency performance for battery supplied architectures; For the
considered design space, the optimum system voltage was at 2000 V driven by the elec-
tric motor voltage; a variable voltage architecture was likely an optimal design option; the

sensitivity study between motor size and hybridisation level was also conducted. The key
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contribution and advantage of this study comes from its electrical components modelling.
All components were modelled in a way that they had common input and output parame-
ters (power, voltage, and frequency). This way the subsystems were integrable to a wider
propulsion system level. Moreover, more detailed operational and performance charac-
teristics of them can be captured with higher accuracy. This was extremely important
since the e-aircraft design was highly affected by these parameters. Before this, not many
literatures systematically explored these aspects to the author’s knowledge, most of them
either used zero-ordered methods to cover the electrical components so that key physi-
cal terms were missing, or focused in studying components in isolation. The balance of
detailed components performance and their interdependencies/integrations was realised
by this study. Therefore, the methodologies developed were used by many other stud-
ies [113H115]]. However, there were still limitations. For battery models the temperature,
short-term cycling, long-term storage effects, cell to pack capacity reduction and internal
wiring resistance were not considered. The battery design, sizing, and performance were
highly affected by these factors as well. The motor model was also over-simplified by
adapting a reference motor and scaling it according to designed power, rotational speed,
and voltage. And the power electronics models were still adapted from first-ordered math-
ematical correlations. The control mechanisms of voltages or motor speeds were yet un-
known and the detailed electrical operation process to realise system control was missing.
Capturing them can help understanding the challenges of power electronics design, sizing,
and their feasibility assessments for different application targets.

The Numerical Propulsion System Simulation (NPSS) tool is a multidisciplinary anal-
ysis environment for aircraft propulsion system assessment developed by NASA [[116]. It
has been the standard propulsion simulation tool used by a majority of engine and air-
frame OEMs as well as academia and government agencies [117]. However it is not
capable of assessing novel hybrid electric architectures. Perullo et al. [117] attempted to
extend the ability of NPSS to capture different electric elements for novel hybrid electric

configurations. The key contributions are the generic features of the electrical subsystems



CHAPTER 2. REVIEW OF AVIATION ELECTRIFICATION RESEARCH 27

developed and their seamless integration capabilities. Solvers for cryocooler and super-
conductor were also developed and integrated within the framework enabling a design
exploration on more novel technologies. However, there are still some shortcomings of
this framework: Firstly, the bus voltage and total electric energy storage capacity was
randomly decided, thus the sizing process of battery and fuel cell became random as well.
Secondly, the fuel cell sizing was still preliminary, as only single stack was utilised in the
system and the power only determined its area and cell numbers. Alternative was to use
multi-stack configurations for safety and redundancy considerations. Thirdly, the energy
management strategy impact on subsystems sizing and performance was not considered,
which was another key factor for architectural design and decision makings. Finally, a
mission level analysis was missing due to its isolation from aircraft level operations.

To fill in these gaps, Trawick et al. [5] proposed a simulation framework named
Georgia Tech Hybrid Electric Analysis Tool (GT-HEAT). This framework was also an
extension of NPSS, containing a suite of electrical components, aero analysis, and thermal
management systems. Moreover, its ability to capture steady state, dynamic, and transient
effects of GTs, energy storage, and aircraft in an integrative way allowed it to perform a
more mission level system design and assessment [5]]. The functional architecture of GT-

HEAT is shown in Fig.[2.4]
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Its introduction was detailed in [5], the key feature was that the GT-HEAT provided
an integrated sizing and synthesis platform for aircraft level operation analysis, electrical
subsystem, and gas turbine engine performance evaluation for holistic missions. With
these capabilities, different operation variations such as fan pitch angle, fan speed, hy-
bridisation level were also investigated. These activities closed the gaps in [117]. How-
ever, the electrical component models were still quite basic. For instance, the battery
utilised was a Thevenin-based model with equivalent resistors only to capture the waste
heat for different power, a more suitable model for runtime prediction, DC response, stor-
age degradation, temperature impacts was not seen. Power electronics were treated as
black boxes with fixed efficiencies. Motors were not included in this framework. More-
over, the technology levels of most electrical components were still implicit, and their
impacts on system sizing and performance were not considered.

M. E. Bell and J. S. Litt from NASA designed a simulation framework under Simulink
environment named The Electrical Modelling and Thermal Analysis Toolbox (EMTAT)
[118-120]. It was specifically designed for electric propulsion systems simulation at the
level of fidelity (time scale) appropriate to capture the interaction with turbomachinery.
The thermodynamic performance of turbomachinery was simulated by the Toolbox for
the Modelling and Analysis of Thermodynamic Systems (T-MATS) also developed by
NASA [121]]. The combination of EMTAT and T-MATS enabled the creation of complex
thermodynamic and electrical system simulations. The EMTAT electrical models were di-
vided into two main libraries: power flow and physics-based. Power flow models had sev-
eral characteristics: easy component adding or removal, components can be represented
by equivalent circuits, and fast simulation time. While for physics-based models, specific
physical performance parameters were modelled with higher fidelity level. Firstly, the in-
ternal component properties could be defined by user with their iDesign tools. Secondly,
temperature feedback blocks were included for each component. This way, the compo-
nents performance changes due to changing temperatures caused by their generated heat

could be captured. And finally, a wide range of electrical components were available
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within the libraries. However, there were still drawbacks of the framework. Firstly, the
fuel cell system was not seen in their libraries. Fuel cell is considered competitive as the
energy storage system and should be included. Secondly, although all EMTAT equations
and default component maps were adopted from public sources, there was no validation
process seen to testify the results, hence the limitations and boundaries of these models
were mostly unknown. Thirdly, the sizing process for various electrical components was
not clear and their property value selections were arbitrary. No concrete methodology
was seen in these aspects. Finally, all EMTAT models were assumed steady state as the
time-scale of electric component was negligible in comparison to that of turbomachinery.
However, omitting the time-variant terms could potentially limit the design exploration
space on electrical systems, especially the control systems for converters, motor drives,
and power distribution systems. These explorations are significant for safety considera-
tion such as power overshoot avoidance and ripple suppression.

The literature reviews on e-aircraft simulation framework lead to following observa-

tions:

* Observation 7: Most of simulation frameworks assumed healthy state of en-
ergy storage system. However, their degradation impacts on system sizing and

performance were not fully considered.

* Observation 8: A wide range of electrical component models were developed
and integrated into e-aircraft simulation frameworks to capture important as-
pects, however a simulation framework focusing on fuel cell based propulsion

system was not seen yet.

2.5 Concluding remarks

There is an increasing need for greener or even zero emission aviation. To achieve such
goals, the aviation and academia sectors are developing novel concepts such as electric

and hybrid electric propulsion technologies.
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The literature survey showed that many conceptual studies focused on parametrically
varying technology level such as component specific energy and power for aircraft weight
and range sensitivity analysis, the detailed electrical system were slightly overlooked by
them. Although the number of simulation framework focusing on electrical system was
gradually increasing, they all had different limitations in methodologies and findings.
Moreover, a systematic analysis on PEMFC based propulsion architecture was yet to con-

duct. Throughout this chapter, the following observations were made:

1. The majority of these aircraft conceptual studies focused on parametrically varying
the technology levels for the range and weight sensitivity. However not many stud-
ies considered the electrical performance aspects, such as short time-scale electrical
performance during mission, efficiency variation profiles, and long time-scale com-
ponent degradation impacts. A consensus on how to assess the electrical systems

for these novel power-trains has yet to be reached.

2. Many of these studies relied on radical technology levels and concepts: high com-
ponent specific energy and power, HTS technologies, boundary layer ingestions or
distributed electric propulsion concepts. A more mid-term future technology was

slightly overlooked.

3. Battery was preferable to many studies, however the state-of-art specific energy is
far from the minimum requirements proposed by the Committee [28]], especially for
regional/single-aisle aviation sector. The development of energy storage of batteries
is gradually reaching its limit, but alternative energy storage and energy conversion
systems such as hydrogen-based fuel cells were not adequately explored or investi-

gated for aircraft propulsion.

4. The rapid development in PEMFC technology makes it feasible as the primary en-
ergy supplier for aircraft propulsion system in short-term future. But the archi-
tectures with PEMFC are not commonly investigated by the study launching time.

More research are required to investigate such propulsion system type.
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5. A comprehensive simulation framework for fully or hybrid PEMFC electric aircraft
was not seen by the study was launched. The performance of PEMFC as well as
the overall system depends on various factors, such as power settings, ambient con-
ditions, architectural selection, stack degradation level, stack reactants conditions
and so on. A holistic mission level analysis considering all these factors is required

to understand the system.

6. Battery has strength in specific power but weakness in specific energy, whereas hy-
drogen fuel based PEMFC system has specific energy advantage but specific power
shortage. It is potential to combine them to minimise the propulsion system weight

with properly designed energy management strategy.

7. Most of simulation frameworks assumed healthy state of energy storage system.
However, their degradation impacts on system sizing and performance were not

fully considered.

8. A wide range of electrical component models were developed and integrated into e-
aircraft simulation frameworks to capture important aspects, however a simulation

framework focusing on fuel cell based propulsion system was not seen yet.

In conclusion, important knowledge gaps were identified from these observations. The
majority of EP/HEP conceptual design and studies for regional aircraft fell into two typ-
ical extremes. Some focused on propulsion system level and used low-fidelity electrical
models. Essential component parameters were based on fixed specific energy, specific
power, and efficiency. But key information were missing, such as high fidelity component
electrical dynamic performance, physical parameters including component temperature,
FC air supply pressure, mass flow rate, component degradation impacts, component ar-
chitectural effects and etc. Whereas some component specialised studies conducted in
depth research on individual components with high fidelity methods. But the problems
associated with integrating components to higher aircraft propulsion system level or in-

terdependencies amongst different subsystems seemed to be overlooked. There was a
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gap between these two extremes. Further research and development are required to in-
tegrate the above-mentioned features into a multi-disciplinary simulation environment.
Therefore a modular-based simulation framework and analysis methodology, capable of
capturing detailed component level as well as higher propulsion system level performance
evaluation is required.

Moreover, hydrogen based PEMFC system is an alternative option to battery and
gradually capturing attentions from academia and industrial sectors. It can provide de-
carbonised electrical propulsion for aircraft and its hydrogen fuel naturally has significant
advantage in terms of energy density. But the research was still at preliminary stage. An
in-depth systematic investigation on PEMFC propulsion system was yet to be conducted.

Finally, there was inadequate simulation framework considering component degrada-
tions and their impacts on propulsion system performance. More investigation on this
topic was required. Degradations were significant as they could hugely impact key com-
ponents such as PEMFC systems and batteries. This would further lead to serious reper-
cussions to the propulsion systems, such as power losses, efficiency drops, component
malfunctions and even engine shutdowns. Degradation models need to be included in the

multi-fidelity simulation framework to evaluate their impacts on the system.



Chapter 3

Methodology and Simulation

Framework

3.1 Introduction

This chapter describes the simulation framework developed for a typical 50 PAX re-
gional aircraft electric propulsion (EP) and hybrid electric propulsion (HEP) systems.
This framework helps extend the capability of the in-house CHARM (Cranfield Hybrid
Electric Aircraft Research Model). Firstly, the CHARM toolkit is introduced, with ap-
plications on retrofit ATR42 aircraft model simulation for all flight mission information:
power, speed, and altitude profiles. Then the proposed EP and HEP architectures for this
study are presented. Next, all subsystem models are elaborated, including a PEMFC sys-
tem, a lithium-ion battery pack, DC/DC converters, PMSMs and inverter based motor
control systems. Finally, the complete integrated electric propulsion systems are intro-
duced, with the mission-level performance assessment process presented.

These developed subsystems help multi-objectives, multi-fidelity level study for the
electrical system, such as components and system design, on- and off-design performance
analysis, and capture the interactions between the sub-system and aircraft level. The pro-

posed electrical system design, modelling, and integration form the in-house E-HEART

33
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(Enabling-Hybrid Electric Aircraft Research and Technology) tool, which helps extend

the CHARM and becomes part of it now.

3.2 CHARM and retrofit ATR42 aircraft model

CHARM is developed in the Centre for Propulsion and Thermal Power Engineering at
Cranfield University to explore key technologies and synergies for novel electrified air-
craft. It enables conventional/novel aircraft configurations design and mission perfor-
mance analysis [122-124]], gas turbine performance simulation, novel electric propul-
sion architectures evaluation [20,39]], multi-fidelity electrical component and system be-
haviours analysis [20], motor and propeller coupling, energy management strategies ex-
ploration, thermal management system (TMS) analysis, emission calculations, system di-

agnostic and component life assessment [125]/126]]. Fig.[3.1shows the outline of CHARM

partially.
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Figure 3.1: Outline of Cranfield Hybrid Electric Aircraft Research Model (CHARM).

Within CHARM, the aircraft motion simulation is performed by an in-house environ-

ment HERMES. For this toolkit, the aircraft lift and drag, climbing, acceleration and flight
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path calculations are based on flight mechanisms equations and input aircraft geometry.
The detailed development process can be found in [[127]]. The gas turbine performance
is simulated by another in-house tool Turbomatch, where the development process is de-
tailed in [[128]]. Turbomatch is a component-based tool for gas turbine, it resolves the
engine operating point at design and off-design point, at steady and transient state, based
on gas turbine component maps, thermodynamics laws, and mass, momentum and energy
conservation principles. The variable pitch propeller performance is simulated by MIT’s
free tool Qmil/Qprop [129]], where classical blade-element/vortex formulation is the main
principle [[130] for propeller design and performance simulation. It should be mentioned
that, the detailed aircraft/gas turbine/propeller design and analysis is out of scope, and this
process is conducted by Cranfield Centre for Propulsion and Thermal Power Engineering.

Using these tools, a series of retrofit aircraft model performance data are obtained. The
retrofit model is based on ATR42 regional aircraft, with twin Pratt & Whitney PW127M
turboprop engine models rated at 2 MW (with maximum power at 2.4 MW) each. The
publicly available data [[101}, 131]] are used in the models. The retrofit approach is consid-

ered in this study because:

1. The already wide design space of electric propulsion can be further simplified by
removing aircraft geometry and configurations as variables. This way, the present

analysis can focus more on electric propulsion system only.

2. Retrofitting existing aircraft with new electric propulsion systems can provide envi-
ronmental benefits in a shorter time-frame as additional time and costs are required
for developing, testing, and certifying brand new aircraft concepts. Even though
a disruptive aircraft concept may offer optimised solutions with aerodynamics-
propulsion synergic effects, the costs to overcome potential challenges will com-
pensate the benefits. Also, the dramatic change in aircraft design could bring
uncertainties for airport infrastructure, operation, and management. Therefore,
retrofitting existing aircraft is likely to be the most logical pathway to market in

short-term future.
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For retrofit approach in this study, the same Maximum Take-Off Weight (MTOW) and
fuselage volume is maintained as aircraft lifting surfaces are not changed. The additional
mass and volume brought by electrical system is compensated by passenger reduction. All
flight information obtained are utilised for the propulsion system performance studies.

After obtaining a series flight data, especially power, altitude, airspeed and propeller
rotational speed profiles by HERMES and Turbomtach in Fig.[3.1] It is then assumed that
the electric system partially or completely replace the gas turbine engines for hybrid elec-
tric or pure electric architecture. The propeller rotational speed and gas turbine power is
firstly fed into the electrical machine and DC/AC inverter models where rotational speed,
torque, and power profiles are required to maintain at the desire values along mission.
The DC/AC inverter then acts as the motor rotational speed controller and torque by ap-
plying ‘I3 = 0’ strategy and SVPWM technique. Upstream the DC/AC inverter, a DC/DC
converter model is used to maintain desired bus supply voltage along different mission
phases. Finally, the energy storage and power system such as fuel cell and battery models
are implemented. Their rating, sizing, and wiring topologies are determined based on the
power requirements and research problems.

All important model outputs are propagating within the electrical systems. The bus
voltage is controlled and maintaining at desired value by DC/DC converter modules; and
electric machines rotational speed and torque are controlled by DC/AC inverter modules.
Each of these components are outputting electrical parameters, such as voltage, current,
power, and efficiency as shown in Fig. 3.1} Moreover, the system net efficiency is the
product of all component efficiencies. All these outputs are collected in a data sink for

further investigations.

3.3 Propulsion system architecture in this study

For this study, two groups of power-train architectures are utilised: pure fuel cell electric

propulsion (PEMFC-EP) and hybrid electric propulsion (HEP) system:
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PEMFC-EP architecture

Vbus = 2000V

Promex = 2.4MW

Fuel cell =/
Stacks =1:

N bus ties

Peromac = 2.4MW

Fuel cell =
Stacks = :

Different fuel cell stacks and converter configurations

PREQ QRO

Figure 3.2: Pure fuel cell electric propulsion (PEMFC-EP) architecture.

For PEMFC-EP shown in Fig. two DC bus are connected by bus ties, with each
“side” providing 2.4 MW of power for the propulsion system. For each side, the fuel cell
stack is the only source of propulsion power. For the FC stack, an air-breathing system is
designed to supply air for electro-chemical reaction. Downstream the FC stack, a DC/DC
converter system is utilised to maintain the bus voltage for power transmission. Eight
permanent magnet synchronous machines (PMSM) designed for 500 kW at rotational
speed of 2000 RPM are used for propulsion, with propeller attached. For each PMSM,
a controllable DC/AC inverter is used to control the rotational speed of it under various

power requirements along the mission.
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HEP architecture
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Figure 3.3: (a) Hybrid FC architecture. (b) Hybrid battery architecture. (c) Hybrid FC/-
battery architecture.

As introduced in Chapter 2, HEP is mainly categorised by series and parallel hybrid archi-
tecture. For series hybrid, the gas turbine can be decoupled from propulsive part, resulting
in a more efficient gas turbine system. But with generator systems, the overall weight is
generally heavier than parallel ones. Moreover, with more energy conversion stages, the
series configuration exhibits lower efficiency than its parallel counterpart. Finally, the
generator cannot charge FC system in case it is hybrid-FC configuration. This further
undermines the advantages of series hybrid. For parallel hybrid architecture, the gas tur-
bine and the electric motor are mechanically connected. Though this connection topology
needs a complex gearbox system and gas turbine control system, it does not require heavy

generators and their power regulators, resulting in a lighter propulsion system. Moreover,



CHAPTER 3. METHODOLOGY AND SIMULATION FRAMEWORK 39

with fewer energy conversion stages, it has higher system efficiency [49]]. Therefore, a
parallel hybrid architecture is used in this study.

As shown in Fig. [3.3] three architectures are proposed. The difference is in their
electric energy system: with either PEMFC, battery or FC/battery combination. The en-
ergy source 1s connected with a DC/DC converter system to maintain the bus voltage.
A DC/AC inverter is connected downstream of the bus line to control the motors. Two
PMSMs with 500 kW power are mechanically connected to two gas turbines, together
providing propulsion power via propellers.

It should be noted that, by the time of initiating this study, 500 kW motor is considered
reasonable since motor with such power level is available in market and its specifications
can be found for validations. Mega Watts motors were still under preliminary design
phase by that time. Moreover, the weight and electrical performance of power cable were
not considered in this model.

In order to investigate the performance of the PEMFC-EP/HEP architectures, the
prominent features of their subsystems and components are studied first. Their work-
ing principles, modelling methodologies, simulation results and validation against peer-
reviewed data are presented in the following contents. All these proposed and developed

models will be integrated to form the complete propulsion systems.
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3.4 PEMFC system model

In this section, the working principle of proton exchange membrane fuel cell (PEMFC) is
firstly introduced. Its modelling methodology is then explained. Finally, the simulation

validation of this fuel cell model is shown to prove the accuracy of modelling results.

3.4.1 PEMFC working principles

Fuel cells are electro-chemical devices that convert chemical energy of a fuel directly into
electrical energy, rejecting only water and heat. And PEMFC is one of the most promising
commercialised fuel cell types [86]. A PEMFC cell-level schematic diagram in Fig. [3.4]
details the core components and working principles. There are three key components: a
hydrogen fuel electrode (anode), an oxidant accepting electrode (cathode) and a proton
exchange membrane electrolyte sandwiched between them. Both electrodes are covered

with catalyst layer (platinum in PEMFCs) for electrochemical reaction.
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Figure 3.4: A schematic diagram of PEMFC [@]

Hydrogen fuel molecules (H;) are delivered from a gas-flow stream to the anode and
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react electrochemically. They are oxidised to form ions (H") and electrons (e°):
H, — 2H" +2e” (3.1

The H* ions migrate through electrolyte membrane and the electrons e are driven via an
external circuit to the cathode side. The hydrogen ions and electrons react with supplied

oxygen at the cathode to form water:

1
502+2H++2e* — H,0 (3.2)

The overall electrochemical reaction is shown as follows, with water, heat and electric
power produced:

1
H2 + E 02 — HZO + Wele + Qheat (3-3)

A typical cell has a current density from 200 to 900 mAcm™, generates 0.5 to 0.8 V
voltage. For an aircraft application there is a need for high current and voltage capacity.
Higher current and voltage level can be obtained by connecting more cells in series with
larger area. This module is known as a “fuel cell stack”. Moreover, PEMFCs normally
operate at pressure higher than 1 bar, but because aircraft ambient pressure drops with
altitude (decreasing to 0.5 bar at 5.4 km above the sea level), it is necessary to include
a compressor model in the PEMFC auxiliary system (also known as balance of plant) to

deliver and compress the reactant air.

3.4.2 PEMFC system modelling and assumptions

The PEMFC models adopted in this study is detailed by Tremblay and Dessaint [7]]. This
is a generic FC model that combines chemical features and electrical models, the model
parameters and specifications adopted from fuel cell datasheet can be input to define the
model types and characteristics. Fig.|3.5|shows a schematic diagram of this fuel cell stack

model. The model is based on an equivalent circuit. Block A, B, and C calculate all
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chemical features of FC, including pressures and flow rates, stack temperature and gases
compositions. The equivalent circuit is updated based on these inputs. This way, FC ther-

modynamics and operating parameters are all captured for fuel cell electrical performance

simulations.
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Figure 3.5: PEMFC stack equivalent circuit model adopted in [7].

A set of assumptions considered are listed below:

(1) All gases obey the ideal gas law.
(i) Hydrogen and air is fed to the stack.

(i11) An ideal thermal management system is equipped to maintain the temperatures at

the cathode/anode uniform and equal to the stack temperature.

(iv) An ideal water management system is equipped to maintain appropriate humidity

level inside the stack at any load.
(v) The total pressure inside the stack is uniform.

(vi) The concentration losses are neglected as most fuel cells do not operate in the mass

transport region.
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(vii) The stack ohmic resistance is constant at any operation conditions.

Another key component is the compressor in auxiliary system. The compressor model
is based on compression and expansion thermodynamic process calculation. The power
consumed by compressor is determined inlet and outlet ambient conditions and isentropic
efficiency. A fixed 85% compressor isentropic efficiency is considered in this model,

regardless its stage number, mass flow and pressure ratio.

3.4.3 PEMEFC system key equations

In the following contents, key modelling equations are introduced:

Key equations for PEMFC

The PEMFC voltage decreases from open circuit voltage (also known as reversible volt-

age) because of irreversible losses. The output voltage is given by [[132}|133]].

Vfc - Eoc - Vohmic - Vact (3-4)

where Vg is the fuel cell voltage, E, is fuel cell open-circuit voltage, Vonmic and Vi are
the ohmic and activation over-potential.
Considering the temperature and gas pressure effects, the open-circuit voltage is ex-

pressed as [132,134,[135]:

_44.43 RT 1
Eoe =K |1.229+(T —298)— —f—Z—Fln(szpéz)] (3.5)

where K. is the voltage constant at nominal condition, 7 is the fuel cell operating temper-
ature, z is the moving electron number, F is the Faraday constant, R is the universal gas

constant, and py, and po, are gas partial pressure.



CHAPTER 3. METHODOLOGY AND SIMULATION FRAMEWORK 44

The ohmic and activation over-potentials are expressed as:

1 Ifc
Vaet = ——NAIn | — 3.6
act Ts+1 n ( ig > (3.6)
Vohmic - Rohmicifc (37)

where 7 is the fuel cell dynamic time constant, N is the cell number, Ropmic is the stack
inner resistance, and iy is the fuel cell current. The Tafel slope A and exchange current iy

are expressed as follows:

. 2Fk(ph, +P02)e(—AG/RT)

3.8
io Rh (3.8)

RT
A= —— (3.9
o F

where k is the Boltzmann’s constant, /4 is the Planck’s constant, and AG is the activation

energy barrier.

P, stack,tot

= ’ 3.10

nFC,stack mH2 A hHHV,H2 ( )
P _

M s = okt~ Fbor (3.11)

1H, A haay H,
where TNgc stack and Mgc system are fuel cell stack and system efficiency, Pyack or and Ppop
are stack and balance of plant power, riy, is the supplied hydrogen fuel flow rate, and

hunv H, is the hydrogen higher heating value (HHV) [136]].

Key equations for compressor

The schematic diagram of the compressor is shown in Fig. The main function of the

compressor is to increase the pressure of the flow. Generally, it accounts for most balance
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of plant (BoP) work [136]]. Therefore, it is assumed that all BoP power is consumed
by compressor, and this compression power is directly supplied by fuel cell stacks. The

compressor equations are expressed as follows:

"Lair,ﬂ! TC,in! pC,in

\

PC
Compressor

/

Mair,cs TC,out: Pc.out

Figure 3.6: The schematic diagram of a compressor for balance of plant.

CpairICi r-1
Paop = Pc = Pn—c" [CPR v - 1} Titair C (3.12)
_r
CPR — PCout _ (TC,out) 7l (3.13)
PCiin TC,in

where Pc is the compressor power, ¢, »; 18 the air specific heat capacity, Tc i, is the inlet
total temperature, 1 is the compressor adiabatic efficiency, CPR is the compressor pres-
sure ratio, Y is the air specific heat ratio, ni,;, c is the air mass flow rate, pc oy 1S the output

total pressure, pc iy is the inlet total pressure, and Tc oy is the output total temperature.

3.4.4 PEMEFC system specifications and key parameters

In this study, the proposed PEMFC model is based on the Ballard 150 kW FCvelocity™
HD6 datasheet [23]]. The key performance specifications of this FC stack are shown
Table[3.1] Also, with the PEMFC model, the key output data obtained are summarised in

Table And these specifications are used for system validation in Section |3.4.5
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Table 3.1: Specifications for modelling Ballard 150 kW FCvelocity™ HD6 FC [23]].

Specifications Values Specifications Values
nominal V & [568 V, 267 A] cell number 762
max. V &1 [550V, 300 A] nominal 7’ 330K
nominal & max. P [151 kW, 165 kW] nominal 7y, 3653 Ipm
nominal utilisation [92.47%(H5), 54.2%(0,)] nominal py;; 2.06 bar
nominal effi. 55% nominal py, 2.24 bar
0.1s

reactant conc.

[99.99%(H;), 21.0%(0,)]

dynamic time const.

Table 3.2: Model simulation input parameters and sizing and performance outputs for the

PEMEFC system model.

Model simulation inputs

Sizing outputs FC performance outputs

Single FC stack mass [kg]
Ambient con. [K, Pa, kgm‘3]
Energy required [kJ]
Power required [kW]
Stack temperature [K]

H, tank gravi. density [wt%]
Compressor S.P. [kWkg!]

Compressor effi [%]

FC system mass [kg]

Compressor size [kg]

FC voltage [V]
H; mass [kg] FC current [A]

H, tank mass [kg] FC power [kW]
Compressor power [KW]
FC stack effi. [%]
FC system effi. [%]
H, flow rate [kgs‘l]
Air flow rate [kgs‘l]

H, cons. rate [kgs‘l]

Alir cons. rate [kgs’l]

H,O prod. rate [kgs™']

*The mass of H, and fuel tank are calculated in Section

5.4.3

The input specifications shown in Table [3.1] define the performance characteristics of

the selected FC module, and the output parameters shown in Table will be used to
assess the performance of FC in aircraft application considerations. Moreover, all these

component level simulation results will be used and interact with other subsystems.
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3.4.5 PEMFC system validation

In order to prove the accuracy of the PEMFC system model, a series of validation tests are
carried out. The simulation outcomes are compared with the experimental data presented
by Li, Chen, et al [8]]. The comparisons between experimental testing data and simulation
polarisation curves for “Voltage-Current” and “Power-Current” are shown in Fig.
and Fig. The testing and simulation relations between FC air supply mass flow rate,

pressure, FC output current, and power are shown in Fig.
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Figure 3.7: Validation of (a) voltage-current curve, (b) power-current curve, and (c) re-
lations between air mass flow rate, air pressure and FC output current and power against
reference experiment data in [J8].

Despite some minute deviations, the simulated polarisation curves and P — I curves
against rityi — pair are in good match with the experimental testing results. The fuel cell
arrays are formed by these individual stacks, therefore this validation is considered viable

for propulsion system level.
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3.5 Battery model

In this section, the working principle of lithium battery is firstly introduced. Its modelling
methodology is then explained. Finally, the simulation validation of this battery model is

presented to prove the accuracy of modelling results.

3.5.1 Battery working principles

A battery pack is made up from one or more cells connected in parallel or in series. Cell is
the smallest individual unit that stores electro-chemical energy and releases it as electrical

energy. A basic schematic diagram of lithium ion cell is shown in Fig. [3.8]

Discharge

2D crystal cathode

Figure 3.8: A schematic diagram of Li-ion cell |]§|]

The lithium is stored in electrodes as independent charge-neutral atoms, with their va-
lence electrons loosely shared with neighbouring atoms. When discharge, Lithium atoms
at negative electrode (anode) surface lose electrons and become Li* ions, and migrate to
positive electrode (cathode) via electrolyte. Simultaneously, the lost electrons move to-
ward cathode via external circuit. At the cathode surface, Li* ions accept electrons, the
resulting charge-neutral Li atoms then enter the crystal structure of the positive electrode.

This process is reversible, so that Li* ions travel back and forth between two electrodes
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during charging and discharging process.

Generally, a lithium cell operates at 3.7 to 4 V, and stores about 1.8 Ah [[137]. For
propulsion system of regional aircraft, much higher voltage, current and energy is re-
quired. Therefore, a large number of lithium cells are connected in series and parallel to
form battery packs. With battery packs, the large energy and power rating requirements

can be obtained for aviation applications.

3.5.2 Battery system modelling selection

Whilst the battery working principle is established, modelling the battery performance can
be complex. There are two fundamentally different models that can describe the operation

of Li-ion battery [138]:

* Physics-based models (PBMs): PBMs usually have highest level of fidelity and
accuracy and are generally used for battery research and development work. These
models utilise equations of a wide range of first-principles physical laws that com-
pute the internal cell electrochemical states and provide accurate information for
battery design process, such as spatial Li-ion concentrations and spatial electric
potential. However, these models are often expressed in coupled partial differen-
tial equations (PDEs), which can cause slow simulations, as well as robustness
and convergence problems. Moreover, these models often require detailed macro-
scopic and microscopic information of battery and their outputs are not suitable for

system-level studies. Therefore, these models are not considered in this study.

* Equivalent circuit models (ECMs): ECMs use electrical-circuit components to
analogously define the cell behaviours. This is a “phenomenological” way to mimic
the battery’s electrochemical performance and is most common in system-level
studies. Firstly, unlike PBMs, the detailed information of battery is not required.
The values of circuit element parameters can be ‘tuned’ against lab testing data

so that the modelled voltage-current behaviour can be closely match the true cell.
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Additional fidelity can be added depending on research needs, such as tempera-
ture impacts and cell degradation effects. However, these additional fidelity and
circuit elements are semi-empirical and highly dependent on the cell types being
tested. Moreover, these models cannot predict internal electro-chemical states, but
they yield fast and robust simulations for input/output (current/voltage) behaviours.
They are suitable for system-level studies, especially when battery management

system (BMS) is considered. Therefore, ECMs are used in this study.

From above discussion, ECM is used for this study. The key features captured are cell
dynamic V — I performance, temperature and capacity fading effects on cell dynamics. Its

detailed model developed is detailed in the following contents.

3.5.3 Battery system modelling and key equations

In this section, the cell level ECM is first introduced, then this model is expanded to

battery pack level.

Lithium cell model

The cell level models adopted in this study is detailed in [[137]. Fig. demonstrates the
schematic of lithium cell ECM. In this model, a controlled voltage source is connected
with one temperature related potential, one series resistor, one cycle resistor and two RC
branches. These components represent different features of the lithium cell. The key

model equations are provided in the following contents.

Rser'\es

Figure 3.9: A schematic diagram of Li-ion cell equivalent circuit model.
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Cell voltage V.. is expressed as:

Veel = Voc + AE(T) — Vieries — Veyele — Vs — V1L (3.14)

According to Kirchhoff’s law, four voltage loss terms (Vseriess Veyele» V1.5, and V1)

can be found as follows:

Vseries — Lcell 'Rseries

chcle = Leen 'Rcycle

Vis o dVrs _ (3.15)
RT,S T.S dr cell
VrL dVrL
L. —
R +CTL & cell

where, Voc is the open circuit voltage; AE(T) is the temperature correction of cell po-
tential; Vieries and Rgeries are responsible for instantaneous voltage drop in cell terminal
voltage; Veycle and Reycle are used to describe voltage drop due to cycling effects (will be
discussed later); (Vr_s, Rt.s, Ct_s) and (V11, Rt1, Cr1) are used to capture short- and
long-time constants of step response for cells identified by Chen et al [11]].

Another key parameter is the state of charge (SOC), which is the ratio of remaining
capacity to nominal cell capacity. It provides information on potential runtime of the cell.

Its expression is as following:

i
SOC = SOCiyy + / N — (3.16)
Cap

cell_usable

where SOCiy; is the initial state of charge and Capcep_usable 18 the usable cell capacity.
The usable cell capacity decreases along with irreversible capacity fading due to stor-

age time, cycle number and temperature. The loss in cell capacity occurs whether it is

inactive (“calendar life” losses) or exercised (“cycle life” losses) [[139]. Both calendar

and cycle life losses are also affected by temperature [12]. The usable cell capacity can
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be calculated by including these two losses by:

Capcell_usable = Capeelt_ini - CCF
(3.17)

CCF =1 — Calendar lifelosses — Cycle life losses

The semi-empirical calendar and cycle loss models adopted in [[139] are expressed as:

% calendar loss = 1.544 x 107 - exp(—40498/(8.3143T)) - t5oreq (3.18)
dé,

— =kIN+k 3.19

N - Ntk (3.19)

where T is the cell temperature, foeq 1S the storage time in month, 6, is the negative
electrode state of charge, and N is the cycle number. The values of empirical coefficients
for cycling impacts adopted from [|12] are summarised in Table. With these equations,
the total cell usable capacity Capcel usable and state of charge SOC can be updated with

these fading and degradation effects.

Table 3.3: Values of semi-empirical temperature-dependent cycling effects coefficients
adopted from [|12].

Cycling temperature [K] & [cycle‘z] ko [cycle'z] k3 [sz/cyclel/z]

2908 85%x10°8 25x%x10°* 1.5x 1073
323 1.6x107% 29x10* 1.7x1073
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Most parameters listed in equations (3.28) are functions of cell SOC, their semi-

empirical relations are given in [[11]:

Voc(SOC) = —1.031-¢359C £ 3,685+ 0.2156 - SOC

—0.1178-SOC? +0.3201 - SOC>

Rieries (SOC) = 0.1562 - ¢~ 2437-50C | 0.07446
Rr5(SOC) = 0.3208 - ¢~ 2%1450C 1 0.04669
Cr 5(SOC) = —752.9. ¢~ 133150C L 703 6
Rr.1(SOC) = 6.603 - ¢~ 193250 1.0, 04984

CTL(SOC) = —6056- e_27-12'SOC_|_4475

With k3 shown in Table 3.3} Reycle is expressed as [12]:

Rcycle = k3 'N1/2 (3.21)

Finally, the temperature correction term for voltage AE(T) and its figure are detailed

in [[140]. Its semi-empirical equations can be expressed by the following piecewise func-

tions: )
0.014T —0.18 if —20°C<T < —10°C
0.0187 —0.14 if —10°C<T <0°C
ANE(T) = (3.22)
0.0061T7 —0.14 if 0°C < T < 23°C

\

0.0117 —0.25093 if23°C < T <45°C

The lithium cell model is completed, the next subsection will expand it to battery pack

level model for higher voltage, current and power ratings.
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Lithium battery pack model

Battery pack is often modular. That is, modules which comprising a group of cells are
connected in series and/or parallel to achieve overall pack level design requirement. This
allows fixed-module design and minimises non-recurring engineering (NRE) costs [10]].
Two modularisation approaches for cells are possible. The examples are shown in
Fig. Cells can either be firstly wired into parallel-cell-module (PCM), then PCMs
are connected in series to create pack; or firstly grouped into series-cell-module (SCM),

and then connected in parallel to form pack.

100 cell groups (PCMs) in series

==
&0
Ches
o]
5 E
Q. o
muﬂ
100 cells in series form an SCM
— o +

=
- =
g Q el | cal t | --- sCM |
2= — Cell + f—]—Cell -} ---
T %
& i _ - - _
M% Cell + f—— —Cell + |- Cell +

192

Figure 3.10: The schematic diagrams of Li-ion batter pack topologies adopted in [[10].

If all cells are identical, due to topological symmetry, these two topologies provide the
same pack performance, such as energy, power, voltage, current and so forth. However,
if there are cell imbalance, the packs would operate differently [10]. In this study, it is
assumed that all cells are the same, and the cell imbalance performance is not considered.
Therefore, both modularisation approaches are fine so that the SCM topology is chosen.
Moreover, the pack topology sizing is defined by n, and n; in this study. For example, the

lower topology in Fig.[3.10]is ‘n, = 3 and ny = 100’, or ‘3P100S’ in abbreviation.
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Now, key battery pack modelling equations are provided. According to Kirchhoff’s

law, pack current and voltage are expressed as:

Ipack =nNp leen (3.23)

Lnack - Ro
Vpack = Ny~ (Vcell —— 2 ) (3.24)
p
where n,, and ng are battery pack topology sizing parameters; /e and Ve are obtained
in cell-level models and Ry is the lumped inter-cell interconnect resistance [10].

The total and remaining pack usable capacity is calculated as:

Cappack,usable = Nphg - Capcel)_usable
(3.25)

Cappackjemaining =S50C- Cappack,usable

Finally, with referring to [141], the cell and battery discharge losses due to internal

resistance and their efficiencies are expressed as:

! cell,loss — Icell (Rseries + Rcycle) + == L. + _TL
Ie I_S R [.1 ( . )

Pcell,loss
Icell(VOC + AE(T))

Neell = 1—

Ppack,loss = (nplcell)zRO + npng “ Peell loss
(3.27)

P, pack,loss

- leen(Voc + AE(T))

Npack = 1

With all key equations listed, the battery pack model is set up in MATLAB/Simulink®.
The battery management system (BMS) is not included in this pack model. It is assumed
that each cell is identical and there is no inter cell level imbalance performance. The
cell identicalness assumption also extends to degradation studies in Chapter 5. The BMS

weight is captured by a correction factor, which will be detailed in Chapter 5.
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3.5.4 Battery model validations

It is important to test the accuracy and validity of the proposed model. To test it, sev-
eral validation processes are conducted to exam its dynamic performance under different
discharge current and cycling conditions.

Fig. [3.11] shows the simulation results and their validations against experimental data
from Chen et al [[11]]. An 850 mAh TCL PL-383562 polymer Li-ion cell is tested at room
temperature 25 °C. The testing discharge currents are: 80 mA continuous; 320 and 640

mA pulse; and a periodic four-step discharge current.

80mA Continupus Discharge 320mA Pulse Discharge

4.2

4.2

32r . ] i >
+  Experiment 321 Experiment b
—— Simulation ——Simulation :

3 3 ‘ ‘ .
0 1 ] 2 3 4 0 5000 10000 15000
time (second) x10* time (second)
(a) (b)
40 640mA Pulse Discharge 49 _Periodic 4-Step Discharge

3| « Experiment ] 32— Experiment d
— Simulation ——Simulation |

2.8 : : : 3 . . .
0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 12000
time (second) time (second)

(c) (d)

Figure 3.11: Validation of cell discharge performance of (a) 80 mA continuous, (b) 320-,
(c) 640 mA pulse, and (d) periodic four-step discharge current against experiments [11].

The model errors of voltage for each test case are shown in Table The greatest

errors often occur around the end of discharge testing (low SOC). The close agreement
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between simulated and tested data proves the reliability of the model.

Table 3.4: Values of semi-empirical temperature-dependent cycling effects coefficients
adopted from [11].

Discharge current [mA] Max. voltage error [mV] Voltage error percentage [%]

80 - continuous 25 0.82%
320 - pulse 141 4.41%
640 - pulse 72 1.96%

Four-step periodic 31 0.84%

Similar validation process is conducted for cycling effects. As shown in Fig.[3.12] the
simulated cycling effects on a 1.8 Ah Sony 18650 cell at 25 °C and 50 °C are validated

against the experimental data obtained by Ramadass et al [[12].
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Figure 3.12: (a) and (b): Simulation results of cell discharge capacity against voltage for
different cycling numbers at temperature 25 °C and 50 °C. (c) and (d): Experiment data
under same cycling numbers at temperature 25 °C and 50 °C obtained from [[12].
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The significant impact of rising cycles and temperature on capacity degradation can
be seen. Moreover, the simulation results are in good match with the experimental tested
data. The slight discrepancies in absolute figures mainly come from the mismatching
of semi-empirical cell equations and cell types utilised in [12]. As long as key
degradation trends are matched in high agreements, the model is considered valid for

cycling impacts simulation in this study.

3.5.5 Battery system specifications and key parameters

The key model setup specifications of battery pack are shown in Table Also, the key
output data obtained from the model are summarised in Table The battery sizing and

weight estimation are highly dependent on mission characteristics, which are detailed in

Chapter 5 Section[5.4.1]

Table 3.5: Key performance specifications of proposed battery pack model.

Input parameters Values Input parameters
(mission independent) (mission dependent)
initial cell capacity (Capceli_ini) 1.8 Ah np
initial (SOCjni) 100% ng
minimum allowable (SOCgpal) 20% lumped interconnect resistance (Ry)
interconnect resistance (ry) [10] 125 pS2 storage time (fmonth)
cycle number (N)
cell temperature (7')
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Table 3.6: Model simulation input parameters and sizing and performance outputs for
proposed battery pack model.

Model simulation inputs | Sizing outputs | Battery performance outputs
Battery S.E. [Jkg!] Battery mass [kg] Battery voltage [V]
Battery S.P. [kag']] np Battery current [A]
Energy required [J] ng Battery power [kKW]
Power required [kW] State of Charge [%]
Battery temperature [K] Battery Capacity [Ah]

The output parameters shown in above tables define the sizing limitation and perfor-
mance characteristics of the battery module. All these component level simulation results
will be used and interact with other subsystems. The final system level decision and

assessment can be made based on these data.

3.6 Power electronics: DC/DC converter model

Voltage of power source varies with time, temperature, and many other factors, especially
current [142]]. This phenomenon is also demonstrated in previous PEMFC and battery
sections. A voltage regulator is required to keep source output voltage within acceptable
ranges. Moreover, voltage regulation is also required for motor control [143]. Normally,
DC/DC converters are used as the voltage regulators to convert an unregulated DC voltage
to a controllable regulated DC output voltage. The voltage regulation is achieved by pulse
width modulation (PWM) technique and switching devices such as gate turn-off thyristor
(GTO), metal oxide semiconductor field effect transistors (MOSFETs), or insulated gate
bipolar transistors (IGBTs) [[143]].

In this study, two fidelity-levels (low- and high-fidelity) of converter models are devel-
oped. Both of them enable: to control the voltage control function as a voltage regulator;
to simulate the component performance of the converter along flight missions; prelimi-

nary weight estimation of the converter system.
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The main characteristics for low-fidelity model are: the detailed physics-based switch-
ing circuit is replaced by a simple PI voltage control and an over-simplified efficiency
relations; the converter weight is estimated by using system required power and con-
verter specific power. Whereas for high fidelity one, the switching circuit is designed and
the converter efficiency is calculated considering detailed power losses of PWM-based
switching control circuits; most circuit elements used are based on off-shelf available
products; the weight estimation is also based on these available products’ ratings. The
model fidelity selection depends on research objectives and simulation cases, which are

discussed in details in Chapter 4 and 5.

3.6.1 Low-fidelity converter model

Three aspects of proposed model are introduced: component performance, voltage regu-

lation function, and weight estimation. The schematic diagram of a DC/DC converter is

shown in Fig.[3.13]

conv,in conv,out
+ DC y +
\Y conv,out

._{'.DI'N.iI"I DC iy

Figure 3.13: A schematic diagram of the low-fidelity DC/DC converter model.
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Converter performance modelling

The component performance is given by the following equations for Fig. [3.13}

P, conv,in = fconv,in * Vconv,in
Pconv,out = Iconv,out * Vconv,out (3.28)
P o P conv,out
conv,in —
Nconvy

where the converter efficiency is proposed by following equation, with a principle that:

higher discrepancy between input/output voltage, less efficiently the converter performs.

Neonv = 1 —0.9

V .
log1o (VC"“V"“ ) ‘ (3.29)

conv,out

Voltage regulation

The purpose of a converter is to maintain the output voltage at desired values for different
input/output conditions. The output voltage is controlled by a closed-loop control system
with a PI controller. The closed loop control schematic diagram and its implementation

in MATLAB/Simulink® are shown in Fig.

V¥ U_bus

Vout Ref

Voltage Control

V_conv,in P V_conv,in V_conv,out
P_conv,out P P_conv,out
P P+ P V_conv,out + 57@
eta_conv P eta_conv +
P_conv,in P P_conv,in = n—u@
Converter Efficiency Measurement -

Electrical Source

Figure 3.14: The MATLAB/Simulink® implementation of the low-fidelity DC/DC con-
verter model with control loop.
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The voltage control module takes the converter output voltage V cony,out and compares
it with desired voltage V". A PI controller takes their difference and outputs the power P*
command signals for electrical source to achieve the target converter output voltage. The
measurement block collects all necessary data for the control system and calculates the

converter efficiency Ncony-

Weight estimation and model parameters

The key model input parameters and output data are summarised in Table The equa-

tion of converter weight is also presented.

Table 3.7: Model simulation input parameters and sizing and performance outputs for
proposed low-fidelity converter model.

Model simulation inputs Sizing outputs Converter performance outputs
Converter S.P. [kag'l] Converter mass [kg] Lconvout [A]
Leonv,in [Al V conv,out [V]
Veonv,in [V] Nconv [%]
Peonvloss [kW]

Weonv = P conv,peak/ S.P.conv

In this subsection, the low fidelity converter model is presented. It is a “black-box”
like model and capable to output preliminary data. In the next sections, a more detailed

high-fidelity converter model will be introduced.

3.6.2 High-fidelity converter model introduction

In this section, a high-fidelity converter model is introduced. The converter is no longer
treated as a black box and instead, the switching elements characteristics are modelled
for more accurate efficiency calculation. Moreover, a higher fidelity sizing method con-
sidering capacitive and inductive elements rating current and voltage is utilised to replace

specific power based method given in Table This way, a more realistic design space
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exploration for power electronics system can be achieved. The proposed detailed model
is of significant importance for fuel cell configuration studies detailed in Chapter 4 and a

publication by the author [20].

Pulse width modulation (PWM)

Before introducing the converter working principle, it is necessary to illustrate the concept
of pulse width modulation (PWM) technique. Most converters use it to regulate their
output voltages and this study also utilises this technique.

A typical PWM signal is shown in Fig. Within a period T, the duration for
“ON” time is Ton. The ratio between “ON” time and period is called the duty ratio. The
peak amplitude for the pulse voltage is indicated as V px. When applying a series of square
wave pulses to an L-C filter, a DC output voltage Vo, can be obtained. The average value
of this output voltage is the product of duty ratio and voltage signal amplitude, as shown
in Fig. This way, the output voltage can be controlled by changing the “ON” time.
This is the key process for step down the voltage in buck converters, which is called a

“chopper”. Similar principles are applied for boost converter, which will be detailed later.

ron™
- VPK

v Y'Y\,
PULSE VEOLaE > ToN
Vourt = — X VpK

—T P —
(@) (b)
Figure 3.15: Example of a PWM signal and its averaged output amplitude [[13].
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The converter working principles will be introduced. The schematic diagram of a

buck and a boost converter is shown in Fig. [3.16]

L

IS234] e
g, :

out

o O

(a) (b)

Figure 3.16: Schematic diagram of (a) buck converter and (b) boost converter.

Buck converter working principle

For a buck converter, the dc voltage is stepped down the from input to output terminal.
The circuit operation is controlled by the conduction state of the two IGBT switches (S
and S,). This is achieved by feeding them with controlled PWM signals. Note that, the
signals for S| and S, are normally opposite. signal 1 and O represent “On’ and “Off”

states of the switch respectively. Within a converter operation period T'p:

L I |

I I P, o L P, o

> > | 0O »— | —0O
Vin ‘ T Ct
O Fo ¢, M o, Y

(a) (b)
Figure 3.17: (a) S1 On S, Off and (b) S; Off S On buck converter operation mode.

S1 On S, Off: The converter circuit is equivalent to Fig. The DC voltage
source provides energy through S; to inductor L. and capacitor C; and C,. The

inductor and capacitors store energy in magnetic field and electric field respectively.

S Off S, On: Now the converter circuit is equivalent to Fig. Energy stored

in inductor L is transferred to capacitor C, and output terminal.
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The ratio between T's, o, and T'p is the duty ratio D, which is also the ratio between
output and input voltage, expressed as: Veonv.out/ Veonv,in = D. The inductive and capaci-
tive elements within the buck converter circuit are important for smoothing out V-I ripples,
providing current flowing channels and protecting the circuit from large V-I slope damage

at switching on/off moments.

Boost converter working principle

For a boost converter, the dc voltage is stepped up from input to output terminal. Similar
to buck converter, there are also mainly two operation modes in a period, but the working

principle is different:

L
ol S111R! o L
‘ > O ol 21 o
V- le — 0
Vin v+ e
O w

3 C, out C) ‘ c, Vout
O O

(@) (b)
Figure 3.18: (a) S1 On S, Off and (b) S; Off S On boost converter operation mode.

S1 On S; Off: The converter circuit is equivalent to Fig. The DC voltage
source charges inductor L via closed switch S;. The inductor current increases and
energy is stored in the form of magnetic field. According to inductor equation:
V= Lg, the polarity of left side of the inductor is positive. The capacitor C,

releases its energy to output load.

S1 Off S; On: The converter circuit is equivalent to Fig. Both voltage source
and inductor transfer energy to the output load. The current will be reduced as the
impedance of the load is higher. However, since current through inductor cannot
abruptly change, the magnetic field produced previously is decreased to maintain

di . . o :
current. As the term o is negative, the polarity is reversed for the inductor. Now
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right side of the inductor is positive. As a result, the output voltage can be increased

due to the series connection of two energy sources. The energy flows to the output

load and capacitor C,.

Unlike buck converter, the ratio between output and input voltage of boost converter is

expressed as: Veony,out/Veonv,in = 1/(1 — D). The inductance here resembles a secondary

energy source to increase output voltage.

3.6.3 High-fidelity converter modelling: switching elements

The power transistors are used as switching elements as they have controlled turn-on and
turn-off features [143]]. There are different possible candidates available. Fig.[3.19 shows
a classification of different switching elements, depending on the switching frequency,

power and voltage.

108

S .
5 Thyristor
- 800V - 8 kV
8 10° |
10° {
IGBT
discret
102 |~ 600V - 6.5 kV
10’ :
10’ 102 10° 104 105 108

Frequency (Hz)

Figure 3.19: Classification of different switching elements .

It can be found that both thyristor and GTO can satisfy the power and voltage require-
ment, but their operation frequencies are too low for aircraft propulsion system. MOSFET

can switch at highest frequency but its operating power is too low. Also the high frequency
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of MOSFET could cause higher switching losses. Therefore, the IGBT is most suitable in
terms of switching efficiency, power and voltage consideration for aircraft applications.
Many studies [31,/144] also agree that IGBTs are most appropriate option as switching
elements. Therefore, an IGBT model is selected and modelled for converter and inverter
in this study.

The IGBT model is based on ‘Infineon (model: FZ1500R33HL3)’ datasheet [[16].
This element has relatively low switching losses and also can work under voltage higher
than 2000V when collector-emitter voltage Vcgs = 3300V. It also provides high contin-
uous DC collector (conduction) current Ic nom = 1500A while keeping high DC voltage
stable. To simulate the performance of IGBT, both I-V and switching on/off character-
istics are modelled as they directly determine the component conduction and switching
losses. The losses transfer to heat and affect the component efficiencies. The typical
patterns of these two characteristics are shown in Fig. 3.20] Although there are other
power losses for an IGBT, such as blocking losses and driving losses, they are negligible

according to [144]].
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Figure 3.20: Typical patterns of (a) IGBT current against voltage diagram (b) IGBT
switching energy against current [15].

IGBT I-V curve and conduction losses modelling

The I-V characteristics of the selected IGBT component is shown in Fig. It can be
seen that the collector-emitter voltage V cg increases with conduction current /c. Their

relation also depends on operation temperature, as temperature increases, the / —V curve
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shifts rightwards. This means that, with higher conduction current and temperature, the
conduction power dissipated in the IGBT increases.

These characteristics are implemented and simulated in MATLAB/Simulink®. Linear
interpretation method is used to emulate the / —V curves. Notice that, the characteristics
are not strictly linear and the interpretation is a simplified method. Fig. demon-
strates the simulation results for the / —V characteristics of the proposed IGBT model,

which has high agreement with the Infineon datasheet [16].
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Figure 3.21: Typical current against voltage characteristics diagrams of (a) IGBT
datasheet [16] (b) IGBT model simulation result.

IGBT switching losses modelling

The switching loss of selected IGBT is shown in Fig. [3.22a] The energy of switching
loss increases with conduction current. Also, a typical power and energy transient loss of
IGBT switching operation is shown in Fig.[3.22b] To emulate the loss characteristics, two
small durations of pulse power dissipation signals are utilised after each switching on and
off operation.

Fig. shows an example of simulated switching losses output at conduction cur-

rent Ic = 1000A. The IGBT is switched on and off at 2 x 107> and 6 x 107> second. At
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this current, the energy dissipated for switching on and off are around 2100 mJ, given by
the datasheet. This value matches the energy loss values calculated by the model, shown
in Fig. Also, the simulated energy dissipation curves have similar trends of general
IGBT characteristics predicted by other study (Fig. [3.22b). This developed IGBT model
is utilised to simulate the switching components inside the converters.
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Figure 3.22: (a) IGBT switching losses characteristics from datasheet [[16]], (b) IGBT
general performance characteristics from [17], and (c¢) IGBT switching loss simulation
results for 1000-Ampere conduction current at operation temperature 125 °C.
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3.6.4 High-fidelity converter modelling: voltage regulation

The conduction and switching losses are modelled, the next step is to realise the volt-
age control function of the DC/DC converter. Fig. shows the schematic diagram of
cascade control system for converter. This control strategy, together with the converter

models, are implemented in MATLAB/Simulink®.

V
' DC/DC conv,out
PWM " converter E >

>

PI Controller

Figure 3.23: The schematic diagram of the cascade control system for the DC/DC con-
verter.

In this control strategy, two PI controllers are used. One for inner inductor current
control loop and the other for outer voltage control loop. For the outer loop, the converter
output voltage is measured and compared to the desired voltage V*, the error signal is fed
to the first controller to generate a reference inductor current signal I;.*. This signal is
fed into the inner current loop where inductor error signal is produced by comparing with
measured value /7 . This error signal is used to command the operation of the two IGBTs
by producing controlled PWM signals. According to [145,146]], the cascaded control
strategy has advantages over single PI voltage control in terms of stability, fast response
and robustness.

In order to assess the robustness of the control system, simulation tests under varying
output power are carried out. In the test simulation, a step output power from 50- to
200- and 100-kW is applied from time O- to 0.4- and 0.8-s. The converter input voltage
Veonv,in = 3000Vpc and the converter output voltage is set to Veony,out = 2000Vpc. And
Fig. [3.24] shows the applied power variation, the output voltage response, inner inductor

current and duty ratio.
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Figure 3.24: (a) Converter output power, (b) converter output voltage, (c) inductor current
variation, and (d) duty ratio.

It can be seen that both output voltage and power quickly follow the desired values.
The inductor current also follows the output of first PI controller / L* along the test. Also,
the duty ratio has small disturbance at power change points and rapidly stabilises. These
tests verify that the simulated data can reach to the reference values rapidly and smoothly.

Therefore, the voltage regulation function is achieved by this proposed model.

3.6.5 High-fidelity converter modelling: LC sizing

This subsection discusses the sizing consideration for the capacitive and inductive compo-
nents for the converter. The high power capacitor and inductor are adopted from available
off-shelf products, with their datasheet in [147,/148|]. The sizing of LC components fol-

lows the principle that: the maximum voltage and current across the each LC component
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must be within the safety range (i.e. smaller than the component maximum allowable
voltage and current). Wiring inductors/capacitors in series and parallel can increase their
maximum acceptable voltage and current. Therefore, an array of inductors and capacitors
can be lumped together to represent the LC components shown in the converter schematic
diagrams (Fig. [3.16). The calculation of the maximum voltage and current across them

are shown below:

Buck converter

Capacitor C;: According to Kirchhoff’s Law, the peak current and voltage across
this capacitor are the maximum input current and voltage of electric source: Ic; max =
Iin max and Ve, max = Vin7max~

Vin,maxD(l _D)

Inductor L: The peak inductor current is given by: It max = Iout,max + 7L ,

where Iout max 18 the maximum converter output current, D is the duty ratio, f is the
PWM carrier frequency and L is the lumped inductance. Whereas the peak inductor

voltage i8: Vi, max = max {|Vin — Vout|, |Vout| }

Capacitor C,: The peak current is the maximum output current Ic, max = Zout,max-

Vin,maxD( 1 7D)

16LC/T where C is the

Whereas the peak voltage is: Vi max = Vout,max +

lumped capacitance.

Boost converter

‘/in,maxD

57 Whereas the

Inductor L: The peak inductor current is: Ii. max = lout,max +

peak inductor voltage is similar to buck case: Vi max = max {|Vin — Vout| , |Vout| }-

Capacitor C,: The peak current is: Ic, max = max { ‘IL,maX — Iout, max

9 |Iout,max | }

IoutﬁmaxD

Whereas the peak voltage is given by: Ve, max = Vout,max + =50

All above equations and their derivations can be found in [143,/149]. Moreover, the

sizing of lumped LC components also impacts the inductance and capacitance values in



CHAPTER 3. METHODOLOGY AND SIMULATION FRAMEWORK 73

the above equations, an iteration process is utilised to size these components. The config-
urations of them are dependent on electric source architecture, and the electric propulsion

system architectural studies will be detailed in Chapter 4 Section

3.6.6 High-fidelity converter: model parameters and assumption

The key model parameters and output are summarised in Table [3.8 It is worth noting

that, the converter efficiency for this model is directly obtained by following equation:

P,
Neony = conv,out (3.30)

P, conv,in

Table 3.8: Model simulation input parameters and performance outputs for proposed
high-fidelity converter model.

Model simulation inputs Sizing outputs Performance outputs
IGBT & LC component datasheet | Inductor topology Leonvout [A]
Reference output voltage [V] Capacitor topology V conv.out [V]
Required output power [kW] Converter mass [kg] Pconv,out [KW]
Temperature [K] Neonv [%]
PWM carrier frequency [kHz] Pconduction loss [KW]
Leonv,in [Al Pywitching,loss [KW]
Veonv,in [V] Peonverterloss [KW]
Peony,in [kW]

Finally, the switching elements of this converter model are based on ‘Infineon (model:
FZ1500R33HL3)’ and LC components are selected from off shelf products (Section4d.7.2),
which means the converter model setup is only suitable for the selected power rating in
this study. Also, an ideal thermal management system is equipped to maintain the temper-
ature of the converter. There is no temperature feedback mechanism in this model, which

means the heat generated is dissipated instead of affecting the converter.
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3.7 Electric motor model

Electric motors convert electrical energy into mechanical energy. Their high specific
power and superior efficiency are two main features [33]. For example, Honeywell de-
veloped a 540 kW motor for aircraft propulsion, with specific power of 7.9 kW/kg and
efficiency of 97% [150]]. Also, their efficiencies are not sensitive to operational altitude,
providing an advantage over conventional gas turbine engines [[151].

There are many motor comparison research conducted. For example, [31,/152] qual-
itatively assessed the advantages and disadvantages of three types of motors in terms
of efficiency, mass, torque density and inverter complexity. The selected motors are:
asynchronous motors (ASM), switched reluctance motors (SRM) and permanent magnet
synchronous motors (PMSM) machines. Moreover, [32] quantitatively investigated eight
motor types for a 1.5 MW/1kV aircraft propulsion system for wider criteria. The can-
didate motor types are: inductionmotor (IM), switched reluctancemotor (SRM), wound
rotor synchronous motor (WRSM), PM synchronous motor (PMSM), slotless PMSM,
PM-assisted synchronous reluctance motor (PM-assisted SynRM), brushless DC (BLDC)
motor, and brushless doubly fed reluctance motor (BDFRM). Table and sum-
marise the comparison results of these studies. According to these studies, permanent
magnet synchronous motor (PMSM) lead in terms of efficiency and specific power for
aircraft applications. Therefore, a PMSM motor is selected for this study. It should be
noted that, the selected PMSM is radial flux instead of axial flux given the time available
for this research. In the future, the simulation framework will include the flexibility of

integrating axial flux motors for “high torque low speed” scenarios.

Table 3.9: Overview of electric motors provided by [31].

Electric Motor ASM SRM PSM
Efficiency 0 0 +3
Mass 0 0 +1
Torque density 0 +1 +3
Inverter Complexity 0 -3 -1
-3 strongly negative; -1 negative ; 0 neutral, +1 positive; +3 strongly positive




CHAPTER 3. METHODOLOGY AND SIMULATION FRAMEWORK 75

Table 3.10: Overview of electric motors provided by [32].

Criterion SRM BDFRM WRSM PMSM SI-PMSM SynRM BLDC

Rotor losses

Stator losses

Losses at high speed
Partial-load efficiency
Torque ripple

Rotor thermal limits
Cooling complexity

Rotor mechanical integrity
Manufacturing tolerance
Short-circuit behavior

ECRERZCRZE|E
q 4 o g
EXZIZEEEEER
==L Sl o=
SEEEEEERSE
< 5E< SEEISIEES
SEEE B IEER
ZTERRREERE

L, low; M, medium; H, high.
Green, favorable; yellow, moderate; orange, unfavorable.

For the following sections, a brief introduction of the PMSM working principle is
introduced. Then, two sets of PMSM models (low- and high-fidelity) are developed and
introduced. The model fidelity selection depends on the research objectives, which will

be detailed in Chapter 4 and 5.

3.7.1 Working principle of the PMSM

Fig. [3.25| shows the structure of a PMSM and its stator winding. A three-phase voltage
source is connected to stator windings, when energised, a rotating magnetic field (RMF) is
generated. The RMF interacts with the magnetic field from the rotor-mounted permanent
magnets. The rotor then rotates and outputs mechanical power. With PMSM, there is zero

speed difference between the rotor and stator magnetic fields.

salient-pole rotor

Figure 3.25: (a) A schematic diagram of the PMSM structure [ 18] (b) PMSM three-phase
wye-connected stator.
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3.7.2 Low-fidelity PMSM mathematical model

In this section, the three phase natural reference frame model of the PMSM is firstly
introduced. Then the necessity and importance of transforming it to direct-quadrature (dg-
) model is explained, with a presentation of Clarke-Park’s transformation matrix. Finally,

the dg- PMSM model is introduced.

Three-phase equivalent circuit model

An equivalent circuit (Fig. [3.26) is used to model the PMSM electrical performance.
With the electrical quantities obtained, the electromagnetic torque and mechanical equa-
tions are obtained. Together with voltage equations, the low-fidelity PMSM mathematical

model is constituted. The following assumptions are made to simply the model.

+ o

-]

P e

Figure 3.26: The three-phase equivalent circuit model of PMSM [19].

(1) Ferromagnetic saturation effects are neglected.

(i1) Eddy current and hysteresis losses are neglected.

(1i1) Input current/voltage are three phase sinusoidal waveforms.

(iv) Stator winding resistances and inductances are identical and constant.
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Therefore, in natural frame of reference (ABC frame), the voltage equations of PMSM

can be expressed in matrix form

VA RC 0 0 iA )LA

d
vl =10 R. O iB +a 7LB (331)
ve 0 0 R |ic Ac

where, vy 1s the phase voltage, iy is the phase current, R is the winding copper resistance,
and Ay is the total magnetic flux linkage, where subscript ‘1= A,B,C’.
Due to Wye-connection topology of motor winding, the phase currents have following
property:
in+ig+ic=0 (3.32)

The total flux linkage is further expressed as

Aa Laa La Lac| |ia AmA
As| = |La Les Lsc| |iB| T |AmB (3.33)
Ac Lca Les Lec| |ic Amc

where, Ly is the self-inductance of the stator windings, Lik is the mutual inductance of
the stator windings, and Ay is the permanent magnet fluxes linking the stator windings,
where subscript ‘[,LK=A,B,C’. These inductances in the stator windings are functions of

rotor electrical angle, and defined as:
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6e = §9m+960

Laa = Ls+ Ly cos (26e)

Lpg = Lg+ Liycos(2(6. —2m/3))

Lee = L+ Lincos (2 (6. +27/3)) (3.34)
Lag = Lga = —Mg — Liycos (2 (6. + /6))

Lgc =Lcg = —Mg—Lyncos(2(6.+7m/6—21/3))

Lca = Lac = —Mg — L, cos (2(9e—|—71'/6—|—275/3))

where 6, and 6y, are rotor electrical and mechanical angles; 6 is the rotor offset electrical
angle, its value is either 0 or —7/2, depending on whether electrical angle is referred to
d-axis or g-axis; p is the motor pole pair; Lg is the stator self-inductance per phase, its
value is the averaged self-inductance of each stator windings; Ly, is the stator inductance
fluctuation; and Mj is the stator mutual inductance.

The linked motor flux is expressed as:

AmA A €O Be
AmB | = | Amcos (6. —27/3) (3.35)
Amc Amcos (6 +27/3)

According to [[153]], the electromagnetic torque 7' is the partial derivative of magnetic

energy stored of mechanical angle:

( T )
ia Ana
P, J
Te - E 1B a—ee A'mB (3 36)
ic Amc
\ Vs

With the electromagnetic torque expression available, the complete mechanical equa-
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tion of PMSM can be obtained and defined:

Jdd—a;m:Te—TF—Ba)m—Tm (3.37)
where, J is the combined inertia of rotor and load, @y, is the mechanical speed, T is the
static friction torque, B is the viscous damping of rotor and load, and Ty, is the motor
shaft mechanical torque.

It can be seen that, the total flux linkage (and thus the electromagnetic torque) is a
function of stator angle 6.. Moreover, the torque equation is also over-complicated.
Usually, the PMSM model can be simplified by transforming it from the natural refer-
ence frame (ABC-axes) to the synchronous rotating frame (dqg-axes). This is realised by

Clarke-Park’s transformation [154]].

Coordinate transformation: ABC- to dq- reference frame

Clarke-Park’s transformation is commonly used in PMSM modelling and control design.
The Clarke’s transformation converts three phase system (ABC frame) to two components
in an orthogonal stationary o — 3 frame. Park’s transformation converts stationary o — f3
frame to a rotating orthogonal d — g frame. By applying them consecutively, the three
phase AC voltage and current signal can be converted into DC signals. The voltage,
current and electromagnetic torque expression are all decoupled from stator angle 6.

Clarke-Park’s transformation matrix is expressed as:

cosB,  cos (6 — 27”) cos (Ge—l—%”)
2
TaBc/dq0 = 3 | —sinée —sin (6. — %) —sin (6. + %) (3.38)

1 1 1
2 2 2
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DQ- equivalent circuit model

Applying Clarke-Park’s transformation to the voltage, current and electromagnetic torque

equations, the PMSM model in dq reference frame is obtained and expressed as:

dig 1 R, Lg .
= vy — =g+ —p 3.39
dr Lq vd Lq i Lq Bty ( )

dig 1 R.. Li . Apom

e M _ 3.40

dr quq Lq’q Lqu'“’d L (3.40)
T. = 1.5p[Aiq + (La — Lq)iaiq) (3.41)

where i3 and iq are motor dq currents, vq and vq are motor dq voltages, and Ly and Lq
are motor dq inductances, expressed as Lqg = Ls+ Mg+ 3 /2L, and Ly=Li+M;—3 /2L

respectively. As a result, the equivalent circuit of PMSM in dq reference frame is shown

in Fig.

: L :
-pw L i q pw, L i
iy R, ovwvmy Mo N A S 1122 A

i SN

d-axis equivalent circuit g-axis equivalent circuit

Figure 3.27: The dq equivalent circuit model of PMSM [19].

Finally, the efficiency is given by the ratio of output mechanical power to input elec-

trical power, in dq axis, it is expressed as:

(3.42)

Mooy = @
MO 5 (vgig + vaiq)

Eqn.(3.39) to (3.41) form the dg-model of PMSM. With dg-model, the motor simu-

lation can be significantly simplified. Moreover, the field oriented control (FOC) can be
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easily implemented to regulate the motor rotational speed under different load conditions.

The key modelling input parameters and output simulation data of this low-fidelity
model are summarised in Table 3.11] The results are important for motor torque and
speed control, which will be detailed in motor control and DC/AC inverter model section.

They are also used to assess the PMSM performance along flight missions.

Table 3.11: Model simulation input parameters and sizing and performance outputs for
low-fidelity PMSM model.

Model simulation inputs Performance outputs
Number of phases Stator current (d-q axis) [A]
Rotor type Stator voltage (d-q axis) [V]
Pole pair Actual rotor mechanical speed [rads™!]
Stator phase resistance [(2] Actual rotor electrical speed [rads™]
Inductances (d-q axis) [H] Electromagnetic torque [Nm]
Flux linkage [Wb] Motor mechanical power [kW]
Inertia [kgmz] Motor power loss [kW]
Static friction torque [Nm)] Motor efficiency [%]
Viscous damping [Nms]
Initial rotational speed [rads™]
Initial angle position [rad]
Required rotational speed [rads™']
Required mechanical torque [kW]
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3.7.3 High-fidelity PMSM model

The high-fidelity PMSM FEA (finite element analysis) model is built in ANSYS Motor-
CAD. With FEA method, the accurate electromagnetic and electrical performance can be
simulated for different motor types and designs across the full operating range. There are

four key modules in ANSYS Motor-CAD [155]:

1. EMag: In this module, a 2D FEA method and analytical algorithms are utilised.
A range of electromagnetic performance results are generated for different motor
designs, such as torque, power, losses, voltages, currents, inductances, flux linkages
and forces. The motor types, geometries, windings, and motor component materials

are specified in this module.

2. Therm: Thermal performance of different motor components are modelled, as well
as the cooling design is assessed. Extensive outputs are obtained, including com-
ponent temperature, axial temperature distribution, thermal losses, heat transfer co-

efficients and thermal resistances.

3. Lab: With FEA in EMag and Therm modules, the analysis of any motor design over
full operating envelope is enabled. Representative outputs are efficiency and loss

maps, peak torque/speed characteristics, drive cycle efficiency and thermal maps.

4. Mech: 2D FEA method is used to analyse mechanical stress/strain and displace-
ment for rotors during operation. Various mechanical outputs are generated, includ-
ing averaged and maximum Von-Mises stress, radial direction displacements, and

safety ratio of rotor yield strength.

The design and simulation workflow of ANSYS Motor-CAD can be found in [[155].
In comparison to low-fidelity models, the FEA method greatly enhances the simulation
accuracies and modelling details. The assumptions of low-fidelity model in p. are
relaxed, as EMag captures detailed magnet B-H curves, magnet saturation impacts, iron

losses, eddy current and hysteresis effects, field-weakening effects, geometry-specified
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copper losses and so on. The accurate electromagnetic field distributions and flux link-
ages are also captured by FEA methods. Moreover, the coupling impacts of thermal and
electromagnetic are also simulated. All these capabilities can help enhance the fidelity
level of PMSM model.

In this study, a high fidelity PMSM model for aircraft propulsion is adopted from
[20]], with its modelling method and shown in Fig. 3.28] It should be noted that the
modelling development is out of the scope of this study and the model was adopted to
use in this simulation framework. Based on the flight mission data, the maximum torque
and rotational speed for each motor are calculated and they normally occur at Take-off
stage. The Take-off torque and rotational speed are considered as the design parameters
for the motor. An Interior Brushless Permanent Magnet Motor is considered (Fig. [3.29).
Once all the motor design parameters such as torque, rotational speed, supply voltage,
motor geometry, size, component materials properties, and cooling method are setup and
identified by the model, FEA-based methods with motor fundamental equations are used

to simulate its performance over pre-defined operation range.

Speed | Preliminary design Efficiency Map

Torque

Propeller RPM at take-off Identifying electric motor parameters from
analytical approach for the Motor-CAD »

model:

T Rotor and stator diameter
orquc Number of slots
P Number of poles Speed
Shaft torque at take-off Air-gap
Electrical frequency and inverter frequency
Rotor tip speed Thermal Analysis
Winding turns

Material properties
L

FEM Motor-CAD modelling

All design parameters are set in:

DC-Bus Voltage

v

Thermal transient
analysis for a given

E-magnetic ] \

Thermal Vi : operational point
Volume p{Lab ‘ %
B S

/- g \
\‘ /

e

Design revisions

Cooling Method (
Natural convection with \
axial fins housing

A

Figure 3.28: PMSM design process for the baseline flight mission requirements adopted
in [20].
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Figure 3.29: The front view and side view of PMSM designed in Ansys MotorCad

adopted in [20].

Table [3.12]and Table [3.13]show examples of motor design parameters under 2000 V4

bus voltage for this study. Table [3.14] shows the outputs obtained from the FEA analysis.

The power losses are comprised of: copper losses, iron losses, frequency-related losses in

the winding, eddy current losses, and mechanical friction and windage losses.

Table 3.12: Radial design parameters for high-fidelity PMSM model.

Radial parameters Value/type Radial parameters Value/type

Slot number 18 Pole number 16

Stator lam- diameter 450 mm Slot depth 38 mm

Tooth width 12 mm Slot opening 1.5 mm

Slot type Parallel tooth Rotor type Interior V (web)

Coil style Stranded Winding turn 10

Winding throw 3 Winding type Lap

Divider type Overlapping Wire gauge AWG 17

Wire slot fill 0.494 Winding connection Star connection

Magnetisation Parallel Airgap 1.25 mm

Magnet width Layer 1: 30 mm | Magnet thickness Layer 1: 8 mm
Layer 2: 15 mm Layer 2: 5 mm

Shaft diameter 125 mm Magnet layer 2

Phase number 3 Lam- material 25PNX1250F raw

Cooling method Air cooled

*lam- means lamination.
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Table 3.13: Axial design parameters for high-fidelity PMSM model.

Axial parameters Value Axial parameters Value
Motor length 370 mm Stator lam- length 300 mm
Magnet length 300 mm Magnet segments 12

Rotor lam- length 300 mm Stator bore diameter 317.5 mm
Cooling method Air cooled

*lam- means lamination.

Table 3.14: Output parameters from high-fidelity PMSM model.

Output parameters Value/type Output parameters Value/type
Motor weight 400.2 kg Motor volume Diameter x length
(with housing) 510 by 370 mm

Mechanical torque
Power losses

DQ- voltage

DQ- flux linkage
DC current

Speed-torque
plane contours

Mechanical power
Efficiency

DQ- current

DQ- inductance
Back EMF

Speed-torque
plane contours

The results are used to assess PMSM performance, also the dq- current and voltage

outputs for different operating points are fed to inverter-based motor control system. Fi-

nally, Fig. .26 in Chapter 4, Section is a typical performance map obtained from

Ansys MotorCAD software. The map will be used to carry out system performance eval-

uation in that section.
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3.8 Motor control system and DC/AC inverter model

In this section, a PMSM control system is introduced. In order to achieve smooth rotation,
precise speed control under different loads, rapid torque response and fast acceleration
and deceleration, a high performance motor control is required. This is achieved by field

oriented control (FOC) algorithm and physically realised by DC/AC inverter system.

3.8.1 Field oriented control technique

The realisation steps of the FOC model are summarised as following, with Fig.

showing its schematic diagram:

56
3
Wref Speed | Saref Current | [¥Sq
> Controller >Q Controller " usq | 3-phase
w iSq ] Inverse Parke » PWM ]
™| Transformation »| Voltage [] PMSM
iSdref | Current | [rsd| usg | Inverter [[ e
e ‘:L Controller " ; 1
4 iali|ic| ©
isq iSa 2
- Parke P Clarke
'Sd | Transformation |'>P| Transformation
Speed | t
Estimator |~

Figure 3.30: The Field Oriented Control (FOC) algorithm schematic diagram with imple-
mentation steps [21].

1. Block 1: the rotor angle position, rotational speed and three phase currents of the
motor are measured and stored. Note that according to Eqn.(3.32), only two phases

current are enough.

2. Block 2: the measured three-phase currents are transformed to two-phase currents
in dq reference frame. The measured rotor angle position is also used in Clarke-

Park’s transformation. At steady state, dq currents are constants.

3. Block 3: for speed control loop, the measured instant rotor speed is compared to
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desired one. The error signal is fed into a speed controller to output instant refer-
ence g-axis current command signal. This reference q-axis current is then compared
against measured g-axis current. The error signal is fed into another current con-

troller to output g-axis voltage.

4. Block 4: for current loop, the measured d-axis current is compared to reference
value. The error is fed to a current controller to generate d-axis voltage. The refer-
ence d-axis current value is normally set to “0”. Notice that, for surface mounted
PMSM type, because d- and g- axis inductance are identical [156]], the torque in
Eqn.(3.41)) can be simplified as: 7. = 1.5pAig, so that it is only a function of q-axis
current. Therefore setting d-axis current to zero can minimise unnecessary ohmic
loss. Moreover, a zero reference d-axis current can decouple dg-axes currents and
voltages in Eqn.(3.39)) to Eqn.(3.40), which provides a more stable control strategy.
For interior PMSM, although torque is not maximised, the decoupling of dg-axes

quantities are desirable.

5. The obtained dq-axes voltages are required by the PMSM at this instant. Shown in
block 5, 6: these voltages and angle position are fed into inverse Park’s transforma-

tion to obtain voltages in stationary orthogonal o — 8 reference frame.

6. Block 5, 6: the o — B voltages signals are sent to PWM based DC/AC inverter. The
required three phase AC voltages are generated based on the PWM waveforms. The
output three-phase voltage from the inverter is supplied to the PMSM and the speed

control is realised.

Physically, The controlled PWM signals are generated by Space Vector Pulse Width
Modulation (SVPWM) technique. These signals are fed to the switching components
of the DC/AC inverter to control their on/off states and ultimately generate required
three-phase AC voltage. Detailed SVPWM techniques and their implementations in

MATLAB/Simulink® are introduced in Appendix
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Another key component in Fig. [3.30]is the DC/AC inverter system . In this study,
a low- and high-fidelity inverter models are developed. Both of them can: regulate the
voltage output for motor requirement; simulate the inverter performance, especially its
efficiency along flight mission; provide preliminary inverter weight estimation. The se-
lection of them depends on the research objectives, which will be detailed in Chapter 4

and 5.

3.8.2 Low-fidelity motor drive system and inverter model

For low-fidelity motor control and inverter model, the block 5, 6 in FOC schematic di-
agram (Fig. [3.30) is replaced by an inverse Clarke-Park’s transformation. The required
dg-axes voltages are directly transformed to three-phase ABC-axes voltages. They are
directly fed into the PMSM model using ideal “controlled voltage sources” in Simulink®.
The detailed DC/AC inverter operation is omitted and the power losses is replaced by a

fixed 98% efficiency. The simplified FOC schematic of low-fidelity motor control system

is illustrated in Fig.

Wref iSqref . us
—»0O—>| Speed > O—> Current d - Inverse Clarke-Park’s
- X Controller -ix Controller c
w isq 0 Transformation
— PMSM
iSdref Current usq | - Low-fidelity Inverter with A
5 o 5
—:("E Controller Fixed 98% Efficiency - ]
4 ial v ic| O
isq Sa 2
- Parke “ Clarke
iSd_| Transformation | >*] Transformation
Speed | 4
Estimator [ -

Figure 3.31: The simplified Field Oriented Control (FOC) algorithm schematic diagram
with implementation steps [21]).
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The model parameters, sizing and performance outputs for this low-fidelity AC drive
model is summarised in Table The low-fidelity motor control and inverter model
enables fast mission-level analysis. Especially for research cases that detailed power elec-

tronics performance is not of priority.

Table 3.15: Model simulation input parameters and sizing and performance outputs for
proposed low-fidelity converter model.

Model simulation inputs | Sizing outputs | Converter performance outputs
Inverter S.P. [kag'l] Inverter mass [kg] Linyout [A]
Linyin [A] Vinvout [V]
Vinvin [V] Piny loss [kW]
Niny [%]

‘/Vinv = inv.,peak/S-P-inv

3.8.3 High-fidelity motor drive system and inverter model

The high-fidelity motor control model is used for high-fidelity PMSM. The flow chart
(Fig. shows the setup of high-fidelity PMSM control model. All important PMSM
parameter outputs form a set of lookup tables for a range of torque and rotational speed
variations. The key parameters bridging the PMSM and motor drive system are dq- volt-
age and current. The motor drive system operation is designed to generate the required
voltage and current for any given torque-speed points of the motor maps. The off the shelf
IGBT model is introduced previously. Finally, the motor control system performance map

are obtained in the torque-rotational speed plane.
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Figure 3.32: The flow chart of high-fidelity motor control model.
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Figure 3.33: The schematic of high-fidelity motor control model.



CHAPTER 3. METHODOLOGY AND SIMULATION FRAMEWORK 91

In order to generate required voltage and current, and to assess the performance of the
motor drive system, a control strategy high-fidelity SVPWM-+inverter system is proposed

(Fig.[3.33)) and the realisation steps are summarised as:

1. The dq-axes currents iq" and iq* are transformed to ABC-frame to generate a three-
phase current sink. This three phase AC current sink is used to simulate the current

consumption of the motor under given loads.
2. The dg-axes voltage v~ and vq* are measured as reference voltage values.

3. The upstream DC voltage is connected with an H-bridge DC/AC inverter to generate

three-phase AC voltages. This AC power is consumed by the current sink.

4. An inverse Clarke-Park’s transformation is applied to convert the three-phase volt-

age to two phase dq- reference frame.

5. The measured dg- voltages are input to a Space Vector Pulse Width Modulation

(SVPWM) module to generate six PWM gate signals

6. The six gate signals are input to the inverter so that the required three phase voltages

can be obtained.

7. The inverter output and reference dq- voltages are compared to ensure that they are

identical.

8. Finally, the inverter efficiency is obtained by comparing the input power (upstream

of the inverter) and output power (downstream of the inverter). The efficiency is

expressed by: Niny = Pinv,out/ P, in-

Notice, an open-loop control is adequate for this study. Because the PMSM perfor-
mance map is already provided and no system disturbance is applied.

A key component in this system is the DC/AC inverter. An inverter changes a DC
input voltage to an AC output voltage [143]]. In this study, a 6-IGBT H-bridge DC/AC

inverter model is utilised. Its schematic diagram is shown in Fig. [3.34]
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Figure 3.34: The schematic diagram of a three phase H-bridge DC/AC inverter for
PMSM. The six Infineon FZ1500R33HL3 IGBTs modules indicated in this image are
chosen based on the bus voltage and load current requirements.

The IGBTs utilised are the same as high-fidelity level converter model (Section|3.6.2).
By appropriately firing on/off signals to these IGBTs, the inverter can output three-phase
voltage and current with desired amplitude, frequency and phase. This is achievable by
SVPWM techniques, which will be detailed in Appendix [Al The inverter efficiency map

is calculated for the variation of motor torque and rotational speed.

Response of the motor control system

In order to assess the reliability of the motor control system, simulation tests under dif-
ferent motor loads are carried out. Motor torque steps from 0O- to 1948.6- and 1417.0-
Nm (Fig. [3.35a)); rotational speed steps from 0- to 2424- and 1988-RPM at time 0.5-
and 1.0-s (Fig. [3.35b). The two non-zero selected points correspond to motor opera-
tion conditions at “Take-off” and “Cruising”. The input voltage of motor drive system
1S Vinyin = 2000Vpc. The motor reference dg-voltage va's vq* and inverter output dg-
voltage vq4, vq are shown in Fig. And the reference current id*, iq* and inverter

output current ig, iq are shown in Fig.[3.35d]
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Figure 3.35: (a) Motor required torque, (b) motor required rotational speed, (c¢) dq- ref-
erenced and simulation output voltages, and (d) dg- referenced and simulation output

currents.

It can be seen that, even for large step change (zero motor power to full take-off

power) the inverter output dq voltages and current vy, vq, id, iq can follow up the motor

required dg- voltages and current vd*, vq*, id*, iq*. Therefore, the motor control function

is achieved by this proposed model.



CHAPTER 3. METHODOLOGY AND SIMULATION FRAMEWORK 94

High-fidelity motor control system parameters

Finally, all necessary input and output parameters of the proposed motor drive system are
summarised in Table

Table 3.16: Model simulation input and performance outputs for high-fidelity motor con-
trol system.

Motor control system inputs Performance outputs
IGBT datasheet Inverter three-phase output voltage [V]
PWM carrier frequency [kHz] Inverter three-phase output current [A]
Input DC voltage [V] Inverter power loss [kW]
Motor speed [rads™] Inverter efficiency [%]

Motor electric angle [rad]
Motor torque [Nm]
Reference motor voltage (d-q axis) [V]

Reference motor current (d-q axis) [A]
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3.9 Mission performance analysis

To conduct different mission level analysis for this study, three key steps need to be re-

alised:

1. Obtain the performance maps of high-fidelity component models of converter, mo-
tor drive system, and Permanent Magnet Synchronous Motor (PMSM) for a range

of operation points.

2. Integrate all components to form the complete simulation framework, with appro-

priate fidelity levels.

3. Input and incorporate aircraft level performance data to the simulation framework,
including power profiles, speed profiles, propeller rotational speed profiles, altitude

profiles, ambient temperature, pressure and density variations.

3.9.1 Obtaining performance maps of high-fidelity models

For low-fidelity power electronics models, the voltage regulations and motor control func-
tionalities are realised by PI controllers. Their electrical performance are emulated by
either simple mathematical equations or fixed values; And for low-fidelity PMSMs, the
performance is simulated by simple dg-models. These models often provide rapid and
low-cost simulation. Therefore, they can be used directly for the complete mission-level
analysis.

However, for high-fidelity power electronics models, the control functionalities are
obtained realised by high frequency switching circuits with PWM techniques. The oper-
ating IGBT frequency ranges from 10 to 50 kHz [157]], and the simulation time-step sizes
must be small enough to coordinate with this value. Hence, the simulation time-step size
is in the order of 107> second. With this time-step, it is time-consuming and memory
costing to run the complete 1.5 to 3 hours flight mission. On the other hand, due to the

high-frequency characteristics, the power electronics and motor control system have fast
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response time (in the order of 102 second). Therefore, the transient response of these
electric components can be treated as quasi-steady for mission level analysis. Given this
situation, the author decided to output steady-state performance map for all high-fidelity

models. The detailed simulation process is introduced as follows.

DC/DC converter performance map

As illustrated by Fig. an input voltages V; and load power requirements P, are
input to the converter models and the converter efficiency 11 ; is obtained, after complet-
ing one step, the next pair of V;, and P, are input and 7, is obtained. By repeating
this process, the complete voltage V;, and power P, , range are swept and a matrix of
converter efficiency is obtained. This matrix corresponds to the converter efficiency map.
Moreover, the simulation time is set to 0.5 seconds to ensure the converter reaches to

steady-state for each loop. The realisation Matlab code is included in Appendix

Vit Viz, =, Vil [Po1 ** » Pom]
— 1
High-fidelity S
— = |
Converter Model P [7?.11 . r“.ml :
—_— P ; " : E
[po,l’ Poz2: """ po,m] oA M Nam

] £ |
Vpe =2000v — )

Efficiency Map
Vi

D

Po

Figure 3.36: Obtaining the performance maps of high-fidelity converter model.

This way, the high-fidelity converter model is transferred to a rapid look-up table
method for mission level analysis. Meanwhile, the model can still maintain high accuracy

over different operation ranges (input voltages and load powers).
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PMSM
The performance maps of PMSM obtained from finite element method can be directly

used in mission level analysis, with torque and rotational speed as inputs.

Motor control system performance map

Similar to converter, the motor control system performance map is swept over motor
torque and rotational speed. As illustrated by Fig. The performance map is obtained
in the ‘Rotational Speed - Torque’ plane. The simulation time is also set to 0.5 seconds
for system to stabilise. The Implementation Matlab code is in Appendix [B| This process

enables rapid mission level analysis for high-fidelity motor control system.

i Efficiency Matrix E
[TL,l’TL,b ’TL, ] i — Wy, @ :
— " High-fidelity 2 [ ml |
Motor Control — o M1 Nim :
— Model | [ P i I :
[CU1,(U2, -wm] i j M1 = Mam i
| DB :
Vpe = Vpus |

Efficiency Map

Torque

D

Speed

Figure 3.37: Obtaining the performance maps of high-fidelity motor control system
model.
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3.9.2 Integration of components in Matlab/Simulink® and aircraft

performance data input

Low-fidelity integration example

The key modules of low-fidelity PEMFC-EP propulsion system (half side) are illustrated
below. As shown in Fig. the mission power profile and motor torque and rotational
speed obtained in Section [3.2]are input as three time-variant 2-D lookup tables, and these
data (red tags) are fed to the PMSM modules as performance requirements. Upstream
the motors, the FC and its control system is connected to provide the electric power. The
referenced bus voltage (blue tag) is maintained as 2000-Vdc throughout the mission via a

low-fidelity converter model (detailed in Section [3.6.1]).

Electric propulsion system Power profile & motor performance

© Yy HTL

e requirement
=T psm L
1 1-D T(u)
Motor1 o N 4
)L RPM
. 1 = W omsm LT 5
. 1-D T(u)

Motor2 O— \—1

Uous »V* DC-Link

~TL

Ref V* E/ AW Motor Single Power

PMSM

T 1-D T(u)

t O » »Power Torque >
Motor3 J\—L Torque

N Power Power to Torque
1~ ¢
FC and Control = W s

Motor4

Data Collection

Figure 3.38: The Matlab/Simulink® implementation of half-side of the PEMFC-EP
propulsion system.

The low-fidelity motor model and its control system are integrated via Fig. [3.39] The
PMSM dq model outputs the performance parameters under ‘/4 = 0’ strategies for mission
torque T and rotational speed W," (red tags). The power required for the motor (blue
tag) is forwarded to the lower ‘power exchange’ block, after multiplied by an inverter
efficiency, the required input power for motor and its control system then propagates to

the upstream via bus line.
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Figure 3.39: The Matlab/Simulink® implementation of PMSM dq model and low-fidelity
motor control model for the PEMFC-EP propulsion system.

For fuel cells another module is the ambient conditions calculation, as shown in

Fig.[3.40] The time-variant altitude and Mach number (speed) are obtained via 2-D lookup

tables for the mission. The instantaneous altitude is fed to international standard atmo-

sphere (ISA) table, where the ambient air temperature, static pressure and density along

the mission are obtained.
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Figure 3.40: The Matlab/Simulink® implementation of ISA table for the PEMFC-EP

propulsion system.

The static ambient conditions and instantaneous flight speed are used to calculate the
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total conditions via following isentropic flow equations:

—Y
1 =
pi - (1 + YTM2> ’ (3.43)
tot
T —1 )\
= (1 + YTMZ) (3.44)
tot
LN
_ 7—
2 (1 s M2) (3.45)
(o)

The total atmospheric conditions are forwarded to compressor power calculation mod-
ule, which is detailed in Section|3.4.3| The compressor power is directly provided by the
PEMEFC. This way, all developed low-fidelity subsystems are integrated to form the com-
plete propulsion system for the PEMFC-EP architecture. All subsystem and system level

simulation results are collected in the ‘Data Collection’ block in Fig.

High-fidelity integration example

The integration process is similar to that of low-fidelity, the main difference is to use by
high-fidelity converter, motor control and motor maps to simulate their performance.

As shown in Fig. the converter integration is similar to low-fidelity case (Sec-
tion [3.9.2). The only difference is that the converter efficiency calculation is obtained
by performance map. The power output of the converter is fed to the bus line via elec-
tric ports (blue tags). Fig. [3.42]illustrates the integration of high fidelity motor drive and
PMSM systems. Torque and rotational speed (red tags) along mission are input to ‘motor
map’ and ‘motor control system map’ so that the motor mechanical power, motor effi-
ciency and motor drive system efficiency are obtained. Then the input electric power to
the motor drive/PMSM system is obtained by dividing the motor mechanical power by
these two efficiencies. This required input power (blue tag P.) is then forwarded to the

‘power transmission’ block, drawing electric power from fuel cells system via bus line.
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Figure 3.41: The Matlab/Simulink® implementation of high-fidelity converter model for
the PEMFC-EP propulsion system.
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Figure 3.42: The Matlab/Simulink® implementation of high-fidelity motor control and
PMSM model for the PEMFC-EP propulsion system.
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3.10 Concluding remarks

Firstly, the aircraft retrofit model is introduced. With HERMES and Turbomatch in
CHARM, a series of aircraft level profiles are obtained: altitude, speed, power, propeller
rotational speed, and propeller propulsion power. These profiles are key baselines for
component subsystem and propulsion system sizing and power rating considerations.

The working principles and modelling methodologies for each components (PEMFC,
battery, converter, motor control system, and PMSM) are described in this chapter. Their
key modelling input and output parameters are presented, and the validations are con-
ducted. For PEMFC and battery models, they have the capabilities of simulating on- and
off-design performance. And for power electronics and PMSM subsystem modelling,
multi-fidelity/disciplinary models are developed. These model features can address the
limitations of methods seen in literature and enhance the capability of the simulation
framework. These developed subsystems are modular, scalable, and physics-based, which
enable the simulation of the most prominent characteristics of the novel electric propul-
sion systems and the possible application scenarios they will face.

The integration and matching of subsystem modules to the complete propulsion sys-
tem is then discussed. Different control strategies are utilised during integration process,
including closed-loop PI control, cascade dual closed-loop control, ‘74 =0 and SVPWM’
control, and open loop controls. After testing, these developed control strategies are con-
sidered reliable and robust. These components and control systems are integrated to
different electric propulsion architectures: PEMFC-EP, hybrid fuel cell, hybrid battery
and hybrid fuel cell/battery. These methodologies together form the in-house E-HEART
(Enabling-Hybrid Electric Aircraft Research and Technology) tool.

Finally, the communication and data flow between the retrofit aircraft model and
propulsion system is introduced. The mission-level evaluation of system performance,
architecture, energy management strategy, design, sizing, and on/off design operations

are all evaluated based on the component and system output parameters.



Chapter 4

50 PAX Regional Aircraft Fuel Cell

Propulsion

4.1 Introduction

In this chapter a study of fuel cell electric propulsion (EP) system for a 50 PAX regional
ATR42 like aircraft is conducted. A multi-objective, multi-fidelity dynamic simulation
framework is developed for EP for system sizing, subsystem integration and matching,
key component on and off design evaluation for holistic flight mission. The modular
nature of subsystem can be beneficial for rapid reproducible studies for different system
configurations and mission cases. Also, with multi-fidelity characteristics the accuracy of
model simulation can be enhanced while saving calculation time.

In this chapter, off-design performance of FC system is also considered. Both air mass
flow rate ri1,;; and air pressure py;; can significantly affect the FC performance. Variations
of them will cause off-design and even malfunction for FC system. These two parameters
are also sensitive to ambient environment change of aircraft application along the mission.
Therefore, a sensitivity study of ri,j, and p,;. is conducted for the FC system in aircraft
application. It is found that there is a trade-off between system reliability and efficiency.

Therefore, a data-based control strategy over rit,;, and p,i; is then proposed to avoid system

103
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malfunction, enhance the reliability and improve efficiency.

Due to limited power in single FC stacks, the propulsion system is normally formed
of multiple number of them to for high power requirement. However, the FC stacks are
also suffered from degradation or poor design. This would result in voltage/current/power
(VIP) reduction. Consequently, different FC stack VIP states can cause imbalance perfor-
mance within FC system. In this chapter, a quantitative analysis is conducted to capture
this imbalance performance and its effects on the whole energy storage system. Also,
upon exploring different FC stack configurations, it is found that FC stacks connection
arrangements can mitigate the impacts brought by stack imbalance performance. The
findings in Section 4.6.1]are published in [39].

The fact that FC configurations can affect the system performance enlightened the fi-
nal section in this chapter. Nine different multi-stack FC configurations are proposed in
this chapter. These configurations are assessed and compared based on their FC stacks
and system efficiencies as well as the electrical component efficiencies, power losses due
to failure, voltage and current variation due to degradation, and their total weight. More-
over, with a proposed DC/DC converter design process, the challenges of handling high
voltage and current in aircraft application are demonstrated. A potential FC configuration
amongst these competitors are recommended based on the quantitative simulation results.
The findings in Section .7] are published in [20].

This chapter is arranged as follows: The selected 300 nms mission profiles and sim-
ulation framework for propulsion system is presented in Section 4.2l The results and
analysis for on-design system performance simulation for the 300 nms mission are pre-
sented in Section The off-design performance results of FC stack due to i, and
Pair Variation, and the data-based control strategies are discussed in Section [4.5] The FC
stack imbalance performance impact is evaluated in Section[4.6] The mitigation measures
using different configurations are also presented. Finally, the nine potential multi-stack

FC configurations are assessed in Section
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4.2 Proposed mission and power profile

In this study, a fuel cell retrofit aircraft model, based on ATR42 is used here. Firstly, MIT’s
Qmil/Qprop tool is used for the design and performance analysis of aircraft propellers.
The generated propeller performance maps are input to Cranfield in-house aviation and
gas turbine model: Hermes and Turbomatch. These are flight path analysis and gas turbine
performance analysis and modelling-simulation advanced methods and tools. The flight
mission specifications are included in Table 4.1 and the flight data are shown in Fig. . 1]

They will be used for future system analysis.

Table 4.1: Flight mission specifications used by Cranfield in-house toolkit.

Range 300 nmi OEW 10900 kg

Total Engine Weight 2 x 480 kg | Max Fuel Weight 4500 kg
Calibrated Climb Speed 160 kts Cruise Mach 0.46

Take-off Weight 17913 kg | Cruise Altitude 19000 ft

*kts: knot, OEW: Operational Empty Weight, ft: foot.
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Figure 4.1: Flight mission specifications obtained by Cranfield in-house toolkit.

4.3 Fuel cell propulsion system: components, sizing, op-
eration and modelling

A fully electrified aircraft propulsion system is considered. It is modelled to demonstrate
the interactions between the FC stacks and the electrical configurations (Fig. 4.2). In

this system, two 2000 V. buses are connected with bus ties. This voltage is selected
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as a reference for bus voltage based on the acquired optimum motor efficiencies at this
voltage [144]. 2.4 MW of power is required from each “side” of the propulsion system.

A more detailed subsystem level introduction is presented in the following sections.

Vbus = 2000V

Promax = 2.4MW

Fuel cell = :
Stacks =l

O bus ties

Preme = 2.4MW

Fuel cell =
Stacks =

Different fuel cell stacks and converter configurations

PRPP QPP

Figure 4.2: An example of a propulsion system with FC stacks configured for different
voltage and current outputs. Different DC/DC converter configurations are assessed to
maintain the bus voltage at 2000 V. These configurations are shown in Fig. {.21] Eight
permanent magnet synchronous machines were designed for 500 kW power at rotational
speed of 2000 RPM.

4.3.1 Fuel cell and its air breathing system operation during mission
Fuel cell air breathing system introduction

The fuel cell modelling is addressed in detailed in Chapter 3. A brief review is here and
the methodology flow diagram is presented in Fig. #.3] Air needs to be supplied to fuel
cell systems so that oxygen can be moved to cathode for reaction. A typical schematic

diagram of this air breathing system is shown in Fig. 4.4 It can be seen that compressor
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is the key component. The compressor is modelled based on thermodynamics equations,

which are detailed in Chapter 3.
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Figure 4.3: The inputs and outputs to the FC system model. The FC model is adopted
from an existing MATLAB model published in [7].
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Figure 4.4: The schematic diagram of a fuel cell and its air breathing system. The diagram
is adopted from [22].

Air breathing system power calculation

A ram-air intake is used, so that the inlet air condition is determined by the dynamics air
conditions seen by the aircraft. The calculation flow chart is shown in Fig. [4.5] Firstly,
the predetermined mission profile, including speed and altitude are input to the ISA table.
By using lookup table module in Matlab and the data of ISA Table [158]], the static and

total pressure, temperature and air density along the mission can be obtained.
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Secondly, the predetermined flight power is used to calculate the required air mass
flow rate for compressor and fuel cell system, which will be discussed in detailed later.
The time-varying compressor power is then obtained via compressor thermodynamics
equations using these values.

And finally, it is assumed that the compressor power is provided by the fuel cell sys-
tem. In the simulation framework, these power is subtracted from the fuel cell power.
Therefore, the performance of fuel cell air breathing system is determined by: flight mis-
sion characteristics (altitude, speed and flight power), as well as local ambient air condi-
tions (pressure, temperature and density). Due to this reason, there will be two efficiencies
describing the fuel cell system performance: one is the fuel cell stack efficiency, which
only considers the fuel cell stack itself; another one is fuel cell system efficiency, which

includes the power consumption of air breathing system.
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Figure 4.5: The integration flow chart of ISA table, power profile and FC system model.

4.3.2 DC/DC converter system

The voltage of fuel cell system varies and fluctuates under different loads, which would

greatly affect the safety and reliable operation of the propulsion system. Therefore, it is
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important to maintain the bus voltage to a desired value to stabilise the PMSM and the
rest of system. A controlled DC/DC converter system needs to be used. There are three
main types of converters: boost converter to step up the voltage; buck converter to step
down the voltage and buck/boost converter to do both.

The detailed converter system modelling is addressed in Chapter 3. As discussed
previously, there are two levels of fidelity models presented for power electronics and
motor systems: a low fidelity, mathematical based or fixed value model and a high fidelity,
physics based model. Different research aims or focuses require distinct model fidelity.
Both converter models have the ability to maintain the bus voltage of the system, which

is the prior function in the system. The only difference is that:

* The low fidelity converter model uses a first-ordered mathematical relation to ex-
press the its efficiency by eqn (3.29). The proposed equation reflects that: the
converter efficiency approaches unity when voltage ratio is close to one, and de-
creases otherwise. The converter efficiency along flight missions can be calculated
mathematically. A closed loop PI control strategy is adapted to maintain the bus

voltage at desired value over different power requirement.

* The high fidelity model emulates real switching on/off process inside the converter.
Important characteristics such as conduction and switching losses of IGBTSs, ohmic
losses of resistors during switching operation are captured. Electric and logic cir-
cuits are used in Simulink, accompanying with off-shelf IGBTs, resistors, capaci-
tors and inductors specifications, so that a detailed, physical based converter model
is created. The pulse width modulation (PWM) technique, implemented in a cas-
cade PI control system, is used to maintain bus voltage at desired values. In this
way, high fidelity converter performance can be captured, at the same time, voltage
control purpose can be achieved. Moreover, a more detailed sizing methodology

and weight analysis based on the off-shelf component specifications is discussed.

In this study, both model groups will be considered. Their results and research contri-
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butions will be introduced later.

4.3.3 DC/AC inverter - motor drive system

Three-phase bridge inverter is a device that inverts single-phase DC power input to three-
phase AC power output. They are often seen in AC motor drives applications. Inverter
system is often coupled with field orient control (FOC) technique to control PMSM. It
provides good capability of motor control over a full torque and rotational speed range.
The PWM signals generated by the FOC algorithm are fed to inverter to control the
switches (IGBTs) inside. With these controlled switching operations, the upstream DC
power can be inverted to desired three-phase AC power waveforms. The downstream mo-
tor receives these power and generate desired torque and rotational speed. To sum up, the
main function of this device is to invert DC to AC power, and to control the motor torque
and rotational speed.

The detailed inverter principle and modelling is explained in Chapter 3. Similar to

converter system, there are two fidelity levels for inverter:

» With low fidelity model, a fixed inverter efficiency of 98% is assumed. The motor

control function is achieved by PI controllers and ‘I3 = 0’ control strategy.

* The high fidelity model simulate the real switching process inside the inverter. The
component characteristics are captured, with off-shelf IGBTs. High fidelity inverter
performance can be presented. Different operation parameters like input DC volt-
age, motor torque and rotational speed can affect the performance of inverter. In
later sections, the inverter efficiency contours as functions of input voltage, mo-
tor torque and speed would be presented later. A more detailed sizing and weight

analysis based on off-shelf specifications is discussed later.
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4.3.4 Motor system

Eight permanent magnet electric machines (PMSMs) are used in the complete propulsion
system in this study. The electric motor chosen decision is discussed previously, the key
consideration is of its high specific power and non-slip property. The detailed model
principles and simulation is discussed previously in Chapter 3. Again, multiple fidelity

level models have been considered:

* A relatively low fidelity, dq mathematical model has been used to simulate electric
and mechanical performance of PMSM. With the assumptions of no iron core sat-
uration, no induced eddy current loss or magnet hysteresis loss, symmetrical three-
phase current, and constant dg-axis inductance Ly and Ly. This model enables fast
motor simulation in a system level with relatively high accuracy. It has good capa-
bility of control strategies implementation, especially for dg-axis decoupling strate-
gies. But the assumptions limit its capability to simulate the motor performance in

terms of losses simulation, field-weakening operations and so on.

* For high fidelity finite element model (FEM), more accurate electromagnetic and
electrical performance are simulated in Ansys MotorCAD. This model provides
more detailed and accurate power losses prediction for the motor as above-mentioned
assumptions are relaxed. Moreover, the coupling effects of thermal and electro-

magnetic can also be captured.

4.3.5 The complete electric power-train

How these subsystems are connected to form a complete propulsion system is demon-
strated previously in Chapter 3 Section [3.3] The holistic system performance can be
demonstrated via Fig.[4.6] Since this is a serial connected system, the product of different
subsystem component efficiencies is the total system efficiency. In the right hand side
output data sink, all simulation results are collected. These data are important basis for

system assessment, architecture studies, decision makings, risk identifications, propul-
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Figure 4.6: The connection of electric components and data flow of propulsion system
performance assessment.

sion system topology comparisons. With models of appropriate fidelity, the simulation
framework enables fast studies for key characteristics of the system, and capture subsys-
tem interaction while satisfying holistic mission analysis. Finally, due to the generic and
scalable features, the proposed components are easily integrated to various propulsion
architectures, for example, the pure fuel cell system in this chapter and hybrid system
in Chapter 5. System performance subsystem interactions can be captured for different

missions and operation strategies.

4.4 On-design electric system performance assessment

This section focuses on an on-design performance analysis of the propulsion system. Due
to symmetrical features, only one “side” of system is considered. The specifications for
on-design component are listed in Table[#.2]and Table[.3] There are 16 fuel cell stacks per
side, two configurations of fuel cell stack connections are proposed and shown in Fig.
Under on-design performance with individual fuel cell stack operating at nominal points,

there is no difference between them due to configuration symmetry, so in this section, the
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“Parallel-Series configuration” is selected. The impact of FC multi-stack configuration

on propulsion system design and performance will be addressed in later sections.

Table 4.2: PEMFC system nominal specifications.

Symbol Description Value
T Fuel cell operating temperature 330K
N Fuel cell stack number 762
Z Moving electron number 2
T Fuel cell dynamic time constant 0.1s

ule Compressor adiabatic efficiency 85% [159]

Table 4.3: Bus line, converter, inverter, and PMSM specifications.

Symbol Description Value
Vbus Bus voltage 2000V
M conv Converter efficiency 1-09 ‘loglo (%f;) ’
Ninv Inverter efficiency 98%
Lq D-axis inductance 12¢” H
L Q-axis inductance 12¢® H
R Motor armature resistance 0.02 Q
p Motor pole pair 16
A Magnetic flux linkage 0.1 Wb

*V . fuel cell output voltage, Vy,s: bus voltage.
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Figure 4.7: Two proposed configurations: Parallel-Series and Series-Parallel configura-
tions of FC multi-stack system.

The characteristics of a single fuel cell stack are shown based on V —I and P—1I curves
in Fig [4.8a] The holistic system simulation results are shown as following, including:

efficiencies of fuel cell stack, fuel cell system, and other components in Fig {.8b} power
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generated by fuel cell stacks and net power delivered from fuel cell systems in Fig
voltage and current across fuel cell systems, bus voltage and current in Fig 4.8d} torque
and rotational speed of motors in Fig Moreover, Fig[4.9]shows the air mass flow and

consumption rate, fuel flow and consumption rate and water generation rate.
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Figure 4.8: (a) Polarisation curves for FC stack model adopted from , (b) Efficiency
for components and system, (c) Power for FC, bus line and PMSM, (d) Voltage and current
of FC and bus line, and (¢) PMSM torque and rotational speed.
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Figure 4.9: (a) Air mass and fuel flow rate and (b) O,, H, consumption and H,O genera-
tion rate.

These results are useful in terms of preliminary propulsion system design and as-
sessment. Both different power requirements and ambient conditions along the mission
affect the system performance. As demonstrated in Fig. the flight power require-
ment reaches its maximum (2 MW) at “Take-off” stage and gradually decrease to 1.2
MW cruising power through “Climbing”. Fig. and Fig. [4.8b| show that: the FC sys-
tem exhibits high efficiency and voltage at low power; while at high power settings the
efficiency and voltage are lower. The buck converter exhibits higher efficiency when in-
put and output voltages are closer, therefore, its efficiency reaches maximum at “Takeoft™
phases and reduces at low power “Taxiing” and “Descent” phases.

As shown in Fig.[4.9] all flow and consumption rates for oxygen and fuel share similar
patterns as power curves (Fig. #.8c). These trends reflect the reactant amounts for electro-
chemical reaction depend on power requirement. Moreover, the air mass flow rate is
a key performance curve for FC air-breathing system design and control. Another key
data is the H, consumption rate, as it provides the total amounts of fuel required for a
mission. The integration of H, consumption rate provides an initial estimation of total
hydrogen weight onboard, in this case, 78.6 kg. The state-of-art gravimetric hydrogen
storage capacity is 5.7% (wt) [[160] and a theoretical prediction can reach 18.5% (wt)
for Borohydrides materials [[161]. The hydrogen tank would be at least 1378.9 kg and
424.9 kg based on the fuel weight. Consequently, the required hydrogen mass needs to be

considered as they will limit the payload when designing the aircraft.
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In this section, the proposed subsystems, sub-models, simulation control mechanisms
and the integration of them are tested and function properly in 4 MW pure fuel cell propul-
sion system level. With this simulation framework, the on-design performance of FC sys-
tem for aircraft holistic mission is studied. Important data are collected and summarised,
including: component and bus voltage, current and power against time; component and
system efficiencies, reactant flow, consumption and generation rates. All these data are
useful for system design, sizing and development for a pure FC regional aircraft propul-
sion system. In next section, FC off-design performance and their impacts on propulsion

system are considered.

4.5 Off-design PEMFC system performance assessment

The performance of PEMFC is affected by a series operation parameters: the cathode air
mass flow rate ri1,;;, the cathode air pressure p.i, the fuel cell operation temperature 7',

and the concentrations of hydrogen x% and oxygen y%.

4.5.1 Impacts of air mass flow rate and supply pressure on PEMFC

performance

In this study, the temperature T'¢., hydrogen fuel and oxygen concentration and humidity
across fuel cell are maintained at appropriate level at any load. The dynamic and perfor-
mance of the fuel cell system is governed mainly by air supply system, where two opera-
tion parameters, 7, and pai., are considered. Both ri1,;, and p,;; have significant impacts
on the fuel cell stack performance, such as stack power P,k and stack efficiency 1gck-
This phenomenon has been studied and testified by peer reviewed studies [[136,162,|163]].

Their impacts are discussed accordingly in below:
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Impact of air mass flow rate m;,

With the aid of fuel cell equations [30], the impacts of air mass flow rate are explained.

According to Faraday’s law, the minimum oxygen molar flow rate (i.e. oxygen used rate)

is given by (4.1)):

. Neelnls
no, react = (ZF . 4.1)
The oxygen air mass flow rate is the product of 1o, and Mo, @.2):
. : NeeniteMo
mQo, react = N0, react X M02 = % 4.2)

Inside the fuel cell stack, the oxygen concentration is gradually decreased along the air
mass flow direction. The oxygen might be completely depleted around cathode outlet, this
depletion phenomenon is called ”Oxygen Starvation”. In order to avoid this phenomenon
and supply adequate oxidants from the beginning, excess amount of oxygen is supplied,

with the new inlet oxygen mass flow rate as (.3):

, NeeniteMo
M0, inlet = A0, —aF 2 (4.3)
To convert oxygen mass flow rate to air mass flow rate (#.4):
NeeniteMair
air,inlet 2'02 XHAF ( )
Where, Ao, is the “oxygen excess ratio”, expressed as (4.5):
10, inlet
Ao, = —— (4.5)
mQ, react

The “oxygen excess ratio” A, is the ratio of inlet oxygen mass flow rate to the actual
oxygen consumption rate. As explained earlier, this value needs to be greater than one to
avoid “Oxygen Starvation”. The shortage of oxygen would cause a series of degradation

problems to the performance of fuel cell and shorten the stack life. Another impact is that
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the fuel cell stack is unable to output adequate current iz (i.e. power) for required flight
mission, the risk of system malfunction is increased. Therefore, high A, can improve
the performance of fuel cell stack in terms of system reliability, stack power Pg,cx and
stack efficiency 7 gack-

However, an exceedingly high value of A0, can also cause other issues, namely “Oxy-
gen Saturation”. On one hand, higher Ao, and thus higher 7, jnle; Would blow away the
water adsorbed in the proton exchange membrane. The decrease of water concentration
at the membrane surfaces would cause fuel cell dehydration and failures as well. More-
over, after reaching an optimum Aq,, the fuel cell stack would reach its maximum power
and efficiency performance. Further increase of Ao, would not improve the stack perfor-
mance, on the contrary, the compressor power is increased, and hence the overall fuel cell
system performance is deteriorated.

The optimal value of A¢, also depends on power requirements and compressor op-
eration conditions. Therefore, it is necessary to run different simulations or conduct ex-
periment to obtain the optimal A¢,, hence optimal ity inie; for different fuel cell system

operation scenarios during different flight phases.

Impact of air supply pressure p,;,

To explain how air supply pressure affects the fuel cell performance, it is necessary to
understand the electrochemical performance of PEMFC. The performance is governed by
following equations:

Vfc - Eoc - Vohmic - Vact (4-6)

where Vy, is the fuel cell voltage, E o is the fuel cell open-circuit voltage, V ohmic and V 4¢t
are the ohmic and activation over-potential.

The open-circuit voltage is expressed as:

—44.43 RT 1
Eoc = K. | 1.229+ (T —298) F +Z—Fln(pH2pc2)2)] 4.7)
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where K is the voltage constant at nominal condition, 7 is the fuel cell operating temper-
ature, z is the moving electron number, F is the Faraday constant, R is the universal gas
constant, py, and po, are the hydrogen and oxygen partial pressures.

The ohmic and activation over-potentials are expressed as:

1 Ifc
Vit = —NonAln [ == 4.8
act s+ 1 cellA N ( o ) (4.8)
Vohmic = Rohmicifc (49)

where 7 is the fuel cell dynamic time constant, N is the cell number, Rohmic 1s the stack
inner resistance, and ix. is the fuel cell current. The Tafel slope A and exchange current i,

are expressed as follows:

Fk
o — z (pI;gzh+ POz)e(—AG/RT) (4.10)
RT
aA- RT 4.11)
0 F

where k is the Boltzmann’s constant, /4 is the Planck’s constant, and AG is the activation

energy barrier.

Ptack tot
= ’ 4.12
NEC,stack mHz A hHHV,Hz ( )
Pytack tot — PBoP
NFC,system = Mack ot ° 4.13)

1iH, A haay H,

where Ngc stack and MEc sysem are fuel cell stack and system efficiency, Pggack tor and Pgop
are stack and balance of plant power, riy, is the supplied hydrogen fuel flow rate, and
hunvH, 1s the hydrogen higher heating value (HHV).

It can be observed that, the voltage is linearly proportion to the logarithm of gas par-
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tial pressure py, and po,. As po, increases, the terms Eo. and —V ¢ increase, which
causes fuel cell voltage V¢ rises. Since the stack power Pk or 1S the product of Vi
and ig.. For a fixed stack power, the fuel cell current if. reduces. The oxygen mass flow
rate 110, inlet and hydrogen consumption rate riry, thus decrease. Therefore, the stack
efficiency Ngc stack increases along with the rise in oxygen partial pressure po,. This

phenomenon is also supported by other studies shown in Fig. #.10]
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Figure 4.10: (a) FC Polarisation curve fitting results at cathode pressure of [1, 1.5, 2, 2.5,
3, 3.5, 4] bar adopted from [22]], (b) Relationship between FC stack efficiency and power
output for various reactant pressures from [24]].

However, similar to air mass flow rate, further increase in p,;; would consume more
compressor power. Therefore, a system level trade-off study is required to determine the
best operation and control strategies to handle these two control parameters for different
mission phases and requirements. The detailed system simulation modelling and results

will be introduced in the following section.

4.5.2 Off-design operation calculation and results discussion

In order to investigate the off-design operation of the PEMFC along different flight phases,
six representative points are selected in the 300 nms mission. The selected phase points
are: taxiing, take-off, climb, cruise, descent and landing. They are demonstrated in

Fig.{.T1]along with the flight power profile.
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Figure 4.11: Six selected points for [taxiing, take-off, climb, cruise, descent and landing].

Because this study focuses on PEMFC system performance, the inverter and motor
systems downstream of bus is omitted. Instead, the corresponding bus power value ob-
tained in Section {.4]is used to represent the power load for these chosen phases. A low
fidelity converter model is adopted (5.8) to control the bus voltage and emulate converter
power losses. Moreover, the altitude, ambient temperature and pressure, and flight Mach
number for these phases are used in the fuel cell system.

Similar to on-design calculation (Fig.[4.5)), the off-design operation calculation method-

ology is demonstrated in the following figure 4.12]
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Figure 4.12: The integration flow chart for off-design case study.
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There are two main differences between them. Firstly, the fuel cell is set to operate
at different inlet 71,5, and p,;; conditions. Arrays of rityj, and p,j, operation variables are
input to the fuel cell system, coupled with the afore-mentioned input parameters, the
fuel cell stack and system efficiencies are obtained and analysed. Secondly, the power,
speed, and altitude are point parameters for six mission phases, instead of the time-variant
parameters. This way, the sensitivity studies on operation variables #i,i; and p,i. can be
conducted.

The sensitivity study results of 7, variation only, and both 7, and p,;, variations

are demonstrated as follows:

Air mass flow rate rii,;, impact only

With fixed nominal air pressure p,;. set as 2.06 bar, the air mass flow rate r,;; is varied
accordingly at different phases. Fig. #.13] shows the variation of stack and system effi-
ciencies of PEMFC (NEgc stack and 7 system) against sty for each fuel cell stack. The
assumption is that, identical off-design operations are applied to the fuel cell system, so
that same variations of air mass flow Arity;, are applied to 16 stacks. The total air mass
flow rate rit,ir, total 15 therefore 16 times the single one for this propulsion architecture.

It can be seen that for each phase, the stack efficiency Ngc siack 1S nOt sensitive to rityir
variation but the system efficiency Ngc system decreases significantly as sy, increases. The
huge riy;, reduction occurs because compressor needs to consume necessary compression
power for FC system to function. With higher air flow, more power needs to be used to
deliver the air to fuel cell cathode channel. Moreover, the optimal Ngc gsiack 1s different
from that of Ngc system-

Another observation shows that there is a corresponding minimum riz,;, for each phase.
The minimum ri1,;, varies with phases. For example, the value is 0.02 kg/s and 0.09 kg/s
at “Taxiing” and “Takeoff” respectively. These minimum #z,j. set the lower operation
boundaries for each stack. Once lower than this value, the PEMFCs will malfunction,

output zero power and the efficiencies (Ngc stack and Ngc syseem) plunge to zero. This is
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Figure 4.13: PEMFC Ngc stack and MEc system against rirye for six selected flight phases
[taxiing, take-off, climb, cruise, descent and landing], at py;, of 2.06 bar.
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where “Oxygen Starvation” occurs. The dangers and risks of “Oxygen Starvation” are
introduced previously. The fuel cell system is strictly required to avoid operating in this
region. The value of r1,;; depends on power requirement, with greater ‘“Takeoff” power,
higher flow rate is required. This means that the air-breathing system needs to adjust its
operation modes accordingly, by controlling pressure ratio and rotational speed.
Contradictorily, the optimal Mgc system always occurs at minimum allowable 7i,;;. Be-
cause at minimum air mass flow rate, lowest power is consumed at compressor so that the
FC system is most efficient. However, it is dangerous because a slight perturbation of sup-
plying rity;; could cause “Oxygen Starvation”. Therefore, operating at optimal 1 gc system 18
considered as “unstable equilibrium”. Other safer operation strategies would be proposed

later, including p,;; as a control parameter as well.

Both air mass flow rate r7i,;. and air supply pressure p,;- impacts

In this case, the fixed air pressure p,; condition is relaxed. Both r,;; and p,;; impacts are
considered at the same time. Fig. .14 shows the stack and system efficiency contours in
Hiair — Pair Plane for selected phases. Note, the left figures of Fig. [4.14] shows the stack

efficiency and right one shows the system efficiency.
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Figure 4.14: Stack efficiency, system efficiency contours and oxygen starvation regions
for different flight phases [taxiing, take-off, climb, cruise, descent and landing].

According to the results, FC efficiency can be controlled by inlet air pressure p,i.. As
shown in Fig.[d.T4] the yellow region represents higher efficiency while blue region means
lower efficiency. All system efficiency contours exhibit higher system efficiency at lower
Dair- Although some stack efficiencies Mrc siack are improved with higher air pressure, the
extra compression power would compensate this improvement. Therefore, it is desirable

to reduce the inlet pressure for better system performance.
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4.5.3 Data-based air mass flow rate and supply air pressure control

strategies

Based on the simulation results, data based strategies scheme of air mass flow rate ri,;,
and supply air pressure p,;; can be formulated, for the purpose of avoiding “Oxygen
Starvation” and improving system efficiency.

Three control strategies are proposed and their FC system efficiency performance are
shown in Fig. .15 by black, blue and red asterisk lines. The numbers in both figures
indicate different flight phases, from ‘1’ to ‘6’: taxiing, take-off, climb, cruise, descent,
and landing. Moreover, @bar indicates the value of py;;, for example: 1@1.6 bar means
at taxiing phase, high efficiency occurs when air supply pressure p,;. is 1.6 bar.

For Fig. only air mass flow rate ri,;; is handled, and p,;; is fixed at 2.06 bar.
The black line indicates the radical “Maximum efficiency but unstable” strategy, where
FC performs most efficiently at each phase but the system is on the brink of “Oxygen
Starvation”. The blue line represents a more conservative “Lower efficiency but stable”
strategy, where ri1,;; is doubled as the radical cases for each flight phase. Twice air mass
flow rate can ensure that the system perform much reliably in this strategy, as the doubled
Tty can drive the system away from “Oxygen Starvation” regions for each phase. For
Fig.4.15b|both air mass flow rate ri1; and supply air pressure py; are controlled, with red
line showing an improved strategy “High efficiency and stable”.

From Fig. it can be seen that FC efficiency performance is highest when adopt-
ing black radical strategy, but a slight reduction in 7y can result in system instability
and oxygen starvation. With double air mass flow rate, the danger of system malfunction
can be eliminated but at the expense of efficiency loss. For example, a maximum 12.9%
efficiency reduction can be seen in “descent” phase, and a 7.8 % reduction in long duration
“cruise” phase. The efficiency reduction directly results in higher fuel consumption. With
controlled air supply pressure p,i,, a new strategy is proposed as red line. The FC effi-
ciency performance can be improved as shown in Fig. All phases can benefit from

this control strategy. For instance, 6.6% and 4.0% efficiency improvements are achieved
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at “descent” and “cruise” phases. Although this strategy is not as efficient as the “Max-
imum efficiency but unstable”one, it provides more stable and reliable operation modes
for the propulsion system. Another observation is that, although FC stack performance
can be improved by higher p,;;, the benefits are compensated by air compressor power
consumption. This feature is prominent for aircraft applications. High air compression
power is required as the ambient pressure is generally low. Therefore, it is recommended
to operate FC system efficiency with lower air supply pressure (i.e. 1.6 bar).

Control Strategy for m_, along Mission Control Strategy for m_, and p_; along Mission
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Figure 4.15: (a) Two control strategies for ri,j. only with p,;. fixed at 2.06 bar. (b) Two
control strategies for both r,;. and p,;;.

In this section the impacts of rit,; and p,; on FC system performance are investigated.
The potential danger of “Oxygen Starvation” is demonstrated. Based on the system per-
formance analysis, three control strategies over rit,j; and p,;; are proposed for six selected
phase points along the mission. A data-based control strategy is recommended to balance
system reliability and efficiency. In the next section, the stack imbalance performance,
the multi-stack configuration design and their impacts on system performance are inves-

tigated.
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4.6 Fuel cell stack degradation and its effect on stack
configuration design

Currently, most commercial PEMFC stacks have limited maximum power. As previously
stated, the Ballard FCvelocity®-HD6 FC stack is used, with 150 kW and 165 kW as
nominal and maximum power. To achieve higher power, voltage and current as well as
redundancies for aircraft propulsion, 16 stacks are connected in series and parallel to form
“half side” of power-train. The wiring configuration of individual fuel cell stack can affect
the propulsion system performance which needs to be captured.

In this section, “Parallel-series” and “Series-parallel” are used and their schematic di-
agrams are shown previously in Fig4.7] The performance of these two configurations
are identical if all fuel cell stacks are operating at their nominal conditions. However,
long-term degradation, changes in fuel cell’s individual auxiliary parts, or faults in com-
ponent connections can lead to difference of the voltage and current performance (‘V — I’
polarisation curve deviates from intact condition) for each individual stack. These stack
variations can cause imbalance performance among fuel cell array. The imbalance per-
formance impacts due to voltage and current drop are explored for two selected config-
urations. This section focuses on fuel cell stack performance and the rests of the system
are identical for these two configurations. Therefore, the lower fidelity level models for

the rest of electrical components (converter, inverter, and PMSM) are utilised.

4.6.1 Stack degradation analysis and simulation

To simulate the degradation performance in one stack, the voltage and current of cell
are set by 10% decrease in comparison to a normal intact stack. The polarisation curves
of a healthy and degraded stack are shown in Figid.16 based on “Voltage-Current” and
“Power-Current” curves. It can be seen that, for degraded stack, the overall V — I and
P — I curves are shrunk compared to healthy ones. The operation power, voltage for each

current is lowered. The boundary of available current is also decreased. This is similar to
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the degraded FC polarisation curves presented in different literatures [[164,/165].

Stack voltage vs current
200 ‘S(ack vol(aqe vs current‘ i 700 ; - ) !
750 ;\ 1 850 —
< ~ S R
Z 700} T— 8 " 600 I
g —__ g —
§ esor D 1 S ss0f i (240.3, 2 1
6001 = . 500 | o \;‘jﬂo, 95)
T (267,568
550 | | | | [ — 300,550 450 . . . . .
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Current(A) Current(A)
200 . Stack powe‘r Vs current i 150 ?tack powe‘r vs curren!‘
_8
- e 133.65kW,
150k e —Jieskw) _ oo ARG
s — (151.656kW) S 100} — d
= — < _—
& 100 1]
& _ T 50 —
50 - _—
ole | | | | 0 . . . . .
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Current(A) Current(A)
(a) Healthy FC stack outputs. (b) Degraded FC stack outputs.

Figure 4.16: Simulated Voltage-Current and Power-Current polarisation curves for
healthy and degraded FC stack.

4.6.2 Fuel cell system imbalance performance due to stack degrada-
tion

In Fig. the 10% voltage and current degradation condition is applied to one of the
stacks in the “Parallel-series” and “Series-parallel” configuration. Due to the electric cir-
cuit characteristics, the voltage level for stacks in parallel must be identical, while the
current level for stacks in series should be the same. The fuel cell stacks are designed to
be a voltage source, therefore, the voltage of each stack can be increased before it reaches
its maximum value to adapt to voltage variations due to stack imbalance performance. In
“Parallel-series” case, in order to compensate for voltage reduction in degraded FC, the
rest FCs in the same parallel branch would reduce their voltages correspondingly. The
reduction in voltage corresponds to increase in current and power output according to
fuel cell characteristics curve, therefore, these FCs are denoted as “overworked”. Similar
principles apply to “Series-parallel” configuration, but this time the current level is main-
tained. Due to degradation in electric current, the rest FCs in the serial branch undergo
“underworked” conditions (lower output power) according to polarization curves, and the

rest of the FC array would “overwork” to compensate the power reduction.
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Figure 4.17: (a) Parallel-Series case (b) Series-Parallel case, with normal, degraded, over-
worked and underworked FC stacks.

The imbalance performance characteristics can be demonstrated and investigated via

individual stack power, efficiency, voltage and current assessment:

Individual stack output power and efficiency

In Figld.18] individual stack power along mission for two proposed configurations are
shown. Note that, normal FC refers to a healthy stack that is not in the same branch as the
degraded FC stack. Normal FC connected to the degraded FC stack refers to the normal
stack that is connected in series or parallel to the degraded stack. One degraded FC refers
to the preset degraded stack. FC for on-design operation refers to the normal FC operating

on-design condition in Section {.4]
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The purple line is the baseline on-design stack power calculated from Section[4.4] The
power output for each FC stack matches the working state demonstrated in Fig. with
“overworked” FCs outputting higher power and “underworked” ones providing lower
power in comparison to on-design case. It can also be noted that in “Parallel-series”
configuration, the degraded fuel cell stack provides “O power” for some flight durations.
These periods correspond to low power requirements flight phases, which are “Taxiing-
out”, “Descent”, “Approach & Landing”, and “Taxiing-in”.

Similar to power variation, the stack efficiencies for these two proposed cases are
shown in Fig. @.19] “Zero efficiency” occurs for the degraded FC in “Parallel-Series”
configuration at low power phases. While in “Series-Parallel” all FCs can function and

provide power throughout the mission.
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Figure 4.19: Individual FC stack efficiency along mission for (a) Parallel-Series configu-
ration and (b) Series-Parallel configuration.

The reason for this phenomenon and its potential impact on the system will be ex-

plained in the following stack voltage and current assessment subsection .

Stack voltage and current assessment

To explain why the one degraded FC outputs zero power, it should note that: a FC has
higher output voltage for lower power. This is shown in Fig. However, due to degra-
dation, the maximum voltage of degraded FC stack is lower than the high voltage required
at low power, which causes it malfunction during these periods. This phenomenon is cap-

tured in Fig. For Parallel-Series configuration, it can be found that the degraded
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FC has lower voltage than others in the same parallel branch during low power phases.
Consequently, there is voltage difference between FC stacks and current would be

drawn between FC stacks. This could potentially damage the power system and needs

to be avoided. On the other hand, for “Series-parallel” configuration, the malfunction

scenario is not seen as there is no voltage matching requirement. Therefore, the potentially

damage due to voltage imbalance between stacks does not exist in this configuration.
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Figure 4.20: Individual FC stack voltage and current outputs along mission for (a)
Parallel-Series configuration and (b) Series-Parallel configuration.

In this section, the voltage and current drop due to stack degradation and the impact on
FC system is explored. Upon setting one FC degraded in two proposed configurations, it
is found that the arrangements of FC stacks connections could help in reducing the impact
of voltage and current variations due to degradation in each stacks. A potential malfunc-
tion scenario is identified for the degraded FC in “Parallel-Series” configuration. This
malfunction and voltage mismatching within parallel branch can cause current flowing
between stacks, which will potential damage the stacks. On the other hand, this poten-
tial risk can be eliminated by choosing “Series-Parallel” configuration. Therefore, the
“Series-parallel” configuration is recommended, as it is less affected by one FC stack

degradation.
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4.7 The impact of multi-stack fuel cell configuration on
the propulsion system

Apart from the two configurations discussed previously, there are more potential fuel cell
configurations to be investigated. There is a need to assess their suitability to the special
requirements of aviation application, including but not limited to: high altitude applica-
tion, system weight sensitivity, system reliability and robustness, power loss mitigation
measures and high system performance efficiencies.

In this section, nine fuel cell configurations and their DC/DC converter arrangements
are proposed. Their advantages and disadvantages for the regional aircraft propulsion
system are investigated by assessing fuel cell stack and system efficiencies, electrical
component efficiencies, system performance and system weight. Moreover, the system
reliability and robustness are analysed qualitatively.

High fidelity level models are used for converter, inverter and PMSM in this study
to cover all necessary parameters for system sizing, converter topology, and system level

efficiency comparison between these configurations.

4.7.1 Proposed fuel cell system and DC/DC converter configuration

Fig. shows the proposed fuel cell stack configurations and different DC/DC con-
verters arrangements. The qualitative analysis of their characteristics, advantages and

disadvantages, potential risks and mitigation measures are discussed in Table
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Figure 4.21: Proposed electrical configurations for the FC stacks and DC/DC converters.
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Configs| Description Comparisons
(a-a) | Highest voltage | Independent control of stack voltage is no longer

achieved by adding

16 stacks in se-

ries. High voltage

conversion to V.

achieved by one DC/DC converter. This system has
lowest reliability if some of the FCs degrade or in
the case of faults. This configuration at high volt-
age (>3000 V [[166]) is not recommended due to lack
of protections and insulation designed for partial dis-
charges at high altitude (at 40 kft above sea level) that

can be used without high weight penalties.

(b-b)

8 stacks can be con-

nected in series.

Efficiency optimization with only few power elec-
tronics converters. This configuration at high voltage
(>3000 V [166]) is not recommended due to partial
discharges at high altitude. However, if the design of
cable insulation changes to provide higher power den-
sity, higher voltages can be recommended. This con-
figuration is also more vulnerable to faults at high al-
titude, so it is not recommended because limiting the
altitude capability of the aircraft will result in cruis-
ing at lower altitudes where the drag is higher and the

fuel consumption will be higher.

(c-¢)

8 stacks can be con-
nected in series and
2 branches of them

in parallel.

Efficiency optimization with only few power electron-
ics converters. This configuration allows higher effi-
ciency for the DC/DC converter due to smaller con-

verter gain.




CHAPTER 4. 50 PAX REGIONAL AIRCRAFT FUEL CELL PROPULSION 137
Configs| Description Comparisons
(d-d) | 4 stacks connected | This configuration provide higher current and has 1

in parallel and then

in series.

converter for voltage control which can be a single
failure point if the converter fails and half of the to-
tal power from the FCs is lost. This configuration is

more reliable than configuration (e) when one FC de-

grades [39]]

(e-e) |4 stacks connected | Converter for this configurations could be designed
in series and then in | but also the rest of the system could be designed with-
parallel. out a converter like case (h).

(-1 16 stacks with indi- | For this configuration, all converter currents must be
vidual DC/DC con- | identical due to series connection, so that the currents
verters connected in | cannot be decoupled. Consequently, the voltage can-
series then to the bus | not be controlled. Therefore this configuration is not

recommended.

(g-g) | 16 stacks with | Several degrees of freedom for energy management,
individual DC/DC | control of power drop as as result of degradation with
converters with | individual converters, and faulty mode operation are
controllers are | possible. Voltage conversion rate is the highest if

connected to the bus

Vius > Vg, efficiency of the converter and its power
density is the lowest. Configuration (g-g) is heavier
so the maximum payload will be reduced and the en-
ergy consumption will be higher when performing the
same mission, but it offers better operability in de-
graded and faulty mode. Degradation tolerance of this

configuration may prolong time-on-wing.
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Configs| Description

Comparisons

(h-h) | 4 stacks connected
in series and then in

parallel.

This configuration provide lower current to the bus
than case (g) and does not have a converter for voltage
control. The electric machine and the inverter have to
be designed to support the voltage range and conse-
quently the power requirement during each phase of

the mission.

(1-1) 4 stacks connected

in series.

This configuration is the most reliable system with
higher efficiency for the converter in comparison to
case (d) and (e) due to reduction in current. But four
converters add higher weight compare to case (h), but

instead provide constant voltage for the bus.

(g-1) | Two different con-
figurations for each

buses.

Since two buses are connected for power sharing in
the case of failure a mixture of more efficient or
highly reliable but heavier configurations can be joint
together. For example configuration (g) is the most
reliable but the heaviest and configuration (i) is the

most efficient

Table 4.4: Assessment of electrical configurations for the FC stacks and DC/DC convert-
ers. Where configurations are connected, for example a-a, means the two 2000 V bus are
connected with a bus ties for power sharing.

4.7.2 DC/DC converter sizing

The capacitor and inductor within the buck converter play significant roles in smoothing

the voltage/current from square on/off waveform. They are also key components to store

and release electric energy for boost converters. For different configurations proposed,

the voltage and current across the converter (also the capacitor and inductor inside) are

varying. Therefore, the sizing of inductors and capacitors of converters must be deter-
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mined individually to satisfy safe operation under various voltage and current. In this
study, the off-shelf high power inductor [[148]] and capacitor [147] are selected for the
converter design. Also, the high power IGBTs components [[16] are selected based on
off-shelf product.

The schematic diagrams of buck and boost converter are shown in Fig. The in-
ductor and capacitor numbers are determined by the maximum voltage and current across
them, as well as the component peak allowable voltage and current. The sizing equations
utilised are shown in Chapter 3 Section[3.6.5] Table d.5|shows the different topologies of

DC/DC converter for different FC stack configurations.

bus

(a) (b)

Figure 4.22: Schematic diagrams of (a) buck converter and (b) boost converter.

Configurations | Max. Voltage [V] | Max. Current [A] | Component Topology
Config (a)

Capacitor C; 12320 300 7R3C

Capacitor C, 2000 1400 2R11C

Inductor L 10320 1400 7R18C

Config (b)

Capacitor C; 6160 300 4R3C

Capacitor C, 2000 700 2R6C

Inductor L 4160 700 4R7C
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Configurations | Max. Voltage [V] | Max. Current [A] | Component Topology
Config (c)

Capacitor C; 3080 600 2R5C
Capacitor C, 2000 700 2R6C
Inductor L 2000 700 4R4C
Config (d)

Capacitor C; 3080 1200 2R9C
Capacitor C, 2000 1400 2R11C
Inductor L 2000 1400 TRAC
Config (e)

Capacitor C; 3080 1200 2R9C
Capacitor C, 2000 1400 2R11C
Inductor L 2000 1400 TR4AC
Config (f)

This is ruled out | - - -
Config (g)

Capacitor C, 2000 300 2R3C
Inductor L 1230 300 2R3C
Config (h)

No converter - - -
Config (i)

Capacitor C; 3080 300 2R3C
Capacitor C, 2000 350 2R3C
Inductor L 2000 300 2R4C

Table 4.5: Maximum voltage and current across the capacitors and inductors within
DC/DC converter, and their sizing topologies of different converters for the FC multi-
stack configurations listed in Fig.
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Note, the component topology in Table 4.5 means the number of rows and columns
for indicated components shown in Fig. For example: in configuration (c), buck
converter has 2R5C-capacitors C; and 4R4C-inductors L. Their respective topologies are

shown in following Fig.
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(a) 2R5C topology for capacitor C; (b) 4R4C topology for inductor L

Figure 4.23: Schematic diagrams of exemplary capacitor and inductor topologies for FC
configuration (c).

The converter sizing results are demonstrated for proposed configurations. With dif-
ferent capacitive, inductive and FC multi-stack configurations, the system performance
are different. In the next section, the simulation framework will be set up individually
to simulate the system performance of these configurations. With converter All sizing

results from Table 4.5|and configurations setting from Fig. are used.

4.7.3 Converter efficiency contours

By utilising the methods detailed in Chapter 3 Section[3.6.2] the converter efficiency maps
of candidate configurations are shown in Fig. With output power P, and converter
input voltage V; as the x —y plane, and a fixed output converter voltage V, = 2000V. Note
that configuration (f) is not considered due to its infeasibility, as analysed in Table #.4]

And there is no converter maps for configuration (h) as there is no converter equipped.
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Figure 4.24: Converter efficiency contours over ‘P, — V;’ plane for configuration (a), (b),

(c), (d), (&), (g), and (i).

It can be seen that each designed converter exhibits high efficiencies, normally above
90%. The converters exhibit low efficiency at high output power P, range. The efficien-

cies also tend to reduce as the difference between input and output voltage increases.
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Firstly, for configuration (g) efficiency is generally lower than others. This is be-
cause boost converters are used in this case. The boost converters generally exhibit lower
efficiency than their bucking counterparts. The fundamental reason is that the inductor
current flows directly to ground during the on-time, instead of to the loads.

For configurations (a), (d) and (e), only one buck converter is equipped to step down
the input fuel cell voltage. Their efficiencies over ‘P, — V;’ plane are relatively low be-
cause the single converter needs to operate at either extremely high voltage at 12320 V
(the highest system voltage for case a) or both high voltage and current (3080 V and 1200
A) conditions for case d and e. Notice that, the converter maps of d and e are identical
due to FC configuration symmetry.

For configuration (b) and (c), two buck converters are equipped. The efficiencies are
improved as voltage and current across the converter are lowered down. Especially the
lower current level, which significantly reduces the ohmic losses over the components
inside.

Finally for configuration (i), four buck converters are used. This significantly reduces
the voltage and current across them. The efficiency contours over ‘P, —V;’ plane are gen-
erally higher than others. Therefore, using more medium-sized converters can improve
their efficiencies than applying single full-sized one.

A 2-D lookup table is used in Matlab/Simulink environment to extrapolate the con-

verter efficiency against input voltage and output power for mission performance analysis.

4.7.4 Proposed inverter model and its efficiency contours

High fidelity H-bridge DC/AC inverter model is chosen and its modelling method is de-
tailed in Chapter 3 Section [3.8.3] The inverter efficiency maps for the variation of motor

torque and rotational speed are shown in Fig.
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Figure 4.25: Inverter efficiency maps for all configurations with fixed DC bus voltages
at 2000V, and configuration h with five bus voltages: 2384V, 2608V, 2869V, 2873V, and

3080V.

The input/output conditions of inverters are the same for all configurations apart from

(h), for which the input voltage varies. Therefore, only one efficiency map (Fig. #.254) is

enough to summarise all configurations besides (h). For (h) five input DC voltage levels
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(2384V, 2608V, 2869V, 2873V, and 3080V) are selected and their respective efficiency

maps are shown in Fig. [4.25b|to Fig. {.251

A 2-D lookup table is used against motor torque and rotational speed for all configu-
rations with 2000V 4. bus voltage, whereas a 3-D one is applied for configuration h, with
input voltage as the third reference element. Their values is integrated in the system model

for mission performance analysis.

4.7.5 High-fidelity PMSM and its efficiency contours

Interior Permanent Magnet Synchronous Motor (PMSM) is designed in ANSYS Motor-

CAD with parameters provided in Table[d.6|and the efficiency maps are shown in Fig.[4.26]

Table 4.6: Electric machine design parameters.

Parameters Values
Rotor diameter 317.5 [mm]
Stator diameter 450 [mm)]

Number of poles 16
Airgap 1.25 [mm]
Stack length 370 [mm]

Number of slots 48
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Figure 4.26: Electric motor efficiency map. This is for the case where bus voltage was
constant at 2000 V.
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Similarly, a 2-D lookup table is used to interpolate the efficiency against motor torque

and rotational speed for mission analysis.

4.7.6 Comparison between different configurations

Using the IGBTs [16] and LC components [[148]] [[147]] data, and topology from Table@
the weights of these configurations are calculated. The converter weights of all config-
urations are normalised against that of (g) (Fig. [4.27a), and their respective weights are
shown in the caption. Note that (h) has zero value since the converter is not equipped.
The overall propulsion system efficiencies for each case are shown in Fig.

Configuration (a) and (g) are significantly heavier than others. Case (a) has the highest
fuel cell output voltage, a large number of inductors are required to distribute the poten-
tial difference across them. The high voltage problem also increase the capacitor numbers
significantly. Whereas for (g), each of 16 FC stack is equipped with individual converter.
Although the LC component numbers for each converter is relatively low, 16 of them be-
come extremely heavy. Moreover, their overall system efficiencies are lower than others.
The main reason behind the poor efficiency performance for (a) is because higher ohmic
losses occur for larger amount of LC components equipped. The second reason is the con-
version efficiency drop along with larger source and load voltage discrepancy. As for (g),
the low overall efficiency is mainly due to the utilisation of the boost converters, which
exhibit lower efficiencies than its buck counterparts. Therefore, these two configurations
are not ideal for regional aircraft applications.

For (d) and (e), they are the lightest apart from (h). Their converters handle moderate
voltage and current levels so that less total LC components are needed. But again, they do
not have good system reliability since a single converter failure can result in half system
power loss. Moreover their efficiency performances are mediocre amongst. Therefore,
they are not recommended for this application.

For (b) and (c), their weight are relatively low among the all candidates, but again,

their efficiency performance are not the highest. They are more reliable than (a), (d) and
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(e). But still in case of converter failure, a one-fourth of total power loss occurs to the
aircraft propulsion system.

Finally, (h) has zero converter weight as it is removed. (i) also has relatively low con-
verter weight among these options. Moreover, the reliability of (i) is the second highest.
A converter malfunction only causes one-eighth of total power loss. Furthermore, both of
them exhibit higher overall efficiencies than others. Therefore, these two configurations

are recommended for the propulsion system.
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Figure 4.27: (a) Normalised converter weight against case g for all configurations. The
weights of configuration a, b, c, d, e, g, h, and 1 are 3153.7, 1751.2, 1201.2, 1069.2,
1069.2, 3168, 0, and 1249.6 kg respectively. (b) Overall propulsion system efficiency of
all configurations for 300 nms mission.
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4.7.7 A detailed investigation on configuration (h) and (i)

The system and component performance of configuration (h) and (i) are shown in Fig.[4.28§]
Fig. and Fig. It can be seen that removing the converter increases the system
efficiency by a small percentage (Fig. 4.28). This is an additional benefit on removing the

converter from propulsion system apart from weight saving.
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Figure 4.28: Overall system efficiency for cases i and h.

The FC stacks and system efficiencies are almost the same for configuration (h) and (i)
(Fig.[4.29a)), regardless the bus voltage variation (Fig.[.30d). This is because, for nominal
operation conditions, the efficiency of FC is solely dependent on its output power. With
the same propulsive power (Fig. #.30a) and similar overall system efficiency, their FC
efficiencies have a slight difference. There is a small drop of inverter efficiency for (h)
due to the IGBTSs characteristics at higher inverter input voltage (Fig.[4.29¢c). And finally,
motor performance is similar for both case (Fig. [4.29b)) due to careful selection of motor
design parameters to enable a wide range of voltage requirements.

It can be seen that, the system without a converter and with variable bus voltage (con-
figuration h) provides highest overall system efficiency and accounts for lowest system
weights. However, the power converter can be used as a measure of protecting against
electrical faults and a complete power loss. The system safety redundancy design can be
achieved by including these converters. Additionally, more critical cable insulation de-
signs at 3080 V (the highest bus voltage for h) and arching protection measures need to

be considered.
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Figure 4.29: Efficiencies of the proposed
propulsion system components for the du-
ration of the flight.
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4.8 Concluding remarks

The pure fuel cell propulsion architecture for a typical 50 PAX (4 MW level) regional
aircraft is designed and investigated in this chapter. Firstly, an on-design mission-level
performance evaluation is conducted for a 300 nms flight. The capability of proposed
simulation framework is testified. The key finding is that the system exhibits higher ef-
ficiency at low power level. Therefore, a slight over-sized system can improve the effi-
ciency performance.

Secondly, a series of off-design performance evaluations on fuel cell supply air mass
flow rate and pressure are conducted for main mission phases (taxiing in/out, takeoff,
climb, cruise, descent, and landing). It is found that the system efficiency is higher at low
air mass flow rate and supply pressure level. However, for low flow rate level, the risks
of instability and system malfunction are identified due to oxygen starvation. There is a
trade-off between system efficiency and stability. Based on the simulation results, a ‘high
efficiency - stable control strategy’ is proposed for the mission.

Thirdly, the imbalance performance impacts on the complete multi-stack system due
to degradation of single fuel cell are investigated. This study is conducted on two multi-
stack configurations: “Parallel-series” and “Series-parallel”. It is found that a 10% volt-
age and current degradation can the stack malfunction during at low power phases (taxi-
ing, descent, and landing) for ‘“Parallel-series” configuration. This is detrimental for the
system as great electric potential difference can occur between stacks. “Series-parallel”
configuration can avoid this scenario.

Fourthly, nine different multi-stack fuel cell configurations are proposed and assessed
qualitatively and quantitatively using high-fidelity models. Their efficiencies, component
failure modes, converter design challenges, and sizing considerations are all explained. It
is found that two variants of “Series-parallel”, namely configuration (h) and (i), exhibit
the highest efficiencies compared to others. Although the weight of configuration (i) is
not the lightest, its converter failure impact is less than others. For configuration (h), it

has the least weight size and no converter failure concerns, but a more sophisticated motor
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control system is required for varying bus voltage. In conclusion, these two configurations
are most suitable for the propulsion system.

Finally, in consideration of current technology level, the PEMFC-EP architecture is
still too heavy to be implemented. For instance the single stack weights 404 kg so that
the whole 16 FC stack arrays weight 6464 kg; The consumed hydrogen fuel is around
80 kg; The available 70 MPa gaseous hydrogen tank has 5.7% wt gravimetric density so
that the tank weights around 1406 kg; A single PMSM used is around 400 kg so that
eight of them weight 3200 kg. Even if using configuration (h) for power electronics (i.e.
no converter). The weight of above listed components already reach 11150 kg. It can
be seen that FC stacks contribute most weight of the electrical system. The total engine
and maximum fuel weights are 5460 kg combined according to Table {.1| This means
at least 5690 kg will be compromised from aircraft payload. A typical ATR42-300 has
around 4640 kg, this means the weight penalty is higher than the maximum payload.
However, as introduced in Chapter 2, FC system S.P. is predicted to reach to 2.5 kW/kg
in year 2030, the FC system then weights around 1920 kg for maximum 4.8 MW in this
application. This means the weight penalty will drop to 1146 kg. It can be concluded that,
more research and development should be conducted to improve the S.P. technology level
for FC systems, as the heavy stacks are the main barriers for realising the PEMFC-EP

architecture.



Chapter 5

50 PAX Regional Aircraft Hybrid

Propulsion

5.1 Introduction

In this chapter a study of hybrid electric propulsion (HEP) system for a typical 50 PAX
(4 MW power level) regional aircraft is carried out. A simulation framework is developed
for HEP system to perform sizing, subsystem integration and matching investigation, and
holistic system mission performance evaluation.

Three competitive propulsion architectures are proposed and built within the simu-
lation framework, they are: hybrid-battery, hybrid-fuel cell and hybrid-battery/fuel cell.
Various component and system parameters are captured and simulated for these three
architectures.

With this simulation framework, the mission and energy management strategy (EMS)
features such as, power requirements, mission length, hybridisation level and power split
between battery and FC are investigated. It is found that they all have significant impacts
on the system performance, sizing, and weight consideration.

As the key component, lithium battery irrevocably suffered from capacity degradation

over use. This phenomenon is called “cycle ageing” [[167]. The consequent is detrimental

152



CHAPTER 5. 50 PAX REGIONAL AIRCRAFT HYBRID PROPULSION 153

for HEP system along usage time. Therefore, the cycling degradation impact on system
performance, maximum range and system sizing are studied.

And finally, a sizing and weight comparison investigation is conducted for three pro-
posed architectures with different dimensions: EMS, mission length, battery degradation
degree, and predicted technology level (S.P. and S.E.). Based on the results, a more intel-
ligent EMS method is proposed for hybrid battery/fuel cell architecture. It is found that
this architecture is potentially the lightest amongst the three. Consequently, it can save
most payloads for the aircraft.

This chapter is arranged as follows: The selected mission profiles and simulation
framework for propulsion system is presented in Section A real time flight specifi-
cation, with constant 700 kW power profile is utilised from Section [5.2]to Section [5.4.3|
to exam the simulation capability for “hybrid-battery” and “hybrid-fuel cell” architec-
tures. Weight analysis and comparison between them are demonstrated based on mission
lengths, battery cycling number, technology level. In Section [5.5] flight specification is
obtained by in-house toolkit. Different energy management strategies replace the con-
stant power profile along the mission and their impacts on system performance, sizing
and weight are investigated. A potential lightest architecture is also found in this section,

enabling highest effective payloads for the aircraft.

5.2 Proposed mission, power profile, hybridisation level
and electric power demand

In this study, both ATR42 regional aircraft real flights and hybrid electric retrofit model
are considered. The real flight results were adopted from [25]]. Where a real time Toulouse
to Rennes flight is considered and selected from Flightradar24 [[168]. A series of flight
mechanical equations [169] and ATR42-300 aircraft geometry and aerodynamic data are
used to obtain the power profiles. And this power profile is used as the initial power

profile in this chapter. With the flight mission specifications summarised in Table and
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illustrated in Fig.[5.1]

Table 5.1: Flight mission specifications adopted from [25].

Range 300 nmi Payload 3500 kg
Calibrated Climb Speed 160 kts Cruise Mach 0.333
Take-off Weight 17913 kg | Cruise Altitude 18097 ft

*kts: knot, ft: foot.
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Figure 5.1: Flight mission specifications adopted from [25]].

The second set of power profiles are obtained based on the in-house aircraft per-
formance and flight path analysis platform in the Centre for Propulsion Engineering at
Cranfield University. With the propeller performance modelled using MIT’s Qmil/Qprop
tool [129]. With the flight mission specification included in Table[5.2] Fig.[5.2] The reason
for having two flight profile is because, the electric propulsion simulation part was first
proposed in this study and by that time the author did not use profile obtained by Cranfield
in house toolkit yet. Therefore the author directly adopted the flight profile from available
literature [25[]. Again, as illustrated in Chapter 4, the author did not contribute to Hermes
or Turbomatch development or validation. The profile was also adopted, since this study
was part of a larger Cranfield research project, and the author focused on developing the

electrical system part.
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Table 5.2: Flight mission specifications used by Cranfield in-house toolkit.

Range 300 nmi OEW 10900 kg

Total Engine Weight 2 x 480 kg | Max Fuel Weight 4500 kg
Calibrated Climb Speed 160 kts Cruise Mach 0.46

Take-off Weight 17913 kg | Cruise Altitude 19000 ft

*kts: knot, OEW: Operational Empty Weight, ft: foot.
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Figure 5.2: Flight mission specifications obtained by Cranfield in-house toolkit.

As discussed in Chapter 3, the parallel propulsion architecture is selected in this study.
The hybridisation level is defined by eqn (5.1), where DoH is the hybridisation level in
terms of power, Prot, mech 1 the output mechanical power from the electric motor, and Py
is the total power required from the propeller to satisfy the flight power. Hybridisation
level indicates the power supplied from electric system. This value can be fixed or varying

along the mission.

P,
DoH — mot,mech (51)
Fot

For dual electric storage system ‘“hybrid-battery/FC” architecture, the EMS is further
defined by power distribution between battery and FC in eqn (5.2). Where Py is the
power ratio between battery and whole electric storage system, Ppagery 1 the battery out-

put power, and Pgsg is the power output of battery/FC energy storage system.

P
Dy = ;Etssy (5.2)

With the ability to adjust DoH and ®gpi¢, the impacts of EMS on the system sizing
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and performance can be investigated.

5.3 Three proposed HEP architectures in this study

5.3.1 Hybrid battery

GT

Vbus = 750V

i <500kW

Battery Pack

<500kW

Figure 5.3: Schematic diagram of hybrid battery propulsion architecture.

Fig. [5.3| shows the schematic diagram of hybrid battery architecture. The electric power
is provided by battery and transmitted to two motors via power electronics and bus. The
electric power is converted to mechanical power by motors. The motors and gas turbines
are coupled via a gearbox and provide propulsion power to propellers. The value of hy-
bridization level is adjustable by an electric power management system. The bus voltage
is maintained at 750 V via a controlled converter system in this case, which is considered

a suitable voltage for a 500 kW level electric motor.
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5.3.2 Hybrid fuel cell

GT

Vbus = 750V

<500kW

FC system

<500kW

Figure 5.4: Schematic diagram of hybrid fuel cell propulsion architecture.

Fig. [5.4] shows the schematic diagram of hybrid fuel cell architecture. The main differ-
ence from hybrid battery is that, proton membrane exchanged fuel cell (PEMFC) is used.
For FC system, other key components are also included: compressor system, hydrogen
tank, water management and heat management system. In this study, the balance of plant
(BoP) power consumption only includes the compressor system, the other subsystems

only account for sizing considerations.
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5.3.3 Hybrid battery/fuel cell

GT 8
Vbus = 750V
1 (s
FC system A
GT

Battery Pack

<500kW

Figure 5.5: Schematic diagram of hybrid fuel cell propulsion architecture.

Fig.[5.5]shows the schematic diagram of hybrid battery/fuel cell architecture. In this case,
both battery and fuel cell system are utilised in electric energy storage and power sys-
tems. They are connected in parallel to the bus line, and controlled by power electronics
individually. This way, better control and energy split implementation between them can

be achieved.

5.3.4 Simulation models and their specifications for the three archi-

tectures

In this study, the main focus is on weight, sizing and off-design operation of battery
system. The detailed performance of converters, motor control system and PMSM are
not considered, therefore, low-fidelity converter model is used to maintain the bus volt-
age; low-fidelity motor controllers, coupled with ‘74 = 0’ control strategies are used to

maintain torque and rotational speed; and low-fidelity dq-model of motor is applied. The
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detailed specifications of the converter, inverter, and motor are summarised in Table[5.3]

Table 5.3: Converter, inverter, and motor specifications.

Symbol Description Value
N conv Converter efficiency 98%
Ninv Inverter efficiency 99%
L4 D-axis inductance 12¢° H
Lq Q-axis inductance 12¢° H
R. Motor armature resistance  0.02 Q
p Motor pole pair 16
A Magnetic flux linkage 0.1 Wb

5.4 Comparison between hybrid battery and hybrid fuel
cell architectures

In this section, hybrid battery and hybrid fuel cell architectures are compared. The impacts
of mission length on their system weight and sizing are evaluated. Moreover, the battery
capacity degrades rapidly along with usage cycle number. The impacts of cycling effects
on hybrid battery system are also investigated.

Three different mission length: 200-, 300- and 600 nms are selected for the first set
of studies. They are variants of the original 300 nms mission adopted in [25]], only by
contracting and expanding the cruising phase accordingly. Moreover, the mechanical
power from the motor system is fixed 700 kW throughout the mission in this case. These

power profiles are shown in Fig.[5.6]
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Figure 5.6: Power profiles modified from [25].

5.4.1 700kW constant power for hybrid battery

Hybrid battery propulsion system performance

Fig.[5.7, 0.8 and [5.9] show the key performance outputs of hybrid battery architecture
for 200-, 300-, and 600 nms. The total motor power is 700 kW, the rest of flight power is
provided by the gas turbines. For the electric distribution system (bus line), the voltage is
maintained at 750 V4. along the system, and the current at around 960 Amperes. The bus
are distributing a constant power slightly higher than required 700 kW. This is due to the
losses of motor and inverter.

The lithium battery voltage decreases along the mission (Fig.[5.7a, [5.8a] and [5.9a).
To maintain constant output motor power, an increase in output current is seen (Fig.

[5.8b, and [5.9b). Another key parameters are the battery state of charge (SOC). It is

recommended an above 20% residual SOC is a preferable for battery life and safety con-
siderations [151]]. The mission-level SOC variations are illustrated by Fig. 5.8g

and @ and the end residual values are maintained above 20%.
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200 nms results
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Figure 5.7: Voltage, current, power, and state-of-charge of battery system

power distribution bus line for 200 nms mission.
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300 nms results
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Figure 5.8: Voltage, current, power, and state-of-charge of battery system and electric
power distribution bus line for 300 nms mission.
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600 nms results

Battery Pack Voltage against Time for 600nms

2800

2

]

=

S |

= 2600

>

<

2

A 2400

)

3

=

m

2200 : ! !
0 50 100 150 200
Time [minutes]
(a) Battery pack voltage
800 Battery Pack Power against Time for 600nms

~
3
=]

Battery Pack Power [kW]
~
o
o

650
600 ! ' '
0 50 100 150 200
Time [minutes]
(c) Battery pack power
1200 Bus Current against Time for 600nms
<
Z 1000
=
Z
5
O
2 800
m
600 : ' '
0 50 100 150 200

Time [minutes]
(e) Bus current

100

400 Battery Pack Current against Time for 600nms
<
£ 350
=}
=
]
~< 300
(=%
E 250
D
m
200 : ! :
0 50 100 150 200
Time [minutes]
(b) Battery pack current
900 Bus Voltage against Time for 600nms
=
5 800
Eq
c
>
» 700
=
@
600 3 ! :
0 50 100 150 200
Time [minutes]
(d) Bus voltage
800 Bus Power against Time for 600nms
% 750
4
o)
z 700
o}
-9
3
3 650
600 : : -
0 50 100 150 200

Time [minutes]

(f) Bus power

Battery Pack SoC against Time for 600nms

80r

60

40t

20

Battery Pack SoC [%]

0

0 50

Time [minutes]

(g) SOC of battery

150 200

Figure 5.9: Voltage, current, power, and state-of-charge of battery system and electric
power distribution bus line for 600 nms mission.

Energy storage system sizing

Apart from electric system performance, the battery pack sizing is another key issue, as

aircraft is highly weight sensitive. Battery pack is the main contribution to the system

weight. A battery sizing flow chart is shown in Fig.[5.10]
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Figure 5.10: Flow chart for battery sizing.

The relevant equations used in this battery sizing flow chart is listed below:

fend
Eelec,mission = / Pmot.,mechdt (5-3)
fini
Eelec mission
feell = ——( (5.4
Epercell
Ng = Np = /Hecell (5.5)

The end mission residual SOC, mission length, and the total energy consumption for
battery are the main factors that influence the size of battery pack. Moreover, the battery
storage capacity and performance are highly affected by cycling degradation. This impact
need to be considered in sizing process. One strategy is to reduce the battery power or
battery duration as cycle number rises. Another strategy is to size the battery so that the
energy stored is adequate and lasts until the end of the cycle number. Table [5.4]illustrates

the battery sizing outcomes for 200-, 300-, and 600 nms. Table [5.5| shows battery sizing
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results allowing for adequate storage energy remaining after different cycling numbers
for 200 nms mission. 20% is set as the mission-end SOC. The parameters n, and ng are

defined in Chapter 3, Section[3.5.3]

Table 5.4: Battery pack sizing for 200 nms - healthy condition.

Mission Length  Total Cell Number n,  ny Battery Pack Weight
200 nms 152100 390 390 Battery pack weight is related to
300 nms 216225 465 465 S.E. and cell number by eqn (5.06)
600 nms 403225 635 635 and (5.7).

Table 5.5: Battery pack sizing for 200 nms - cycling degradation considered.

Cycle Number Total Cell Number n,  ng Battery Pack Weight
0 152100 390 390
100 156025 395 395 Battery pack weight is related to
200 160801 401 401 S.E. and cell number by eqn (5.6)
400 170569 413 413 and (5.7).
600 182329 427 427

More cells are equipped for longer mission, and extra number of cells are needed for
higher cycle numbers. This way, battery system can withstand more mission counts so
that battery replacement and maintenance costs can reduce, but results in a less effective

payload and heavier aircraft.

5.4.2 700 kW constant power for hybrid fuel cell

Hybrid fuel cell propulsion system performance

For a constant 700 kW electric power hybrid-fuel cell architecture, five 150 kW Ballard
fuel cell stacks [23]] are used. Fig.[5.11] Fig.[5.12] and Fig.[5.13|show the key simulation

results for 200-, 300-, and 600 nms missions.
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200 nms results
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Figure 5.11: Simulation results of hybrid-fuel cell architecture for 200 nms.
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300 nms results

2900 ‘ ‘ ‘ ‘ 300
= <
82850 S 290
S o
o ]
> 2800 O 280
S S
< 27507 5 270
] ]
[T [T
2700 : : : : 260 : : : :
0 20 40 60 80 100 0 20 40 60 80 100
Time [minutes] Time [minutes]
(a) Fuel cell voltage (b) Fuel cell current
800 ‘ ‘ ‘
850 300 3
< —
2 < s
- < @
2 800 \\ 200 2 o
o a = 750
o — (]
= o >
8 750 100 @ 2
O (o] S
5 Fuel Cell System Power\_\ S m
LE Compressor Power g
700 0o O 700 : : : s
0 20 40 60 80 100 0 20 40 60 80 100
Time [minutes] Time [minutes]
(c) Fuel cell & compressor power (d) Bus voltage
1100 : : ‘ ‘ 850 ‘ ‘ ‘
< 10801 g
—y X~
= =800
© 1060 f 5
= 2
>
3 10401 g
m o 750
]
@ 1020 @
1000 : : : : 700 : : : :
0 20 40 60 80 100 0 20 40 60 80 100
Time [minutes] Time [minutes]
(e) Bus current (f) Bus power
3000 Flight Power | 0.8 — 0.018
2500 Single Motor Power | 2 ‘ le ow Rate w
=y > ydrogen Flow Rate >
< Two Motor Power ~<'0.75 0.016 &
< 2000 = =
= 2 L
0 1500 & o7 0.014 &
S 1000 g z
a S o
[T [T
500 wossp N oot i
< T
0 ‘ ‘ ‘ ‘ 0.6 0.01
0 20 40 60 80 100 0 20 40 60 80 100
Time [minutes] Time [minutes]
(g) Flight & motor power (h) Air & H; flow rate
—  0.02 0.12
@ Hydrogen Consumption Rate >
fc» 0.018 Water Production Rate =,
= 0.115 <
S S
= 0016 5
£ 011 3
2 0.014 <]
g o
O 0012 0-105 I3
[V \ ©
T 0.01 0.1 =
0 20 40 60 80 100

Time [minutes]

(i) Hy consumption & H,O production

Figure 5.12: Simulation results of hybrid-fuel cell architecture for 300 nms.
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600 nms results
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Figure 5.13: Simulation results of hybrid-fuel cell architecture for 600 nms.
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The bus voltage (Fig. [5.11d, [5.12d] [5.13d) is maintained at 750 V4. and motor power

(Fig. 5.11gl [5.12g [5.13g) at 700 kW throughout the mission. The operation altitude

varies from 0 to 19,000 ft (cruise altitude) and drops back, the ambient pressure changes
accordingly. This leads to an increase and a decrease in compressor power for maintain-
ing the stack operation pressure. The peak compression power can reach at 106kW. This
compression power is provided by the fuel cell so that its power variation along the mis-

sion is seen (Fig.[5.11¢c| [5.12¢] [5.13c). Under this power variation, fuel cell voltage and

current vary along the mission. According to the fuel cell polarisation curve, the output
voltage drops and current rises for high power requirement; and in contrast, the voltage
rises and current drops for at low power setting. The feature is shown in voltage and cur-
rent mission profiles (Fig.[5.1Ta, [5.12a] [5.13aland Fig.[5.11b] [5.12b] [5.13b)). Finally,

the air and hydrogen fuel (H;) mass flow and consumption rates, and the water generation

rates are proportional to fuel cell output power. As shown in Fig.[5.1Th [5.12h], [5.13h

and Fig. [5.111 [5.121 [5.13i] the fuel cell power and reactants flow, consumption, and

production rates match with each other.

Fuel cell system sizing

Unlike battery system, of which sizing highly depends on mission length, the fuel cell
size and stack number are mainly determined by the maximum power. Hence five 150
kW rated fuel cell stacks are considered adequate for the 700 kW power. With each stack
providing a maximum 165 kW power, there is an 18% power margin. Moreover, the
battery is more prone to capacity losses due to storage and cycling, the sizing of battery
need more attention to consider these impacts.

Apart from the power sizing aspect, the flow rate and net consumption of reactants
need to be considered, since they can impact the sizing and weight of the fuel and oxy-
gen supplier and storage system. With the simulation results, system weight analysis is

conducted in the following sections.
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5.4.3 Weight analysis of hybrid battery and hybrid fuel cell system

for on-design conditions
Weight calculation method for hybrid-battery and hybrid-fuel cell architectures

In this section, a weight calculation method is introduced and developed for the on-design
hybrid battery and hybrid fuel cell energy storage system.

For the battery pack system, the lithium cell numbers are summarised in Table [5.4]
The combined battery pack weight is the sum of all lithium cells. And the weight of
single lithium cell is calculated by dividing the energy stored in single cell by specific

energy, as shown in the following equations.

Wbatt,pack = Neell X Weell (5.6)

1 S0C=20%

Weell = ———— Lo Veendt 5.7
cell SE.x0.8./s0c—100% cell Vcell ( )

where, Wa, pack 1 the battery pack weight, ncey is the lithium cell number, W is the
single lithium cell weight, S.E. is the cell-level specific energy, /e is the discharge cur-
rent, and V. is the cell voltage. A multiplier of 0.8 is used to convert cell-level specific
energy to pack-level. The state-of-art S.E. is 250 Wh/kg, and this value is expected to
reach 500 Wh/kg in short term future [[170]. Higher specific energy indicates more stor-
age capacity is available in unit battery mass.

For the fuel cell system, the weight estimation is mostly based on the off-shelf tech-
nology level available nowadays. The main weight contributions include: fuel cell stack,
compressor/motor for oxygen supply system, hydrogen fuel, hydrogen tank and water
produced. The detailed weight decomposition for these three missions are summarised
in Table Table and Table for 200-, 300-, and 600 nms respectively, with the

component specifications follow.
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200 nms fuel cell system

Table 5.6: Weight decomposition table for 200 nms.

System Components Weight [kg]
Power source Fuel cell stack 2020
Auxiliary system  Compressor/motor 12.00
Hydrogen fuel mass 42.45
Hydrogen tank 744.74
Water produced 355.65
Total 3174.84
Total without water 2819.19
300 nms fuel cell system

Table 5.7: Weight decomposition table for 300 nms.

System Components Weight [kg]
Power source Fuel cell stack 2020
Auxiliary system  Compressor/motor 12.00
Hydrogen fuel mass 61.10
Hydrogen tank 1071.92
Water produced 511.87
Total 3676.89
Total without water 3165.02
600 nms fuel cell system

Table 5.8: Weight decomposition table for 600 nms.

System Components Weight [kg]
Power source Fuel cell stack 2020
Auxiliary system  Compressor/motor 12.00
Hydrogen fuel mass 116.92
Hydrogen tank 2051.23
Water produced 979.51
Total 5179.66

Total without water 4200.15

171
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The methods to obtain the data in above tables are:

* According to [23]], a single fuel cell stack is 404 kg, so for 700 kW five are used,
hence the weight is 2020 kg.

* According to [171]], the compressor is selected based on power requirement, the
max power of air compressor required is 106 kW, so the EMRAX 228 was used, as

its peak power is 109 kW.

* According to [172], the SOA gaseous hydrogen storage density is 5.7 wt%, with
tank pressure at 70 MPa. The hydrogen tank weight is hydrogen mass consumed

divided by tank storage density.

* According to [22]], the equation of water mass produced rate is:

nl. st

F (5.8)

mv,ca,gen =M, X
Where M, is the vapour molar mass, 7 is the stack number, I is the stack current
and F is the Faraday number, so the water produced for the whole mission is the

integral of this value with time.

On-design hybrid-battery and hybrid-fuel cell weight comparison

Given that this set of study focuses on on-design conditions, there is no cycling or calendar
loss for battery, nor there is other issues causing fuel cell degradation. Fig. [5.14] shows
the on-design system weight comparisons between hybrid-battery and hybrid-fuel cell
architectures for 200-, 300-, and 600 nms. In these figures, the weight of battery pack is
varied against cell specific energy, and the weight obtained for fuel cell system are from
off-the-shelf available products. Fig. further summarises the comparisons between

them.
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Hybrid-fuel cell and hybrid-battery weight vs S.E. for 200nms
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Figure 5.14: Comparisons between hybrid-fc and hybrid-battery energy storage system
weights for (a) 200 nms, (b) 300 nms, and (c) 600 nms mission.
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Figure 5.15: (a) Normalised weight of hybrid-fuel cell with water jettison, hybrid-fuel cell
without water jettison and hybrid-battery against their 200 nms values. (b) Expectations of
minimum cell specific energy for hybrid-battery to have weight advantages over hybrid-
fuel cell for 200-, 300-, and 600 nms mission.

From these results, it can be seen that:

1. Both architecture weights are sensitive to mission length. Their weights increase

with mission length. The weight is also affected by technology level. With higher

cell specific energy (S.E.), the hybrid battery system becomes lighter.

The mission length effect on hybrid-fc is less than that on hybrid-battery. Taking
200 nms as baseline, the total hybrid fuel cell system weight, without water jettison-
ing, increases around 15.8% and 63.1% for 300 and 600 nms. In comparison, a rise
of approximately 40.6% and 165.1% is expected for hybrid-battery architecture.
This is because the specific energy of battery is much less than that of hydrogen.
Unlike battery pack, of which weight is determined mostly by missions. The weight
of fuel cell stack, compressor/motor, cathode and anode pipes are determined by the
power requirement, the only variables that affected by mission length are hydrogen
fuel mass, hydrogen tank and the water produced. However, these increments are

not comparable with battery weight rise.

. The state-of-art cell specific energy is 250 Wh/kg. Hybrid-battery architecture with

this battery technology level is clearly not suitable in comparison to hybrid-fc in
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weight. It can be seen from the results, the thresholds for battery specific energy
are shifting towards right: 335-, 407- and 544 Wh/kg accordingly. If the water
produced from fuel cell is jettisoned, the battery specific energy are required to in-
crease even higher to compete against fuel cell system: 377-, 472- and 671 Wh/kg.
These results set up expected technology level for battery to compete against fuel
cell. Clearly, the state of art battery technology is inferior to fuel cell in terms of

weight.
To sum up, four conclusions can be drawn from this study:

1. PEM fuel cell system can also benefit the HEP in terms of fuel savings and emission

reductions like battery pack, since the products are just water.

2. PEM fuel cell system has advantages over the state of art battery pack technology

in terms of weight saving.

3. For short mission ranges like 200 nms, the hybrid-battery has the possibility to take

weight advantages over hybrid-fc in near future.

4. The longer the mission, the more suitable the fuel cell system is. And the higher

specific energy is required for battery.

Off design and its impact on hybrid battery

In this section, the cycling degradation impact is analysed. A 200 nms mission length
is selected. Battery pack with 100, 200, 400 and 600 cycle numbers are analysed and
compared to baseline on-design conditions (0 cycle). The battery pack stops working

when SOC is less than 20%. The results are shown in Fig.
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Figure 5.16: 200 nms power profile for aircraft and the maximum time battery system can
operate for different cycling numbers.

From these results, it can be observed that:

1. As the cycling number increases from 0 to 600, the battery pack capacity decreases
accordingly. This capacity degradation directly cuts down the operation time that

battery pack can provide.

2. For on-design case, the battery is suitable to operate the complete 4090 seconds
mission. However, as the battery pack degrades after 100, 200, 400 and 600 mission

cycles, it can only power the system for 3964-, 3855-, 3624- and 3381 seconds.
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In order to ensure complete electricity supply, there are two strategies introduced pre-
viously, either to reduce the electric power level or to oversize the batteries onboard. With
oversized battery packs, additional weight would occur. These new system weights are
shown in Fig. for 200 nms range. The increase in weight for 100-, 200-, 400-, and
600 cycles are around 2.6%, 5.8%, 12.1% and 19.2% respectively.
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Figure 5.17: (a) Battery weights against cell specific energy for different degradation
cycle numbers at 200 nms mission. (b) Comparison between hybrid-fuel cell (without
water jettison) and cycling degraded hybrid-battery weight for 200 nms mission.

Finally, the weight comparison study between hybrid-fc and off-designed hybrid-
battery is conducted. As shown in Fig. [5.17b For hybrid-battery to have advantages
over hybrid-fc, the required specific energy is: 343-, 353-, 375- and 400 Wh/kg. The

conclusion of cycling degradation impacts study is:

1. Cycling degradation limits the designed operation time of the hybrid-battery sys-
tem. The propulsion system shuts down before flight mission is completed as usage

cycle increases.

2. Itis necessary to oversize lithium cell for cycling. The less frequently the battery is

replaced, more cells are required but in the expense of aircraft payloads.

3. The weight advantage of hybrid-fc over hybrid-battery is more prominent as the

battery cycling is considered.
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5.5 Hybrid battery, hybrid fuel cell and hybrid battery/-
fuel cell architecture

The aim of this study is to investigate how different energy management strategies can
affect the design and sizing of three proposed system architectures: hybrid battery, hy-
brid fuel cell and hybrid battery/fuel cell. Also to conduct a quantitative analysis on the
characteristics and their advantages and disadvantages of these architectures. The power
profile is based on the Cranfield in-house methodology. The aircraft platform is an ATR42
retrofit model. Three mission lengths are selected: 200-, 300-, and 600 nms. Furthermore,
two hybridisation levels (10% and 20% DoH) are applied for the electric system. Their
impacts on architecture sizing are investigated later. The flight and electric system power

profiles are shown in Fig. [5.18]
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Figure 5.18: Aircraft power profiles obtained from Cranfield in-house toolkit, and electric
power profiles for 10% and 20% DoH.
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5.5.1 Sizing and weight analysis of hybrid battery, hybrid fuel cell
and hybrid battery/fuel cell system

Hybrid battery

Given the power requirements, the battery is sized with methodology introduced before.
The schematic diagrams of different hybrid-battery sizes are shown in Fig. [5.19] And

Table [5.9]lists the sizing data of the hybrid battery system.

Vbus =750V Vbus =750V

Battery
packs
185*185 p*s

Battery
packs
260*260 p*s

(a) 10 DoH, 200 nms (b) 20 DoH, 200 nms

Vbus = 750V
Vbus = 750V

Battery
packs
313*313 p*s

Battery
packs
220*220 p*s

(c) 10 DoH, 300 nms (d) 20 DoH, 300 nms

Vbus = 750V Vbus = 750V

Battery
packs
310*310 p*s

Battery
packs
440*440 p*s

(e) 10 DoH, 600 nms (f) 20 DoH, 600 nms

Figure 5.19: Hybrid battery architecture size for different hybridisation levels and mission
lengths.
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Table 5.9: Hybrid-battery architecture sizing.

Mission Length DoH Total Cell Number n,  ns Battery Pack Weight

200 nms 10% 34225 185 185
200 nms 20% 67600 260 260
300nms  10% 48400 220 220 feﬁ iea(;‘dﬁtgltﬁle"eél %ﬁlber
300 nms 20% 97969 313 313 and " 4
600 nms 10% 96100 310 310 —
600 nms 20% 193600 440 440

Hybrid fuel cell

As fuel cell system size mainly depends on the maximum mission power, the range does

not affect the number of fuel cell stacks onboard. For this reason, three and six FC

stacks are implemented for 10% and 20% hybridisation level, regardless mission length.

Fig.[5.20[ shows their schematic diagrams, and Table [5.10] shows the stack number.

Vbus = 750V

Fuel cell
Stacks
3 stacks

A ony
/) (org

(a) 10 DoH

Fuel cell
Stacks
6 stacks

Vbus = 750V

161
261

(b) 20 DoH

Figure 5.20: Hybrid fuel cell architectures for different energy management strategies.

Table 5.10: Hybrid-fuel cell architecture sizing.

Mission Length DoH FC Stack Number FC System Weight
200 nms 10% 3
200 nms 20% 6
300 nms 10% 3 FC system weight calculation procedure
300 nms 20% 6 is illustrated in Section[5.4.3]
600 nms 10% 3
600 nms 20% 6
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Hybrid battery/fuel cell

Both battery and fuel cell system are equipped in this architecture. The benefit of this
combination way is, fuel cell can be sized for lower power rating (cruising). The battery
can supplement during high power phases (take-off and climbing). Because these phases
often account for shorter period in a mission, so that a smaller battery size is enough.
With this design principle, the energy management strategy is that: battery only provides
half electric power at take-off and climb phase. Fuel cell system operates at taxiing out,
half take-off and climb phase, and all electric power from cruise, descent, approach, and
taxiing in. The power split ratio between battery and fuel cell is defined previously (Sec-
tion[5.2)).

This energy management strategy is summarised in Table With Fig. in-
dicating different flight phase from stage 1 to 7 (complete mission from taxiing out to
taxiing in), an example of simulated power decomposition results for 20% hybridisation

level, 300 nms mission is illustrated by Fig.

Table 5.11: Energy management strategies along different flight phase.

Flight Phase D, Battery State  FC State Energy Source
1. Taxiing-out 0 off on GT+FC
2. Take-off 0.5 on on GT+battery+FC
3. Climb 0.5 on on GT+battery+FC
4. Cruise 0 off on GT+FC
5. Descent 0 off on GT+FC
6. Approach/Landing 0 off on GT+FC
7. Taxiing-in 0 off on GT+FC

*®gpjie: quantity to measure power split between battery and fuel cell, GT: gas turbine,

FC: fuel cell.



CHAPTER 5. 50 PAX REGIONAL AIRCRAFT HYBRID PROPULSION 182

20000 ——— - . . .
15000

10000

Altitude [ft]
Mach

5000

1 | 1 l O
30 40 50 60 70 80
Time [minutes]

Figure 5.21: Numbers indicating flight phases.
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Figure 5.22: Electric power decomposition for 20% DoH and 300 nms.

There are six different categories of sizing of the system, with lithium cell number
and fuel cell stack number, listed in Table[5.12] The system weight calculation method is

illustrated in Section[5.4.3] And their schematic diagrams are shown in Fig. [5.23]
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Table 5.12: Hybrid-battery/fuel cell architecture sizing.

Mission Length DoH Total Cell Number n, n; FC Stack Number

200 nms 10% 6889 83 83 2
200 nms 20% 18496 136 136 3
300 nms 10% 6889 83 83 2
300 nms 20% 18496 136 136 3
600 nms 10% 6889 83 83 2
600 nms 20% 18496 136 136 3
Vbus = 750V
Vbus = 750V
E:gtkesry Battery
83*83 p*s packs
136*136 p*s
gltj:;;se" Fuel cell
2 stacks §t:t(;§s
(a) 10 DoH, 200 nms (b) 20 DoH, 200 nms
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(e) 10 DoH, 600 nms (f) 20 DoH , 600 nms

Figure 5.23: Hybrid battery/fuel cell architectures for different EMS and mission lengths.
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System weight analysis and comparison for three architectures

Finally, using the above sizing outcomes, a preliminary weight analysis can be conducted.
The weights of these three architectures, for 200-, 300- and 600 nms at 10% and 20%
hybridisation levels are calculated based on methodologies previously introduced. The
results are shown in Fig. [5.24] with star marks indicating the weights and solid lines

provide linear weight extrapolations for different mission lengths.
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Figure 5.24: Weight comparison between hybrid-battery, hybrid-fuel cell and hybrid-
battery/fuel cell architectures for 200-, 300- and 600 nms with (a) 10% DoH and (b) 20%
DoH energy management strategies. The battery specific energy is based on state-of-art
and fuel cell is based on off-the-shelf available products.

Under current technology level, hybrid-battery has the lightest weight at 200 nms
mission. However, as the mission range increases, the architectures with fuel cell exhibit
lower weight. Especially, the hybrid-battery/fuel cell has the lowest mass from 300 nms
onwards. This is because: fuel cell weight is only sensitive to power ratings, whereas
battery weight is highly dependent on total energy. And fuel cell generally exhibits lower
specific power, but its specific energy is high. On the other hand, battery has lower specific
energy but high specific power. Therefore, applying ‘battery+FC’ at take-off and climb,
and ‘FC only’ strategy for the other phases, both specific power advantages of battery and
specific energy strengths of fuel cell system can be exploited. And the FC specific power

and battery specific energy disadvantages can be avoided.
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5.6 Concluding remarks

In this chapter, three hybrid electric propulsion architectures for the 4 MW regional
ATR4?2 level aircraft are designed and investigated. They are hybrid-battery, hybrid-fuel
cell, and hybrid-battery/fuel cell.

Firstly, a real-time flight profile is adopted to for the hybrid-battery and hybrid-fuel
cell architectures, each providing a constant 700 kW power to motors. It is found that
the weight of hybrid-battery is more sensitive to designated mission length than that of
hybrid-fuel cell. Under current technology level, the hybrid-fuel cell has the weight ad-
vantage over the hybrid-battery architecture. Pack-level battery specific energy should
reach at least 334.4-, 406.2-, and 543.3 Wh/kg to compete against the hybrid-fuel cell for
200-, 300-, and 600 nms. If the water produced by fuel cell is jettisoned, these values are
increased to 376.5-, 471.7- and 670.1 Wh/kg. A great battery technology improvement is
required as the state-of-art cell specific energy is merely 250 Wh/kg.

Secondly, the battery cycling degradation impacts are studied for a 200 nms, 700kW
constant motor power profile. It is found that battery energy is depleted before completing
the complete 4090-second mission. For cycling number of 100, 200, 400, and 600, the
battery stops working at 3964-, 3855-, 3624-, and 3381 seconds. However, if the battery
is over-sized for the cycling impacts, its weight disadvantage becomes more prominent.

Finally, the constant motor power is replaced by 10% and 20% degree of hybridisation
EMS, hybrid-battery, hybrid-fuel cell, and hybrid battery/fuel cell architectures are inves-
tigated. It is found that, a combination of battery and fuel cell can yield lightest system
weight. Battery normally has low specific energy and high specific power, while hydrogen
based fuel cell system exhibits low specific power and high specific energy. Therefore,
fuel cell is sized for “low-power high-energy” cruising phase and operating at constant
low level power throughout the mission. And the battery is utilised to supplement the fuel
cell at “low-energy high-power” take-off and climbing phases. This way, their strengths

can be used and disadvantages can be avoided.



Chapter 6

Conclusions and Future Work

To conclude, a multi-fidelity, multi-objective performance based simulation framework
was developed to model and evaluate the point and holistic mission level propulsion sys-
tem performance of a 50 PAX, ATR42 like regional aircraft. The system characteristics,
component interactions and interdependencies were captured by this framework.

A pure fuel cell architecture ‘PEMFC-EP’ was simulated and evaluated in Chapter 4.
Firstly, the effects of air mass flow rate ri,, and air supply pressure p,;; on this system
efficiency and robustness were quantitatively evaluated. Based on the results, a control
strategy over iy, and p,i; was proposed to balance the efficiency and system robust-
ness. Secondly, the imbalance performance amongst fuel cell arrays due to individual
stack degradation was quantitatively investigated. A way to mitigate this impact was to
carefully select the fuel cell arrays. And this way was demonstrated. Finally, with high
fidelity power electronic and motor models, nine possible fuel cell stack configurations
were evaluated based on their weights, system performance, and safety redundancies.

Three types of hybrid electric propulsion (‘HEP”) architectures: hybrid battery, hybrid
fuel cell and hybrid battery/fuel cell were simulated and evaluated in Chapter 5. Firstly,
the effects of four key parameters (mission length, degree of hybridisation, battery cy-
cling number, and S.E.) on hybrid battery system performance and weight were captured

and quantitatively analysed. Secondly, a weight comparison between hybrid battery and

186



CHAPTER 6. CONCLUSIONS AND FUTURE WORK 187

hybrid fuel cell architectures was conducted, with the above-mentioned four parameters
as variables. Finally, a preliminary energy management strategy was proposed and im-
plemented to the hybrid battery/fuel cell architecture. By appropriately controlling power
distribution amongst gas turbine engine, battery, and fuel cell, the system weight can be

minimised by adopting hybrid battery/fuel cell as the propulsion architecture.

6.1 Research findings

This study aims to answer the following research questions:

6.1.1 For a typical 50 PAX regional aircraft pure fuel cell propulsion

architecture:

* How to develop a methodology and build a simulation framework to perform
sizing, integration, subsystem interdependency and matching investigation,
and holistic system performance analysis for regional aircraft pure fuel cell

electric system?

In Chapter 3, the methodology for creating the multi-fidelity/multi-disciplinary sim-
ulation framework is presented for PEMFC-EP architecture. As the building blocks
of the complete propulsion system, some subsystems are scalable, modular and
integrable. The scalability feature allows the matching of component sizing and
power rating to the flight mission requirements. The modular characteristics en-
able some flexibilities in terms of architecture definitions, as they can be used to
simulate different propulsion architectures with minor redesigning and adjustment.
With different control algorithms applied and proposed, the subsystems can operate
at desired states. Moreover, the key electrical inputs/outputs parameters, especially
voltage, current and power, are transmitting throughout the whole system. Each

component’s performance and states are affected by these parameters so that the
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subsystem interdependencies are available. The data flows link all subsystems to
form the complete simulation framework. Finally, the framework enables mission
performance analysis by adopting aircraft-level data such as power profile, altitude

variations and ambient conditions.

* What are the key aspects of the subsystem and system parameters need to be

considered?

Key parameters are identified and summarised in Chapter 3. Clearly, voltage, cur-
rent and power are the key parameters that bridge different elements in the elec-
tric system. And the most significant index to assess component and over system
performance is the efficiency. However, these parameters are commonly seen in
many top-level studies as well, where the subsystems are treated as zero-ordered
black-box. This study fills the research gaps by improving the model fidelity level
and increasing its research dimensions: for FC system, its voltage-power, current-
power dynamics and efficiencies are simulated, and the effects of power, mission
ambient conditions, operation stack temperature, reactants pressure, flow rate, and
concentration variations are captured; for converter system modelling, the influ-
ence of input/output voltage and power are captured; for motor control system and
PMSM, their efficiencies are based on motor torque, rotational speed, bus voltage
and current. Only by capturing all these parameters, the component performance
simulation can be more realistic and a wider design space exploration are available.
Furthermore, the impacts of these important parameters on system design, perfor-
mance, control, and risk identification can now be studied, as some of them are not

fully investigated in previous literature.

» After identifying these effective key parameters, what fidelity level is suitable

to model them?
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Models with different fidelity level are developed to simulate converter, motor con-
trol system, and PMSM. Low-fidelity model enables fast simulation when detailed
power electronics and motor sizing, operation, and efficiency calculations are not
required. Whereas the high-fidelity models provide detailed power electronics and
motor sizing results and performance simulation (detailed in Chapter 3). The selec-
tion depends on the research aims. For weight comparison hybrid-battery, hybrid-
fuel cell, and hybrid-battery/fuel cell in Chapter 5, the low-fidelity level is adequate.
While for fuel cell multi-stack design and comparison a more realistic, detailed
subsystem level simulation is required. Because the different multi-stack configu-
rations directly decide the capacitive and inductive element design and sizing. The
different capacitor and inductor configurations also affect the power electronics per-
formance in return. The intricate difference is only comparable with high-fidelity
models. In conclusion, this multi-fidelity simulation framework enables both: rapid
system performance assessments and detailed design studies of novel architectures

for which little or no historical data exists.

* Are these subsystem component models validated to acceptable confidence lev-

els?

In Chapter 3, most of developed components were validated against the experimen-
tal data from available literatures. For example, the fuel cell system, the battery
system, the IGBTs in switching circuits, the converters and inverters. However,
since the high fidelity motor model was adopted from a peer reviewed paper, the
validation was not conducted yet. It was still considered these subsystems had high
confidence levels. The limitation was the lack of historical or experimental data for

the complete propulsion system.

* Which parameters can cause fuel cell system performance variations (quanti-
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tatively)?

For fuel cell system, the power requirement, stack operation temperature, air/fuel
concentration, supply air/fuel mass flow rate, and air/fuel pressure can all affect
the system performance. The fuel cell system model can capture these variations

quantitatively.

* For these identified operation variables, is the propulsion system benefited

from or detriment to them?

Chapter 4 (Section [4.5.1)), investigates the impacts of supply air mass flow rate and
air pressure along the mission. Firstly, it is found the fuel cell system exhibits higher
stack/system efficiency at low power requirements. It is beneficial to slightly over-
sized the fuel cell to achieve higher efficiency. Secondly, the minimum air mass
flow rate changes with power requirement. The fuel cell system exhibits highest
system efficiency at this flow rate, however the system is highly unstable and risky
as a slight air mass supply reduction can cause system malfunction and power shut-
down due to “Oxygen Starvation”. This point needs to be avoided. Finally, a re-
duction in supply air pressure can improve the fuel cell system efficiency. Although
the pressure decrease leads to stack efficiency drop, the system efficiency is always
increased. Because less compression power is and the stack efficiency decrease is

compensated. The propulsion system is hence benefited from lower pressure.

* By what strategies can these parameters be controlled to avoid the potential

risks and improve system performance?

Three possible types of strategies are proposed and investigated based on the sim-
ulation data. One feasible solution is to double the air mass flow rate and maintain

the stack pressure to a relatively low value (1.6 bar). This way, a high system effi-
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ciency and stable strategy is obtained. The risk of power loss can be avoided. For
the first time in the literature, the air mass flow rate and pressure variation impacts
on FC performance, the potential risks identification, and the corresponding control

strategies over them were shown in this work.

* What is the impact of fuel cell stack degradation on the system? Can the fuel
cell stack configuration help to reduce the impact of voltage and current im-

balance performance due to stack degradation?

In Chapter 4 (Section 4.6), a fuel cell stack with 10% voltage and current degrada-
tion is equipped to ‘Parallel-Series’ and ‘Series-Parallel’ configurations. The effect
of imbalance performance brought by this single stack is examined. It is found that,
this degraded fuel cell loses power during some flight phases in ‘Parallel-Series’
configuration. Because the maximum voltage of the degraded stack is lower than
the voltage requirement in the parallel-connection branch. The consequence will
cause other healthy stacks overwork and hence efficiency reductions. Most im-
portantly, there is a potential difference between the healthy and degraded stack
in one parallel branch. This would cause high current flow between stacks, which
will potentially damage the stacks. Therefore, the ’Series-Parallel” configuration is
recommended in this case. For the first time in literature, the stack imbalance per-

formance impacts on the aircraft propulsion system were investigated in this work.

* What are the potential fuel cell multi-stack configurations and their corre-
sponding advantages and disadvantages for a regional aircraft propulsion sys-
tem? How are these different configurations affecting the design for DC/DC

converter?

In Chapter 4 (Section[4.7), nine possible multi-stack configurations are investigated
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qualitatively and quantitatively. The assessments are based on their fuel cell stack
and system efficiencies, electrical component efficiencies as well as overall system
efficiencies, power losses due to component failures, voltage and current perfor-
mance, converter design challenges, and system weights. Also, the converter is
sized for each configuration. It is found that, the multi-stack configuration highly
influences the capacitor/inductor topologies of their DC/DC converter and the over-
all system efficiencies. Throughout simulation, failure analysis, and weight com-
parison, configuration (h) and (i) are considered two most suitable for the propul-
sion system. For the first time in literature, the integrated high-fidelity models for
aircraft mission-level analysis, the assessments on proposed novel fuel cell config-
urations, and the in-depth discussions on converter design challenges were shown

in this work.

6.1.2 For a typical 50 PAX regional aircraft hybrid electric propul-

sion architecture:

* How to develop a methodology and build a simulation framework to perform
sizing, integration, subsystem interdependency and matching investigation,
and holistic system performance analysis for regional aircraft hybrid electric

system?

The methodology is similar to that of PEMFC-EP architecture, three architectures:
hybrid-battery, hybrid-fuel cell, and hybrid-battery/fuel cell are built under this sim-
ulation framework. Only by adding a battery module in this case. Moreover, a siz-
ing methodology for battery pack and fuel cell system is developed in Chapter 5.
The cell specific energy is treated as a variable for battery, whereas the state-of-art

technology level is considered for fuel cell system.

* How to simulate and validate the battery system from cell to pack level and
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enable them to capture all necessary parameters?

As part of the developed simulation framework, a performance model of battery
from cell level is developed in Chapter 3 (Section [3.5.3). The cell-level module
is based on equivalent circuit model, where the circuit components and cell volt-
age are functions of a series of parameters: state-of-charge (SOC), temperature,
cycling numbers and storage time. These parameters enable the transient perfor-
mance simulation of the cell under various operation conditions and SOC, and the
results are validated against experiment data. And cell-level models are integrated
to pack level by Kirchhoff’s law, with automatic algorithms for pack sizing. Be-
cause of these simulation capabilities, hitherto existing research gaps are filled by

facilitating the battery model to different propulsion architectures.

* What are the impacts of mission characteristics, such as power profile, mission

length, and hybridisation level on the system weight and sizing?

In Chapter 5, the mission characteristics impacts on the weight of three architec-
tures are evaluated quantitatively. Various groups of mission profiles with different
power, range, and hybridisation levels are used for comparison. It is found that even
though the sizing and weights of all architectures increase with mission length, the
hybrid-battery is more sensitive to this factor while architectures with fuel cells
are less affected. This is because battery has lower specific energy than hydrogen
fuel. Therefore, the weight disadvantage of hybrid-battery is more prominent for
longer mission. The hybridisation level also affects the sizing, with higher DoH,

the system becomes heavier.

* How does battery degradation affect the system performance, sizing and air-

craft mission range?
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Battery storage capacity is prone to cycling degradation. In Chapter 5 (Section[5.4.3),
the battery cycling degradation impact is studied quantitatively with the developed
methodology in Chapter 3. Since the available battery energy decreases along with
usage cycles. For example, for a 200 nms mission, the maximum battery operation
time decreases to 3964-, 3855-, 3624-, and 3381 seconds from the required 4090-
seconds after 100-, 200-, 400-, and 600 cycles. The battery cannot operate for the
complete mission without reducing its power output. To satisfy the power require-
ments, it is necessary to oversize the battery pack from the beginning. However this
measure would increase the system weight, it is predicted that a 2.6%, 5.8%, 12.1%
and 19.2% more weight is required to oversize the battery pack for 100-, 200-, 400-
and 600 cycles.

* How to compare hybrid-battery and hybrid-fuel cell architectures in terms of

sizing consideration?

In Chapter 5, a comprehensive comparison between hybrid-battery and hybrid-fuel
cell is made with methodologies detailed in Chapter 3 and 5. From the results, the
hybrid-battery is at a distinct disadvantage in terms of weight, and this weakness is
more prominent with longer mission range and higher usage cycle. The lithium cell
specific energy is the main limitation for the battery system. For example, at least
335-, 407-, and 544 Wh/kg of cell specific energy needs to be achieved for hybrid-
battery comparable against hybrid-fuel cell for 200-, 300-, and 600-nms mission
under on-design operations. When cycle impacts are considered, the target specific
energy is even higher. Taking a 200 nms mission, 343-, 353-, 375-, and 400 Wh/kg
are required for 100-, 200-, 400-, and 600 cycles. Given that the state-of-art value is
250 Wh/kg, battery is still facing the implementation challenges discussed earlier.
One possible solution is to combine fuel cell and battery in the electric storage

system.
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* Which architecture yields lighter potential system weight, hybrid-battery, hybrid-

fuel cell, or hybrid-battery/fuel cell?

In Chapter 5 (Section [5.5)) it is found that: under state-of-art technology, hybrid-
battery exhibits lowest weight for short mission range and low hybridisation level
(10 DoH). But as the range increases, hybrid-battery/fuel cell architecture gradually
demonstrates weight advantages over the others. For higher hybridisation level (20
DoH) the similar trend occurs, however, the weight advantage of hybrid-battery
over hybrid-battery/fuel cell is diminished. According to the tendency, the hybrid-
battery/fuel cell will become the lightest architecture for higher hybridisation level.
Therefore it can be concluded that, combining batteries and fuel cells within the

architecture would potentially yield the lightest system weight.

* Can hybrid-battery/fuel cell allow more intelligent energy management strat-
egy so that the system weight can be minimised amongst the three competing

architectures?

The conventional hybrid electric architecture can only change hybridisation level
throughout the mission. And this value mainly determines the system weight. How-
ever, with hybrid-battery/fuel cell, more energy management strategies (EMS) can
be explored as the power split between battery and fuel cell is available. The ar-
chitecture sizing highly depends on power profile characteristics and EMS, with
the additional degree of freedom, the system can be designed and sized in a more
intelligent way. Moreover, battery has high specific power and low specific en-
ergy whereas fuel cell has low specific power and high specific energy. Therefore
the system is designed such that, fuel cell continuously operates at low power level
over the mission, and battery supplements it during high power phases (take-off and
climbing). This way, the strength of battery and fuel cell can be exploited and short-

ages can be avoided. In comparison to the other two architectures, the system sizing
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is normally based on the short-period maximum take-off power for hybrid-fuel cell
and the rest phases are oversized; whereas for hybrid-battery, the long distance al-
ways causes the system extremely heavy. By properly allocating the battery and
fuel cell power, the fuel cell oversize (overweight) problem can be avoided; and
a much lighter battery is adequate as a supplementary power for a short operation
time. This way, hybrid-battery/fuel cell not only yields lighter weight than others,

it also provides a platform for EMS exploration with an extra degree of freedom.

6.2 Research findings and contribution to knowledge

One major contribution of this work is the developed simulation framework. It helps
broadening the modelling capabilities for studying the EP and HEP novel concepts. Ac-
cording to the author’s understanding, some specialised models were not seen before in
electric aircraft study, such as high fidelity converter module built from IGBTs and LC
components, and high fidelity inverter and motor drive system.

With this simulation framework, original understanding and knowledge in the area of

regional aircraft electrification. Novel contributions of this study are summarised:

— It was found that, for fuel cell based propulsion system (PEMFC-EP), ‘oxygen
starvation’ happened if supplied r,;; was lower than certain values. ‘Oxygen star-
vation’ should be strictly avoided.It was found that the minimum r,;, value that
triggered ‘oxygen starvation’ changed along the mission. A 300 nms holistic mis-
sion was demonstrated and the minimum ri1,;, values for taxiing, take-off, climbing,
cruising, descent, and landing were obtained. It was found that operating the FC
stacks around these minimum i, values could improve the system efficiency but
at the expense of system robustness. The system efficiency could be improved by
varying supplied p,i;. A control strategy over air mass flow rate and pressure was
derived to avoid the ‘oxygen starvation’ risk and keep the system efficient. In this

novel contribution, the problem associated with FC ‘oxygen starvation’ was firstly
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analysed for regional electrified aircraft. The analysis methodology and results can
guide the design of control strategy for FC air breathing systems before they are

implemented to propulsion system.

— The degradation of fuel cell and the consequent inter stack imbalance performance
were investigated for the PEMFC-EP architecture. Two FC stack configurations,
‘Parallel-Series’ and ‘Series-Parallel” were proposed. A 10% voltage and current
degradation was applied to one stack. The influence due to this single degraded
stack to the whole FC array was captured. It was found that the single degraded
stack of ‘Parallel-Series’ configuration output no power for some flight periods and
large current could flow into it. This means the system could lose 1/16 of its power,
and a potential damage could be caused. Whereas ‘Series-Parallel’ configuration
did not exhibit this hazard. The design of multi-stack configuration can mitigate

inter-stack imbalance performance due to degradation.

— The novel high fidelity power electronics and motor models were firstly utilised in
this study. With them, different FC configurations were analysed in terms of weight,

system efficiency, and safety redundancies. In Section4.7.6|and[4.7.7 it was found

that configurations (h) and (i) were suitable for the PEMFC-EP architecture of 50

PAX regional aircraft.

— For a hybrid electric system providing 700 kW motor power, hybrid fuel cell had
weight advantages over hybrid battery architecture. Battery pack level S.E. should
be at least 335, 407, and 544 Wh/kg to compete against the hybrid fuel cell for 200,

300, and 600 nms mission.

— Battery was prone to cycling degradation, and the influence on propulsion system
sizing was analysed. It was found that the degraded battery depleted its energy
before finishing the complete flight mission. A solution was to oversize the battery

system, but this resulted in a much heavier load for regional aircraft to carry.
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— For 10% and 20% DoH hybrid propulsion systems, hybrid battery/fuel cell archi-
tecture had potential weight advantages. A preliminary energy management strat-
egy between battery and fuel cell was proposed. It was recommended to size fuel
cell for “low-power high-energy” phases, and battery for “low-energy high-power”
phases. This way, the strengths of two system could be used and their disadvantages

could be avoided.

In conclusion, the success of this research will bring benefits to aviation electrifica-
tion by providing a novel simulation framework, resulting in wider system performance

exploration and reduction in hybrid electric aircraft development cost.

6.3 Recommendations for future work

The thesis focuses on the design and performance evaluation of the electrical system, the
other modules are not fully considered within the scope. Some specific avenues for future

research are identified:

1. The current investigation assumed retrofit aircraft model, where the same maximum
take-off weight (MTOW) and fuselage volume is maintained as aircraft aerodynam-
ics is not re-designed. This is not necessarily the optimal aircraft model choice. For
the PEMFC-EP, the propulsion system weight is heavier than that of gas turbine, a
re-design of wing shape is required for higher lift coefficient. Moreover, equipped
with eight motors distribution propulsion, the improved synergies between airframe
and propulsion system can be achievable. The aircraft-level variation would affect
the electrical system design and performance, and in return the updated electrical
system would influence the airframe design. This integral aircraft/propulsion/aero-
dynamic design can be further investigated to obtain the optimal design using iter-

ation process.

2. For hybrid system, the gas turbine can be further down-sized as they provide less

power. The down-sized impact on its efficiency, carbon and NOy emission, and fuel
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consumption can be further investigated. Also, an emission model to estimate water
production and contrail formation from gas turbine and fuel cell system needs to be

proposed since contrail is a major contributor to green house gas.

3. For architectures with fuel cell system, high fidelity hydrogen storage system model
is required. With it, weight estimation and trade-off studies can be conducted,
which also enhance the capability of the framework to conduct more accurate sizing

studies and hydrogen tank design space explorations.

4. The current methodology does not include the power cables or subsystem physical
placement in the aircraft. The high voltage and current brings challenges for cable
designing. Moreover, the physical distribution and connection of different compo-
nent would in return influence the cable design and system sizing. The future step

is to create a logic step for electric cabling and subsystem physical placement study.

5. The current study only considers radial flux PMSM. The simulation framework
needs to include the flexibility of integrating different motor configurations, such as
radial flux motors with integrated inverter and gearbox, as well as high torque and
low speed axial flux PMSM. Also, the scalability of motors to achieve Mega Watt

power ratings should be considered.

6. Thermal management system is not considered in the scope of this paper. However,
one of the major concerns regarding the EP and HEP is the cooling. Temperature
feedback models should be included for subsystems to capture the performance
changes associated with changing temperature during operation. Moreover, de-
tailed thermal models are required for thermal management strategy evaluation and

design. They have significant impacts on the system and aircraft design.

7. The study in Chapter 4 Section4.5.2]can be refined by simulating more points from
the flight profile. Due to time limitation only single point was picked from each

phase. The control strategy for air mass flow rate and pressure is therefore not
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accurate enough. Future step is to simulate more points for different flight phases.

And the process is repeatable for different flight missions.

8. The study in Chapter 4 Section4.6.1|only considers a single stack with 10% voltage
and current degradation. However, different degradation levels or degraded stack
number are not studied. The next step is to propose a more comprehensive investi-
gation on this phenomenon considering different degradation levels, degraded stack
number and architectural impacts, as the impact is significant for any propulsion

system with fuel cells.

9. An optimiser to perform multi-objective and trade-off studies should be included in
the framework. The framework is only performance based, but there are still many
areas the system can be optimised. For example, the system power and weight
could be optimised for a fixed architecture; the flight time and energy on-board for

a constant mission range.

The above avenues for future research can further extend the capabilities of the sim-
ulation framework and CHARM. However, the integrated methodology, research cases,
and results in the current form are sufficient to address the research questions and meet

the stated research objectives.



Appendix A

SVPWM Technique

A.1 Introduction

SVPWM, known as Space Vector Pulse Width Modulation, is a digital modulation tech-
nique with the objective to generate PWM load line voltages that are in average equal to a
reference load line voltage. This is achieved by properly controlling the inverter switching
states and the calculation of the appropriate time period for each state in each sampling
period [143]]. This advanced technique can generate less harmonic distortion in the out-
put current and voltages in motor windings and provides a higher efficiency use of the
DC voltage in comparison to SPWM (Sinusoidal Modulation Techniques). Along with
the developments of DSPs (digital signal processors), SVPWM has become one of best
techniques for variable frequency drive system despite its intensive computation charac-

teristics [[173]).

A.2 SVPWM principles

A.2.1 Space vector

In order to illustrate the principles of SVPWM, a discussion on the switch operation of

the three-phase inverter is shown by Fig.

201
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(a) (b)

Figure A.1: (a) Schematic diagram of a three-phase inverter adopted from [26]. (b) Wind-
ing conduction state of (100).

The switches of any legs cannot be switched on at the same time due short circuit

consequence. Therefore, a switching function sy (x=a,b,c) can be defined as:

1, if upper switch is on and lower switch is off,
Sy = (A.1)

0, if upper switch is off and lower switch is on.

where s, = 1, sp = 0, and s, = 0 indicating switches S, S, and S, are on while Sy, Ss3,
and S5 are off. A vector (100) can be used to expressed these switching states. There are
eight combinations in total. The winding conduction state is illustrated by Fig.[A.Tb| and

the three phase voltages can be expressed as:

Van = %Udc
Von = —3Uuc (A2)
\Vcn = _%Udc

and the resultant space voltage vector is expressed as:
2 i27/3 j4r/3
U= 3 (Van + Vone’ + Vene/™*/?) (A.3)

Apart from (100) state, there are seven more states. All of these switching states and
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their phase voltages are shown in Table[A.T]

Table A.1: Voltage space vectors, switching vectors and phase voltages for eight switching
state combinations.

Switching vectors Phase voltages

Voltage vectors
Sa Sh Se Van Von Ven

Up=0 0 0 0 0 0 0
Uy = %Udc 1 0 0 5Udc 1Uqc U
Us = 3Uaee’s™ | 1 10 e | YUae | —3Ua
U, = 3Ugce/3™ | 0 1 0 —tUsc | 3Usac | —3Ude
Us=—3Us |0 1 1 2Uge | SUse | AU4c
Uy = 3Ugee’3% | 0 0 1 3Udc | —3Udc | 3Udc
Us = 3Ugce’3™ | 1 0 1 U4 2Uqe | 3Udc
U; =0 1 1 1 0 0 0

Therefore, these voltage space vectors can be categorised into two zero vectors (U,
U7) and six non-zero vectors (U1, Uj, Uj, Uy, Us, Ug) with modulus length of %Udc.
These eight basic vectors can be mapped to a complex plane as shown in Fig.[A.2] and
the six non-zero vectors can form a hexagon in this plane. The plane is further divided

into six sectors.

B
U (010) U.(110)
7N\

I I
U, (100
g,@11) U,(111) 0(4,(000) ( ;)
a

v Vi

W\ /v \//

vy Uy(101)

Figure A.2: Voltage space vector hexagon adopted from [27]].
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A.2.2 Forming a circular rotating voltage vector

Now, in order to make to rotor rotate a rotating magnetic flux needs to be generated by
the stators. This is achieved by generating a circular rotating voltage vector. Theoreti-
cally, three sinusoidal voltage waves with 27” rads phase differences to each other can be
superimposed to form such rotating voltage vector, but only six inverter switches can be
controlled. Therefore, the principle is to control them to form equivalent PWM-type volt-
ages to reproduce this rotating resultant voltage. As shown in Fig.[A.2] when the output
required voltage Uy, reaches any sectors its value can be obtained by the actuation time
of two consecutive non-zero voltage vectors and the two zero vectors. For example at

sector I the spatial vector resultant diagram is illustrated in Fig.[A.3]

)3‘

a
- -

P v,

Figure A.3: Voltage space vector hexagon adopted from [27]].

According to the volt-second balance principle:

TyUout = TyUs + TgUs + ToUp (or T7U7)

Is=T,+Ts+ 1o

s T, (A.4)
1= Ts 4

T,
U, = 28U
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where T is the switching period, T4, T¢, and T are the actuation time of U4, Ug, and

Uy (or U7). According to the trigonometry relation of Fig.

Ul il
sin(2w/3)  sin(n/3—06) sin(O)

(A.S)

From Table \Us| = |Ug| = %Udc, and suppose the modulus length of reference

output voltage is |Uqyyt| = Un, the following relations can be obtained:

T, = V32 Tisin(/3 - 6)

Ts = V32 Tisin(0) (A.6)

To=Tr=3(T,— T4 —Tp)

\

The modulation index can be defined as m = /3 g—;‘; Since U, must be less or equal
to %U dc» the maximum modulation index can reach around 1.1547. From this derivation,
it can be seen that the maximum modulation index of SVPWM is 15% higher than that of
SPWM, which consolidates that SVPWM has higher DC voltage usage efficiency. This

is a main advantage of it.

A.2.3 Space Vector PWM switching patterns

The actuation time of U4, Ug, and U are calculated to achieve the desired U o,;. The fol-
lowing step is to physically realise the desired voltage with proper switching sequences.
The objective of designed switching pattern is to minimise the switching losses and har-
monic components. This is realised by: altering the switch state of only one phase when
changing the voltage vector, and allocating the actuation time of zero and non-zero voltage
vectors so that the PWM waveform is symmetrical. For example, in sector I the voltage
vector activation sequence can be: Ug—Us4—Ug—U7—U7—Ug—U4—Uy. This way
only one phase switch state is changed at each sequence. For instance, from Uy to Uy,
the switch vector changes from (000) to (100) so that only phase A changes its state. The

sequences for other sectors are shown in Table |A.2
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Table A.2: The position of Uy and its corresponding three-phase waveforms.

206

Uout Position

Switching sequence

Three-phase waveforms
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A.3 SVPWM realisation and Simulink implementation

In order to implement real-time modulation with SVPWM, it is necessary to find the
sector in which the reference output voltage Uy (or Uyer) locates. Then appropriately
use the two consecutive non-zero voltage vectors of that sector and the two zero vectors

to compose the reference output voltage vector.

A.3.1 Sector locating

U, (010)

/

up

i
U,(111)

U, (011)

Y

\ v

vy U,(101)

Figure A.4: Voltage space vector hexagon with reference voltage vector.

As shown in Fig. the reference voltage is represented in the stator reference frame

o — 3. Three intermediate variables Uef,,Uref,, and Uy, are defined as:

)
Urefl =ug
Uret, = Lt — Sug (A7)
\Uref3 = _\/Tgua - %uﬂ

Another four intermediate variables A, B, C, and N are defined such that:
— if Uger, > 0, A =1, otherwise A = 0;
— if Uet, > 0, B =1, otherwise B = 0;

— if Upet, > 0, C = 1, otherwise C = 0;
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Let N =4C+ 2B+ A, then the relation between variable N and sector number is given

by Table|A.3

Table A.3: Relation between N and sector number.

N 3 1 S |4 |6 |2
m v | v | VI

Sector 1 I

The implementation in Matlab/Simulink environment is shown in Fig.[A.5]

K

»
u_alpha
I EI > >} u[1]+2*u[2]+4*u[3]

+—B»  0.5%(-u[2]+u[1)*sqrt(3))

N=4C+2B+A

Uref2

u_beta
> 0.5*(-u[2]-u[1]*sqrt(3))
Uref3
a

Figure A.5: Sector calculation in Simulink.

A.3.2 Actuation time of zero and non-zero vectors

Referring to Fig. the sector I volt-second balance in & — f plane is:

T Ts T
ug = 7|\Us| + 7|Us|cos(%)
i L . (A.8)

ug = %|U6|Sin(§)

with |Uy| = |Us| = %Udc, the actuation time 7’4 and T ¢ of non-zero vectors (U4, Ug) within
one switching period are:
T, = \2/33;* (V3ug — ug)
(A9)

_ V3T,
Ts = . cup
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In order to use the equations similar to sector I for the other sectors, three intermediate

variables X, Y, and Z are defined as:

(¢ _ V31,
X= 0 up
Y = 5 (Bug+ Lug) (A.10)

\

The actuation time for zero- and non-zero voltage vectors of other sectors can be
summarised in Table

Table A.4: Actuation time of zero- and non-zero vectors for each sector.

N 1 2 3 4 5

Sector o |Vl |I IV | |V
Thirst Z |y -Z | -X |x |-vY
Tocond Y X |X |z Y | -Z
To(T7) To(T7) = (Ts — Thirst — Tsecond) /2

T g represents the actuation time of first non-zero voltage vector in counter-clockwise
direction and T econg 18 that of the second one. For example referring to Fig. in
sector III, Ty 18 the actuation time of vector U, and Tgecond 1S that of vector Us. If
Thirst + Tsecond > T, over-modulation happens and the resultant voltage will be distorted.
In this case, a linear contraction on actuation time is applied to ensure the resultant voltage

is within the inscribed circle of the hexagon:

Ts
T — first
first Tﬁrst"‘Tsecond s (A 11)
Tsecond = Lucsond

Tﬁrst + Tsecond §
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The implementation of these steps are illustrated in Fig.[A.6|and Fig.[A.7]

> (sqrt(3)*u2])*u[4)/u[3]
u_alpha X
u_beta —» (sart(3)*u(2)/3+u[1]) u[du[3]*1.5
XYz
Ude ¥
Ts > (sqrt(3)*u(2)/3-u[1])*u[4)/u[3]*1.5
z
Figure A.6: Obtaining variables X, Y, and Z in Simulink.
>
N " L
2
3 T 1st
L .
4
>
. "5
[ | * 6
> e o B2
- M
D | T1*Ts/(T1+T2) : e
XyZ % : ' e U RN E) 1
. | (s T1+T2>Ts ‘
> Te | vraspz) | .
: . ‘ 3
3 | T2*Ts/(T1+T2) , T_'S.econ g
o4 T 2nd
5
>
* 6
> 0

Figure A.7: Calculating the actuation time of non-zero voltage vectors and time contrac-
tion for over-modulation in Simulink.
A.3.3 Voltage vector actuation start-time

Now, the actuation time for different vectors is obtained, the next step is to determine

at which instants they are actuated. Three intermediate variables fa0n, fpon, and fcon are
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defined as:

(

faon = (Ts - Tﬁrst - Tsecond)/ 4

fbon = faon + Tﬁrst/2 (A.12)

L fcon = fbon + Tsecond/ 2
And the switch state changing instants of three phases for each sector can be illustrated
in Table

Table A.5: Switching state change time for each sector.

N 1 2 3 4 5 6
Sector II VI I v III \Y
Temi Tvon Taon Taon Icon Icon Tvon
Tem2 Taon Tcon Tvon Tvon Taon Tcon
Tems Tcon Tvon Tcon Taon Tvon Taon

After calculating T cim1, Tem2, and T ¢y3 for each sector, they are compared with a tri-
angular PWM wave to accurately output the control signals for the inverter. For example
in sector I, the three-phase waveforms and its comparison against a triangular carrier wave
is illustrated in Fig. [A.8]

The triangular carrier wave is set to be a isosceles right triangle, with base length T
and height %Ts. At time equals to %TO, or more specifically 7.1, the state of phase A
needs to be altered from O to 1. This is achieved by comparing the value of T'¢,,; against
this triangular carrier wave. Once the height of triangular wave is higher than Ty, the
phase A switching state of the inverter is commanded to change from O (upper switch off
lower switch on) to 1 (upper switch on lower switch off). The same principle applies to
phase B and C, and the rest of sectors. For the second half period, the same comparison
mechanisms are also achieved, but to obtain a central symmetrical three-phase switching
patterns relative to first half. This is how the switching patterns in Table are physically

achieved.
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Figure A.8: Comparison the three-phase switching states and isosceles right triangular
carrier wave.

The Simulink implementations of this part are illustrated by Fig.[A.9] [A.T0]and [A.T1]

And the complete SVPWM module is shown in Fig. [A.12]

T_second

.
o
tbon

e+
! [ —
tcon

Figure A.9: Calculating #a0n, fpon, and #¢on in Simulink.
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Figure A.10: Calculating T ¢m1, T cm2, and T'¢p3 in Simulink.
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Figure A.11: Obtaining PWM waves for inverter switches in Simulink.
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Appendix B

Matlab Codes for Performance Maps

Generation

B.1 Matlab codes for DC/DC converter map generation

%% Configuration a

% 12320V, 300A

% Capacitor T7R3C

% Auxiliary capacitor 2R11C

% Inductor T7R18C

% sweep region
Vo = 2000;
Vi_loop = 8500:200:13000;

Po_loop = 180e3:100e3:2800e3;
%% new IGBT

%» define parameters
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eff_loop_siml = zeros(length(Vi_loop),length(Po_loop));

% model name

model_name = 'ConverterAutod';

in=repmat (Simulink.SimulationInput,[1 1]); % automatic
parallel simulation

in(1) = Simulink.SimulationInput(model_name); % model

name

% initialization
for i = 1:1length(Vi_loop)
for j = 1:length(Po_loop)
in(i,j) = Simulink.SimulationInput (
model_name) ;
% setup parameters
% setVariable('Name', 'value')
in(i,j) = in(i,j).setVariable('Vi',
Vi_loop(i));
in(i,j) = in(i,j).setVariable('Po',
Po_loop(j));
end

end

% run parallel simulations and setup simulation manager
simOut = parsim(in, 'ShowProgress', 'on','
ShowSimulationManager','on','

TransferBaseWorkspaceVariables','on');
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%» handling outcomes
for i = 1:length(Vi_loop)
for j = 1:length(Po_loop)
eff_loop_siml (i, j)= mean(simOut (i, j).
Scope_eta.signals.values(end-10000: end
D)5
end

end

% save data

save Data.mat

B.2 Matlab codes for motor control system map genera-
tion

%% sweep region

TL_loop = 5:100:4300;

wm_rpm_loop = 100:100:6000;

%% new IGBT

%» define parameters

eff _loop_siml
)

zeros (length(TL_loop),length(wm_rpm_loop)

eff_loop_sim2 = zeros(length(TL_loop),length(wm_rpm_loop)
)
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% model name

model_name = 'Inveter_FEM_auto_v3';

in=repmat (Simulink.SimulationInput,[1 1]); %automatic
parallel simulation

in(1) = Simulink.SimulationInput(model_name); Ymodel

name

%» initialization
for i = 1:1length(TL_loop)

for j = 1:length(wm_rpm_loop)

in(i, j) Simulink.SimulationInput (model_name) ;

% setup parameters

% setVariable('Name', 'value')

in(i,j) = in(i,j).setVariable('TL"',
TL_loop (i));

in(i,j) = in(i,j).setVariable('wm',
wm_rpm_loop(j));

end

end

%» run parallel simulations and setup simulation manager

simOut = parsim(in, 'ShowProgress', 'on','
ShowSimulationManager', 'on',"
TransferBaseWorkspaceVariables','on');

% handling outcomes

for i = 1:length(TL_loop)
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1:length(wm_rpm_loop)

for j =
eff_loop_sim1(i,j)= simOut (i, j).
Scope_inv_effi.signals.values (end);
eff_loop_sim2(i,j)= simOut (i, j).
Scope_motor_effi.signals.values(end);
end

end

% save data

save Data.mat
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