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Abstract

The MoreElectric Aircraft (MEA) concept is now a wekstablished concept, following
its introdudion and develomentoverthe previousoupleof decadesMEA systems are
underpinnedy stateof-the-art technologies teealisethe reduction of CO2 emissisand
increased the effectiveness af-boardpower transmissionThe More-Electric Engine
(MEE) concept is increasingly being seen asamnplementarysolution for MEA
applications Within this concept, the engine auxiliary systems such as fuel pumps, oil
pumps and actuatn systems will be replaced biectrically driverequivalentandpower

will be extracted from multiplelifferent engine shaftir electricalgeneration, with the
potential to achieve significant fuel savinggowever, with these changes, a dedicated
high-integrity and flexibly reconfigurabl®EE multiple-channel power architectuie
required

When designing a multiplehannel power architecture for MEEt shouldcomply with

relevantpower system design certification standardguiring the application of multi-
disciplinary design methodologin this thesis, keyesign certificatiorand airworthines
standardsare reviewed in order to identify those applicatdeMEE designCombining
thesewith traceable qualitative and quantitatolesign logic, the firgbower system design
rule set forMEE power systenarchitecture baselining is establish&tilding on this
foundational knowledge baseandidate novemultiple-channel powearchitecturs are
proposed and evaluateThes studiesletermine thaa high degree of controllability and
redundancy is key to achieg high system reliabilityand resiliencén MEE powersystem
architecturs.

In addition,a review of the research literature in this thesis is shown to reveal a shortage
of proposediesignand optimisatioprocesssfor flexible and redundaMEE-typepower
systens, making it difficult to maximise the design value of feasible solution. As
interdisciplinary and muksystemdesignprocesses can biene-consuming and laborious

this thesignsteadoresents concurrent desigiCo-design)methodology, addressirapth

MEE power architectureonceptsand power management functiof$is noveldesign



process includeaninitial coarse optingation to determire the design spacéoundaries

and exclude unsuitable and oxdasigned solutions fdurther detailed designreduang
design iterationsA subsequentollaborative synthesistage for theconcurrent design
process is then proposed whichfault scenario case studies and load shedding factor are
usedto verify the robustness of the combinRdEE architectureand power management
solutiors to off-nominal operating conditions. This enablesréfeement ofthe solution
spaceby usingthe simulated result® highlight theareasof the MEE power architecture
that can béurtheroptimised, demonstrating theenefitsof knowledgebased collaborative

design as a process for midtiteria design.

The contributions to the design of MEE power systems architectures presented in this
thesis hence provide enid-end value to the academic and industrial research community
in the formation and design of new MEE concepts, with wider application to
technol@ically-adjacent applications (such as hybrid electric aircraft, or-imigyrity dc

microgrids) also possible.
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Chapter 1.

| ntroduction

By 2050, in order to minimise the impact to glolbarming, 75 % of CO2 mission
reduction per passenger kilometres is targeted by aviation sector of European
Commissioffil] to support the ATAG goals. One option to help achieving this target
is in the development of more energy efficient aircraft system design with the

advanced technologies.

As part of this, one way is to disruptively change the entire propulsion and auxiliary
system layout on the aircraft through replacing the full electrically propulsion and
electrically auxiliary equivalentn literature[2][3], the CO2 emission can potentially

be completely/mostly removed by the use of-Bliéctric Aircraft (AEA) and
HydrogenPowered Aircraft. However, based on the current power density of
electronic components and the energy storage technologies, the AEAtcmocdd

be a more applicable on the srsdhled aircraff4]. The narrow/widébody AEA can

be considered as a loigrm goal on the aviation industry and engineering philosophy.
In line with realistic development and current technology progression, narrow/wide
body aircraft also take up a certain percentage ofCfB8 emissions, and the AEA
concept with electric propulsion has limited application for narrowAbigigy models

in near futurgs]. Although the concepbf using Sustainable Aviation Fuel (SA&)d
hydrogenfuel cell areproposed for aircraft applications to achieve the CO2 emission
reduction, the infrastructure, storaghstribution,and associated systems is still in
initial stage developments. With all the uncertainties of development on hyedrogen
based fuel, the concept is also expected as atyngdevelopmefi]. How the large
scaled aircraft can transitionally improve their energy conversion systems to satisfy

the CO2 emission goals then becomes a challenge.

Another option to solving the COZnission issue in large civil aviatias to replace

theconventionahircraft systems incrementallyith More Electrictechnologieg/]. In



the concept of MEA, conventionally, mechanical or bleed air secondary systems are
replaced by electrically powered equivateixcluded the propulsion). In the past two
decades, the MEA has been developed and applied in the aerospace industry. The
power distribution efficiency has been initially improved, and the CO2 emission has
been reduced significdgpt As one of the first generation MEAs, the Boeing 787 has
achieved 20% COZ2emission reduction compaed to the other similar sized
conventional aircraftOn Boeing 787, the amount of bleed air from the combustion
chamber is reducewith fuel savings of 3% and 35% less power has extracted from

engine; along with component weight reducsi{sj.

Although the first generation of MEA have achieved significant redugtibereare

still other auxiliary systems that can be converteddtMor e EIl ectr i c 6.
generation of MEA can potentially further reduce the hydraulic systems and hydraulic
architecture to their complete electrically driven equivalent or locally citmsgx
hydraulic system that's driven by an electrical systemrderao further reduce the

fuel burn[5]. With such increasan electrification this will further increase electrical
power offtake from the engine as well as the electrical demand and associated
electrical system size. The concept of More Electric Engine (MEE) is also part of the
solution to further improve effiency performance using electrical engine loads and
the increase of electrical power generation, using different engine shafts for more
effective power offtake. Therefore, MEE can improve the energy conversion
efficiency. However, theerospace sectwsuch as EASA9]and FAA10] tend to be

cautious in adopting innovation.

As a new system on the MEA, MEE power network needs to be compatible with
certification requirements in terms of system failure and system redundancy, which
may require long development processes and strict testing. In term of the system design,
the MEE paover system should adhere to required level of reliability anesédéty to

cope with failures and fault€urrently,in the aerospace sect&ASA haspublished

a specialcondition standard for EVTOLput this cannot directly be referenced for

MEE power systesidue to conceptual differengeAlthough the exising industry
standards (such as ARP475461, CS25 and CSE) already provide a design
boundaries and development guidelines for the aircraft syleteh requirements,

supplementary design approachesptimise the design of MEE power systeare



still required Oncethe safety performance of the designed MEE power system is
matched with the industry standards, it stdedsto ensure the compatibility and
integration of MEE power architecture and power managemeéntch wouldbe a
challenge According to all of that, it is necessary for this thesis to investigate these

issues when MEE is playing an increasingly important role in the aviation industry
1.1.Research Justificationand Objectives

For decades, the high reliability design specifications for aero turbine engines have
been focusedntraditional configuratiogthat are not optimised for MEE applications.

For MEEs that require more electrical power supply and electrical distribution
flexibility, it is important to reevaluate the MEE's design guidelines and rules. Unlike
conventional aircraft gas turbines, theeEl concep increase the total electrical off
take from the engine shafts. However, many of the criticalsgatems are stillni
development anchave not been fully deployed in the aerospace environment.
Therefore, the utilistionof the component configuration and technology and how the

can integrate into the MEE power architecture protaygan urgent task.
1.1.1. The Scope of research

In term of system engineering study, the scope of this research is mainly focus on the
power system reliability, component weight, operational flexibility of the system and
the availability of power architecture reconfigurations for MEE. The cost of eliffer
technologies would be varied in the market and difficult obtain from public domain
data, which is not in the scope this thesis. Furthermore, details of power electronics
and batterglesigrsizingandthe aircraft grounding technologiase notconsideed in
scopeof researchRegardingthe Power and Load management (PLM) strategy, the
thesis is offering high level of description of PLM. The design process of PLM strategy

is alsonot included in scopef research.
1.1.2. The Necesiy of a BaselineArchitecture

Most literature focuses on either intelligent electrical management
algorithmg¢11][12][13] or specific technologies development such as energy
storag§l4][15], power convertef$6][17][18], generatofd9][20][21] rather than

systens integration. The information available in the public domiirthis areais



relatively limited. Thus, this thesis proposes to address this research gap by firstly
establishing an electrical architecture baselinéor the MEE concept to capture key
systemrequirements of the MEE design. In particular, baselinetargets the muki
criteria design rules of the MEE power system design, which contains the electrical
architecture requiring the redundancy of equipment, stringezight, and the
resilience of the power distribution. To design the power system of the MEE, it must
be considering theeliability and redundancy opower suppli22], and stringent
weight. Therefore, simply transferring the technologies and power architectural layout
from other transportation application such as marine and electric vehicle are not

feasible.

1.1.3. The Requirements of aSuitable Design Approach for MEE

Power SystemIntegration

Evenafterthe MEE baseline model is determinttkre isspace for design refinement.

The existing literature is focused on the design and optimisation of dMEEystems

such as optimal power management schi@8gand power system reliability analysis
[24], but no studies have been done on the framework/design approach of overall
system level anthe integrated process of MEE power sysem

Hence, a further significant challenge is that the configuration of the electrical
architecture and the choice of electrical management strategy has a strong impact on
the overall performance of the MEEonsideringhat the complementary nature and
compatibility aspects of the electrical management and power architecture are key
elements to the operational safety and power distribution flexibility of MEE power
systemijt is necessary to utilise a suitable design approach to optimise the overall
performance of power system coarsely at the early stage of design for MEE
Furthermore, thehesisalso proposes a potential solution to address this challenge
completelyvia a refining design procedure in the detail design that can reduce the
uncertainty when the power architecture and the power management scheraee
synthesised into an MEE system With the cooperation of the preliminary
optimisation and refining design procedure, the design of power architecture and
power management strategies can be incorporatédelmeve the compatibility of

both in nature of the design flow. The novelty of this entire design approach is enabling



the integraton of the subsysterevel characteristics at beginning of the design to
reduce the design space, and a detaifgdgration of power management and
architecture at the same time for systewel refinement. To date, there are no such

detailed systematic developments in the published MEE system @25jgn

Since most ofaccessory systems of contemporary engines are still drivefallby
hydraulicallyor electrichydraulicallyj26], it can be argued thé#te MEE concept is
currently still at lowTechnologyReadiness$ evels(TRL); and its design approach has
also not yet been determined. There is now the opportunity to conduct an overall
i nvestigation on the design influences
Becausethe power architecture design hasnore visual mannein displaying the
changes of the design demonstration,thesisproposes that the use of the design of
electrical architecture as a breakthrougimpto investigate the overall development

of MEE power network.
1.2.ResearchContributions

The thesis provides the following contributions to knowledgediagram of the
relationship between contributionssisown agigurel):
Contribution 1:

Undestanding the three-channd architecture as the
minimum requirement for MEE power system

Contribution 2:
Proposd generalized design rules and established a
baseline modd for MEE power architecture

Contribution 3:
Proposd apreliminary design optimisation process to
derive the combinaion of the integrated MEE features
via parameter classification

Contribution 4:
Proposed acase-study-based gpproach with the load
shedding factor for refining the preliminary designed
MEE power system

Contribution 5:
Proposd aco-design for designing the MEE power
system

Figure 1.Relationship between academic contributios
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1. To date, single or dual channel power generation and distribution systems have
been used in jet engines. However, with the improvement of the electrification
of key engine auxiliary equipment for flight; and the requirement for greater
load transfer flexibity has placed greater emphasis on the criticality of the
electrical supply, the threghannel architecture should be considered. This
thesis first considers the issues such as architecture layout and key technologies
that may impact on the reliabilityosideration of MEE design. A detailed fault
tree analysis is used to further quantify these requirements by using the
extensive database of component failure rates of MEA/MEE power systems in
the public domain. This provides a quantitative comparisonafchannel and
threechannel architecture candidates under relevant famoges andhows
the impact of common architecture features on system reliability and robustness.
The acquisition of these results points to the threehannel architecture as

the minimum requirement for a MEE power system.

2. Specific design rules for addressing the ratiomdl®EE have not yet been
defined in literature. Asuch, another contribution of thegssn the definition
of key functional requirements for the MEE architecture, and the
establishment of a certificatiorcompliant MEE Baseline Power
Architecture (BPA). The multi-criteria design rules of power architecture
are presented for the corresponding MEE electrical systenThis builds on
top of contribution 1 which identified the minimum thweleannel system
requirement. With recognising that the MEE having a significant design space,
the established BPA provides a platform for eliminating the uncertainties of
design to a mnageable levellhis certifiable baseline provides key decision
points for the design, also updates the requirements arettigcation and/or

the utilisation of gamehanging technologies.

3. Following on from contribution 2, in order to address the significant design
space on operatiahcompatibility of the power management and the additional
design features (bus tie,-thirectional converters, power source types,) of the

BPA, a preliminary characteristic-capture-based optimisation is proposed



(called Parameter Classification Optimisation)to initially down select
integrated MEE power system concepts-easible MEE EPS solutions from

this process that meet the overall design requirements are determined by
parameter classification ranking. The proposed optimisation approach navigates
the designer to determining the functional similaritied differencebetween

high ranked concepts and lower ranked concept, which maximise the ability of
searching optimal solutions. When designing the MEE powégrsyis a design
space with large degrees of freedom, this contribution accelerates the selection
of MEE subsystemslhe optimisation approach also addresses the drawbacks
of incorrectly selecting a dominating but nReystemoptimised subsystem to
begin with.

. Following on from contribution 3, to identify and to improve the availability of
power supply in the integrated MEE power systamefinement procedure
that is influenced by load shedding management is proposed. This
procedure firstly utilises a proposed parameter (Load Shedding Factor,
LSF) that can divide the power balance state of MEE system into several
levels, whichis used to evaluate the essential power demand of MEE with
each flight phase in different failure modesThe compared results of LSF
reflects that the connection and location of power resource are vital to the power
reconfiguration A small alternation on the ER8chitecturecanimproves the
capability ofMEE power supply and results significant effect in podispatch
operation. Hence, this procedure provides a platform to-téineng the

systematic operation of MEE power system.

. In respect of contributions 2,3 and 4, a more comprehensive version tfe
co-design process is established for the MEE power system design. This so
called APM codesign process oriented to MEE electric power system
particularly fill sin the gap in literature, by co-currently deriving feasible
electrical architectures and power management schemeshe utilisation of

this codesign process ensures MEE power system have intersystem

compatibility, operationdlexibility, and system redundancy. The uncertainties



in the multicriteria design for MEE power system can be largely reduced with

using this proposed design process.

1.3.Related Publications

The following publications have been completed in the course of the PhD:
1.3.1. Article Journal

T Q.Zhang,PNor man and G. Burt, @ADesign Rul e
baseline Power Ar c h ilHT eEtettrical Syst&dninn c e pt 0
Transportatior{published or21/April /2023)

1.3.2. ConferencePaper

1T Q. Zhang, M. Sztykiel, P. Nor man, and
Channel ElectricaArchitecture Design for MorE |l ect ri ¢ Engi nes
Society of Automotive Engineers (SAE) International, London, United

Kingdom, November 2018.
1.4.ThesisOutline

A thesis layout diagram is illustrated kgure 2. Chapter 2 contains the relevant
literaturereview,introduces the concepts of MEA aRtEE, importantsystens of the
potential power system ®fIEE. The power architecture characteristics of MEE and
power load management (PLM) are reviewed. Chapter 2 also includes a review of the
pros and cons of the available engineering design processes for the development of
MEE power systems. Aheend of Chapter 2, the design approach for designing MEE

power architecture is preliminarily hypothesised.

Chapter 3 conducts a preliminary mudtiteria analysis of the duadnd threechannel

power architecture of MEH he resuldefinesa clear design directidior the baseline
architecture of the MEE power systerowever, therés no literature explaining why

those multichannel architectures are chosen. Theref@teapter 4 presents an
understanding of the unique design features and requirements of MEE power systems,
gives overall design considerations on the baseline model of MEE power architecture,
and givesa series of effective amtredibledesign rules. This chapter also provides a

sample of the baseline model for MEE power architecture.



Chapter 1:

Introdudion and research judtifications
v
Chapter 2:

Literature review
v

Chepter 3:
Characteristics andysis of current proposed MEE

power architectures
v
Chapter 4.

Open-ended design rules and an established baseline
for MEE power architecture

Chapter 6:
Power architecture fundiond refinement via case-
study base co-synthesis procedure with load shedding
factor

Chapter 7:
Formation ofthe APM design process for MEE power
system

Chapter 8:
Thesis summary and future work

Figure 2.Thesis chapter layout

Chapter5 mainly describes a preliminary optimisation process that wgfiaeameter
classification to rank and compethe integrated MEE power system. This process

|l eads to the design of MEE power system
reducethe design iterations. In additida proposing a novel approach for designing

MEE power system, this chapter also carries out the preliminary matching and
feasibility analysis for the MEE power network solutions.

Chapter6 describes a further refinement procedure for MEE paystemdesign, in
which the final solution is determined by validation and inference of MEE power
network candidates under various abnormal conditions. At this stage of design, the
candidates for MEE system are enhanced via the Load Shedding Facdtoermore,

Chapter7 presents a complete version of thedasign framework for MEE power



systems (includinghe contens of Chapters 3, 45 and §. And lastly, ChapteB
concludes the thesis conclusions and the further development ofdlesigo process
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Chapter 2.
Existing MEA and MEE Power Architectures and

Engineering DesignProcesses

2.1.Chapter Overview

In recent years, the aerospace industigs usheed in major technological
advancenent changef27] as More Electricconcepts are applied to system design.
The More Electricconceptreplacesthe conventional mechanical, hydraulic, and
pneumatic systemwith their electrical equivalent systems, resulting in significant
space and weight savings. These equivalent high electric density advanced distribution
systems should also provide greater system capability, operation efficiency, and

greater design flexibility than conventidreserospace applications

This chapter providean overview of the concepts and systems of electrification
applied in the aerospace industry in recent years, will focus on describing the layout
and evolution of the electrical architectures of M&A and MEE, and in turn
discusssthe potential benefits and challenges posed by these electrical architectures.
In addition,asthe design process critical to the success of tHdEE power system
design, this chapter will also discuss and review the role of the MEE architecture for
different design processd~urthermore,is chapterconcludes with an emphasis on
some of thekey research challenges that have been undertaken udiitEaas the

research object
2.1.1. Existing More-Electric Aircraft

The first generation of MEA includes Boeing 787, Airbus 380 and F35, their tetal on
board electrical power production are 1460kVA, 910kVA and 250kVA
respectivelj28][29], which is a significant power generation capability compared to

11



the conventional aircraft. As one of the large commercial aircraft, theewgme,
wide-body jetBoeing 787 is a milestone of the maectric aircraft evolution, as it

has implement two starter/generators of 250kW per engine and two 225kW Auxiliary
Power Unit (APU) starter/generatd28]. Similarly, as the largest passenger airliner,
Airbus 380 has fouB70-770Hzvariablefrequency (VF) generators that can produce

in total 600kW, and two 120kW APgkeneratori8]. In the defence industry, the F35

has a single generator that can produce 250kW, which is much higher than F15 and
F2228].

The reason for significantly increasing the electrical power generation is the
conventional auxiliary systems are replaced by the electrical driven systems. The
Boeing 787 has substituted the pneumatic system of environment control system,
pressurisatiogystem and wing aniting system with their electrical equivalents. This
evolution largely improves the fuel burn efficiency, as it has significantly reduced the
hot air extracted from the combustion chamber. The weight reduction of-thleath

air systen of 787 is shown irFigure 3, and compared with the conventional jet
engings].

Conventional

pneumatic systen

Figure 3. Boeing 787 engine (left) vs conventional jet engines (righ8]
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Due to the increased quantity of electrical loads the electrical power architecture of
the Boeing 787 has been developed to satisfy the dema@hdselectrical power
architecture of Boeing 787 is shownkigure4 [30], which is a hybriddistribution
network with four different voltage types in the AC and DC electrical systems. The
starter/generators powered by engine shaft and outputa23@ver with variable
frequency between 360Hz to 800Hz, which depend on the rotational speed of the
engine shaft. With the starter/Generator, the MEA B787 can save space and system
weight in the engine. The starter/generator can achieve both starting mdde a
generating mode in one unit which can operate as a motor and rotating the engine shatft.

It can also swap to a generator to supply electrical[2ddd

The AC power is distributet the demands of antiing system, environment control
system and galley ovens; it also converts to other different voltage levels and types.
The °270Vbc distribution is convertedby the AuteTransformer Rectifier Units
(ATRUSs) and used to power the adjustable speed motors, electrical motor pump, etc
(shown in appendix A)By using ATRUSs in higkpower level ofMEA, the power
system can benefit of lightweight and higher reliability from it compared to
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conventional Transformer Rectifier Units (TRUhe electrical cooling fans and
window heaters are obtained from the 125Yus via Auto Transformer Units (ATU)

for. The 28\hc power is taken from the main AC bus by the TRU for igniters, fuel
pump, Bus Power Control Unit, Generator Control Units (GCU). The power of APU
generators is also connected to the 230bUs, which is to power the demands on the
fuselage. Lastly, the Ram Air Turbine (RAWpuld be connected to the backup bus,
which is able to supplyqwer in emergency. Throughout the characteristics of the
MEA, it can be concluded that there are three aspects different to the conventional
aircraft. Firstly, the most of pneumatic systems are replaced by eleetjicablens

in the MEA, and its pneumatic architecture is much simpler, saved large space and
weight. Secondly, MEA has implemented starter/generators tstaeling the engine
system, which has simplified the mechanical interface (a natiightforward
gearboX to reduce the weight and inge operation efficiency. Lastly, replacing
large part of pneumatic and mechanical architecture to their electrical driven
equivalents, the MEA electrical power architecture is developed to a hybrid AC and

DC power distribution system withovel technologies and distribution topologies.
2.1.2. The Existing Demonstration ofMore-Electric Engine

The MEE concept was proposed gmmote the electrification of engine auxiliary
systems, advocating the use of equivalent electrical systems, such as the
mechanical/hydraulic thrust reverser actuation, engine lubrication and fuel pump
systems A significant consideration of MEE design is the flexibility of obtaining
power from different engine shafts, to ensure the reliability during component failures.
As shown inFigure5 [31], the More Electric Engine RR Trent 500 typically employs

a LowPressure (LP) shafiriven generator in addition to the conventional High
Pressure (HP) generator, to provide a more flexible power source to the novel electrical

components.
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\ Electric Fuel Pump &
&8 Metering Unit, and Controller

High Pressure
Starter/Generator

Low Pressure
Generator

Active
Magnetic
Bearing

! Techspace Aero

Electric Oil Pump &
Scavenge System

Figure 5. Concept of MEE form ESVR demonstrator[31]

This MEE has been demonstrated in 2006, in a programme called Power Optimised
Aircraft (POA) by the European Consortiy28]. ThisMEE demo has a permanent
magnet HPstarter/generator providing 150kVA and a LP fan shaft drive generator
providing 150kVA.The load demands of large aircrédtuch as widdody aircraft
B787/A350)MEE applications are expected to be significant. For example, authors in
[32] estimate that the fuel pump system and lubrication oil pump combined will draw
approximately 100kW of electrical power, whilst electrical thrust reverse actuator
systems (ETRAS) could require up to-85kW [28]. Additionally, a range of electrical
actuators for engine vanes and electrigaiteg function should also be considered into
the concept. Such loddvels are not insignificant in comparison with airframe loads
of modern MEA applicatiorf83]. The Trent500 has been given a preliminary and
small scaledelectrical power architecture with a 350VDC bus as the MEE
demonstration in the POA. Reflect it to the realistic commercial airline conditions, the

power ratings, demands and densities of components need to be reasonably estimated.
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RR Trent 100(J34] is one of the optional propulsion engines to implementthe
Boeing 787. To accommodatesconcept of fuel efficiency improvement in the MEA,

the RRTrent1000 offtake the power from Intermediate Pressure (IP) shaft instead
the HPshaft andetainsthehydraulic architecture and hydraulic actuators for fan blade
actuation, nozzle actuation. With the hydraulic architecture, the T8& can only

be called a more efficieminging34] but not an MEEMoreover the data and features

of More-Electric Trent 50@annotbe direcly usedinto the RRTrent1000 orany of
thelargersized jet enginge These high power, flightritical electrical loads require an
increased electrical power offtake from the engine (in comparison to conventional
systems), and high integrity powgeneration and distribution systems, featuring
multi-shaft electrical power offtakes. To date, this requirement has encouraged the
proposal of standalone @ngine power systems, integrating the engineen main
generators (which supply both the MEE amdrame loads) with MEEpecific loads

in a dedicated local distribution ggm that then provides suitable interfaces to the
airframe power distribution syst¢®3], loads and sources (e.g., APU generator and
batteries). This approach brings a requirement for systems to be tolerant of the engine
proximity harsh environment but avoids the complexity of utilising remote airframe

mounted motor drive systems as an aléue. It also represents a significant

Electric Fuel
Pump

Low
Pressure
Generator

High Pressure
Starter/Generator

Electric Thrust
Reverser
Actuators
Electric Oil Pump

and Scavenge
System

Figure 6. MEE concept that proposed by Rolls Roycg35]
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deviation from conventional engine systems, whose auxiliary loads are supplied by
local mechanical, pneumatic and hydraulic sysf8Bjs A number of feature
specifications may require a clarification befatarting the design process, more
detail described in Chapt8rand 4

To date, large MEE applications are still in tumceptual stage of the desjghown

in Figure6 [35], and the most recognised feature of an MEE is the use of full electric
architecture/ hybrid hydraulic architecture for engine actuatidsreover,Figure7
shows a hydraulic architecture of the recent waddy commercial aircrdf26], which

is a complex and heavy system. The next generation of MEA betidd improved in
lighter weight and fuel burn efficiency if replacinige hydraulic sourcandhydraulic
actuatordoy electricdriven Actuators[37]. With the largeelectricaldemanl, a large
electrically powered MEE is a promising and complementangolution for next

generation of MEA

B Hydraulic Power Sources
B Fluid Storage/Conditioning
“%». W Fluid Controls

B Conveyance
Hydraulic Consumers

Figure 7. Hydraulic architecture of a commercial aircraft [36]
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2.2.Electrical Power Architectures of Existing Engine and MEE

Concept

The electrical power architecture is a vital subsystem forethigine systemand is
typically composed of a dughannel or multchannel layout to ensure system
reliability and redundancy38][39]. When a fault is detected in a channel, the
architecture can be reconfigured to deliver power through the othelnyhelfinnels
[40].-The power architecture can have varied power channels to provide the power
redundancy; alsathe topology ofarchitectureneeds to be considered to enhance
power supply reliability andesilience To realise flexible reconfiguration to maintain
power supply during fault conditions, the literature commonly recommends employing

the radidbus[28] and ringbus[41] topologies.

An existing Dualchannel architecture with two HP shaft or two IP shaft driven
Variable FrequencyStarterGenerators (VFSG[29], which have been implemented

into GEnxor RR Trent 1000 engine for Boeing 787 and showirigure 8. This
architecture achieves some power redundancy for current large commercial aircraft.

However, whether it can play the role tbe futureMEE or future MEAis unknown.

GEnX or Trent 1000 engine

250kVA 250 kVA
230 VAC
3- Phaqe

Main power distribution system

lll

115 VAC loads 270 VDC loads 28 VDC loads

Figure 8. Boeing 787 engine power architecturf29]

Y. Zhanget al. [23] propose a Power and Load Management (PLM) system for
MEE/MEA applications, which is demonstrated on a modelled MEE power system
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architecturg13][19][42], illustrated as Architecture f Figure9. This architecture
features a thregenerator system with a threbannel power distribution network.

Each generator is connected to a main channel, while a redundant channel is included
in case of a failure in the main channel. A single 540 V DC didtobubus directly
connects loads, supercapacitors and batteries to all three generation channels. However,

the establishment of this power system architecture has not been described in detalil.

M. Frenchet al.[43] describe an electrical system and its power controllers for gas
turbine engines. The power architecture is given, but the design rationale for the
architectural features is not included in the patentEdi¥vardset al.[44] present an
enginebased thregenerator power system, which is illustrated as Architecture B in
Figure9 , and which claims to improve the electric generating capacity and increase
overall system efficiency. This patent focuses on the primarily on the mechanical
specifications of multspool gas turbine engine where engine shafts transmit power
through gearbxes. The intermediatpressure shaft connects the main transmission
gearbox to provide mechanical torque to two generators and thpréssure shaft
generates electricity through an independent gearbox. Energy storage can be used to
stabilise the networhky transiently removing or providing excess power to the loads.

Further features of the electrical network architecture are not described in the patent.

S. Fletcheret al. [22] describe the impact of engine certification and design
requirements on a twochannel MEE power architecture, which is shown as
ArchitectureCin Figure9. In this, there are at least two power paths for each generator
and critical load, although the rationale behind this configuration is not included in the
paper. M. Hirstet al. [31] present an MEE concept demonstrator, in which a single
busbar distribution system is implemented. A simplified version of this architecture is
shown as Architectur® in Figure9.ArchitectureD features one higpressure shaft
driven generator and a fan shaft driven generator. Qlinerchannel architectures
with one HP and Aow-Pressure shaft (LP) generator can be fourjd5i{46].
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N. Moriokaet al.[47] describe the actuation control technologies for a simplified MEE
power architecture, shown as Architectufein Figure 9, which has only one
starter/generator. In this architecture, a power distribution system is connected to an
aircraft bus and engine loads, but little information on the architectural features is
given. Lastly, J. Kerret al. [48] propose a three generator power architecture for a
multi-spool engine, shown as ArchitectuUfen Figure 9. In this, the lowpressure
generator is connected to both HP generator AC channels by power electronic
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interfaces. A sectionaliseddial busbar arrangememrbnnected to the HP generator

channelsis utilised forthe load bus.

From theMEE power architecturegviewedit can be seen thatost ofthe proposed
MEE architectures have redundancy in generation, distributioncatickl loads
predominantly utiliseaadial busconfigurations featureHP/IP and LP shaft offtake
drivengeneration aneémploypower electroniénterfaces at the generators or busbar
connectiongor power flow regulationHowever,whilst these provide an indication as
to the likely common features of a MEE baseline architecture,uke should not be
assumed without the appropriate capture of Ejsbr new design rationaléndeed,
whilst some recent articles in the research literature propose new reliability
requirements for MEE systeni22] and requirements for the configuration and
management of interconnected generation in MEE/M&Y, comprehensive MEE
design requirements and rationale for good practice ddsaye not yet been

comprehensively established

It is thereforenecessary to determiseitablerequirements for thpreliminarydesign

of MEE power system architecture©nce established, adherence to these
requirements will then illustrate the necessary features and configuration of a MEE
BPA concept However, overdesign is still a possibility using this approach, and as
such, the formation of a baseline architecture should be realised with due consideration
of an overarching desire to also minimise the architecture weight and complexity, at
least unt later stages of the design cycle, where such elements may be more acutely
justified.

The designed baseline model should reflect the reasonable hgghdiRL (range

from TRL 7 to TRL 9technologies whilst also readily facilitating an evaluation of the
functionrunlock capabilities of novel breakthrough technologiesaddition, full
transparency of the BPA design process is captsweitiat keydesign decisionsan

be later revisited if necessaryto capture applicatiespecific requirements afat

updates taertification requirements
2.3.Existing Power andL oad ManagementStrategies

The Power and Load Managemd®LM) strategyis used to coordinate eétpower of

each component in Electrical Power System(Ef®)ensuring stable anhsecure
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system operation. During normal conditions, PLM maintains a power balance by
managinggenerators, Bergy Storage System (ESS) and loads. However, in the case
that the EPS is exposed to abnormal condititorsgxamplecable fault or generator
failure,thePLM should take measures to maintain the effective operation of the critical
loads. An overview of general and MEA/MEEspecific management

strategieBnethodss givenbelow:

1. Load shifting/removal under peak demand conditiof&0] [51]:- Controls the
connection of loads, removing nessential loads during the periods of peak
demand/a supply deficit, and/or shifting the connection ofessential loads to
occur during low demand periods.

2. Rearrangement of power flow directiofb2][53]:- Controls the power flow in
a EPS by managing the statues of contactors, circuit breakers and channels.

3. Energy storage discharge[54]:;- Manages the operai of back up
sources/energy storage for autonomgystem in an emergency.

4. Temporary shedding[55]:- Some loadghat areonly essential during some
particular flight phased.hese loads can be temporaily shed in other fiyplases.

5. Generator overloadinfp6][57]:- Different types of generators have overload
rates and overload peric For example, a HP Starter/ Generator has nominal
rating of 120kVA (IDG of GE90), has the allowable overload capacities as 125%
for 5mins per 1000hours. The overload time of the generator must be less than
the recommended overload time to maintain thétine&the generator. Although
the generator has overload capacity in the short term, the PLM strategy can only
use the generator overload capacity when necessary. Excessive use of generator
overload will cause significant damage togk electronic equipment, such as

generator converter and generator itself.

By reviewing the features of the proposed More Electric Engine power architectures,
the novelty and also the inconsistency of physical layout is noticed, and more design
optiors of power management can be potentiapplicableinto the MEE power
system. However, as a novel power system, MEE is necessary to be optimised in term
of mass, power generation capability, system reliability and power redundancy

(operation resilience).
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Weight and power generation capability of the MEE power architecture can be
optimised by selecting suitable ah@yh-power density components. However, the
operatiorl resilience of MEE power system could be related to both the architecture
layout and the power management strategies. The M&fEbe resilient to supply all
critical loads for all the minimum required flight performance, which can be enhanced
by the reconfiguration of the power flow. The reconfiguration of the EPS is biathtrel

on the powedistribution contrgl and the availability of the power architecture and

power electronics components.

Hence, t he 6hardwar eb power architect
management/control strategy are the vital elements foERtof MEE. However,

there are too many degrees of freedom in design regards to these two aspects, and
system interdependence between physical layout of the power architecture and order
of using the PLM. Since there areichrelevance between these two systemsn

the design process, it will be a challenge to design such agrntgtia power system

in anorderly and logicamanrer. In regard to the orderly manner of desmyncessit

shall enablgo avoiding the dominant impadi®m eachof the individual subsystem
designto others ananaximise the design space at beginning of the desgigd then

follow by optimising the potentiaintegratedsolutions with an appropriate rapidly
design space reduction. The distinction of different design processes will be mentioned

in section.5.

2.4.Current PLM Optimisation Methods tol mprove the MEA/E System

Performance

At present, in the face of various fault scenarios, most of the EPS designs of
MEA/MEE are in the optimisation of power managem&ntZhanget al, presented

an energyefficient power management solution for an MEE, which employed the non
dominated genetic algorithm to solve the multiple objective optimisation problems
[13],[23]. This requires the problem formulation of bysead shedding priorities and
additional sources. However, all tife activities of this optimisation are based on a
given MEE power architecture. Similarly, M. Maasouetyal proposed an optimal

load management for the aircraft power distribution, which provides a Minteder
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Linear Program (MILP) to optimésthe power management of load shedding,
contactor switching and battery charge poli&8% Again, all the optimisation
assumption is based anexistingpowersystemarchitecture. Furthermore, Xiraud

et al. offered a knowledgbased power system reconfiguration for aircraft power
distribution system, which can provide the solutions based on the -tirempty
algorithm[52].

From the existing literature, the optimisation of EPS operational performance seems
never without the impacts of load shedding, this can mean that the load shedding is
one of the vitaklements o evaluatingthe EPSoverall operationaperformance. In
orderto maintain the flight operations of MEMEE during any conditions, it is better

to avoid load sheddinf1][23]. Therefore, the time, amount and categories of load
shedding would be dominating the operational performance of the MEE power

network under fault conditions.

Although load shedding is an obvious judgmiendircraft power system desigtine
EPSoperationalperformancedoes not have teely solely onoptimising the power
managemenschemes and strategieShe implementation of power management
highly depends on the availability and reliability of the power architecture. After all,
in the face ofdesigning thepower system ohovel aircraft and novel engine, the
physical arrangement of the power architecture determines the inherent
reconfiguration ability of the MEE. Therefore, improving the reconfiguration
capability of power architecture can realistically address the shortfalls in the
performance oMEE to operate in the event of failufEhe approaches mentioned in
the current literature mainly focus on how to opsenihe power/load management,
rather than studying the design of the relevant power architettueesfore there is
minimal literature investigating on the availability of the power architecture through

the guidance lines of load shedding

2.5.Review of Existing Engineering Design M ethodologiesfor Aircraft

and Engine PowerSystemDevelopment

The aircraft electrical power system design is generally based on a certain design
process, combining engineering knowledge, praceegerienceand design logic.

Due to the incresing complexity of the MEE electrifieddlemands and its

24



multidisciplinary interaction with other aircraft systemsinderstanding the
interdependence betwe®tEE architectureand power managementaegy is vital.
Hence, he MEE architecturelesign process requires a specific flow route combined
with the designer's expertise to make initial selesteomd define a design spafue

MEE power system.

Along with this awareness, moSIEE related literature are fockesd onthe system
and subsysterdesign based on a predefined archite¢®®f and some combination
of optimised desigfor MEA with theMILP[25][59], including some formef design
methods, performance evaluation, and optimisation selection. Hovileee¥,has yet
to be a design process for MEE power systamd there is little research @n
comprehensive methodologyr synthesis refinemena MEE power architecture
design with its dedicated PLM.

In order to givehle MEE a resilient EPS, not only the attributes of its components and
the power control capabilityneed to be determined, the compatibility of the
performance of the integrated system is vitally important. Due to the complexity of the
MEE power system, the coupling between product and design process myiw&rbe
special attention. This important coupling can be realised by effective simulation of
product parametric structy6®]. According to this, this sectiowill review and
determine the method that can exert the maximum effort of system functionalities in

designing the MEE power system.

2.5.1. Existing Researchfor MEE Power System and the Gaps of
MEE Design

Most of current studies have generally concentrated on theystdm design of the
MEE. Y. Zhang et.§23][61] proposed a power management algorithm for the MEE.

In the reliability analysis of MEE electrical system, S. Fletcher [@24lexaminedhe
availability of power redundancy in the MEE architectures. However, there is little
published information on the MEE integratioihpower management and architecture

In order todesign aesilientMEE electrical power systenmot only the attributes of

its components and the power control capability need to be determined, but the overall
compatibility of EPS is also vitally importarfthis is because that the design iteration

and the weight penalty of overdesign can be reduced while usagpaopriate design
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process to achieve the compatibility of power architecture and power control capability
Due to the complexity of the MEE power system, the coupling between subsystems
must be paid special attention. This important coupling can be realised by a suitable

system design process and an effective simulation of product parametric sig0¢ture

There are threemain types of desig processg used in systes) engineerig
[62][63][64] which areillustratedin Figure10. The most common design process is
sequentially designing different parts of the system and eventually integrated at end of
the proces$62], developing the system insequencg63], while iterative feedback

can be added in the design pro¢@3k Due to the order of sequential design, the
probability of design space/solution may be limited by the first part of design. Another
inadequacy of sequential design is the absence of phasic evaluation, and solutions may
eventually be found to fail to medesign expectations during the integration phase,
requiring multiple iterations through the design cycle. Therefore, using sequential
design to design an interdisciplinary system will be tooasuming and laborious,
which is not suitable for the desigha MEE power system
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| N Requirements
|
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: Subsgystem
A A
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a) Sequential Design b) Simultaneous design c) Co-design

Figure 10. Engineering design processes

On the other hand, tremultaneous engineering design showfigure10 b) which

can be conducted with several separate subsystem design at the same time, and the
parallel design can easily accept the interchanging of subsystem options without being
dictated by the design ordf82]. This helps to expand the solution range of MEE

power system. Although there are more opportunities to find the optimal solutions in
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the simultaneous design,idt still not the ideal process for the design of MEE power
system. This is because there is no analysis or interactive communication between
subsystems design in the pro¢é2% makingthe EPS integration more complicated

and cumbersome in the final refine stagkth simultaneous design, thte integration

stage, thsubsystem compatibility tmeet the systematic lewalquirementstill needs

to be assessed

One aspect of the concurrent engineering is thdesign process, which is generalised
and illustrated irFigure10 c), commonly used in the field of Integrated Circuits (ICs)
design[64]. It refers to hardware and softwarea®sign process which is applied for
electronic systendesign such as Central Processing Un{@GPU) and software
language calesign[65]. The cedesign processs characterised by two or more
different subsystem design processes being simultaneously implemented into a
preliminary integrated platfan[66], which coordinates and supports information/data
exchange between hardware and software design g@j€erhis integrated platform

in the cedesign allowsntegration oftwo subsystems into a design synchronisation
environment andapplies the systerdevel requirementsas additional constraist
during this phas¢68]. This @nincrease the predictability of system integration as
early as possibJ@nddetermines the preliminary systems that sattsésystemdesign

goals. With more design parameters/constraattghis stage more nonfeasible
solutions can be filtered from the design spatieimising thedown select effort and
designiterations.P.Nuzzoet al. proposed a platforrbased design methodology for
aircraft electric power systems which has similar design logic oetlestgn
procesf25][69], but the thesis utilised power architecture concepts and conducted the
design with a greypox system modelling approach. This is provided a lack of

information on preliminary concept selection and optimisation.

With the concept of a edesign process, it appears that a decisive prediction can be
made for the integrated performance of the MEE power system (including architecture
features and power management strategies). This allows identification of optimal
systen characteristics that meet design requirements inetrdy design stage
Accordingly, how to preliminarily analyse the design parameters from different
subsystems on an integrated platform and manifest the features of the ov&all EP

becomes amevitabk challenge.
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Regardng an MEE power systemdesign with a large number giossibilities in
solutions, optinging the EPS with the utdation of parameterclassification
comparison in the integrated platforim the cedesign processcan be both to
preliminarily determinghe required characteristicspotentialEPS and without much
in-depth desigf theEPSat this stageSpecifically, the characteristics of the optimal
EPS that fit the design requirements can be determined by coarseiyditter EPS
prototypes that combined electrical architecture and PLM, with the help o
categorically distinguishing individual parameters of subsystems. Taking the EPS
possessing the best characteristics as the core to conduct the fine design can guarantee
the optimal performance and also the designtiumeng can be done quickly. Theyeb
reducing the time spent in the stages of detail design and another potential benefit of
using this approach is to determine the commonalities of the optimal systelagm a

MEE desgn space.

Similar coarse selection concept is commonly used in imaging processes / machine
learning algorithm$§70][71], it canacceleratdilteringal ar ge setsol ut o bo\y
version candidates, atltendownselectomor e o6 f i ner dingtoachieve d at e s
the size reduction in the design spac®wever, no relevant literature has been
published on the use of parameter classification comparison to optimise the
characteristics of MEE power systems.order to define the EPS framework in the

early stage of the edesign process, this paper proposes a selection method with
comparison of parameter to optimise ti@aracteristics of MEE power systems, but

this may involve the implementation of interdisciplinary knowl¢dgg

ForanMEE power system with these two subsystépwmwver architecture and power
managementjt is a challenge to achieve all design requirements of both subsystem
at the same time. After revieng the literature of systesengineering and engineering
design process, the search space alesign design is greater than that of sequential
design, and the subsystem will not dominate another subsystem in-tesigo
process. However, when utilising the logic ofdesign to ealuat the subsystems at
the same timeit may expand the already huge design space of MEE following
challenge is thathe compatibilityand complementaritipetween the two subsystems
still require to be maintained whitapidly reducing the design space to a manageable

level
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2.5.1.1ThelntegratePlatform of CedesignProcessfor Other Applications

It would then be a follow up challengen how to actuallycoupk both MEE
architecture and PLM become to a combinatibne integrated platform in the co
design allows He integraion of two subsystems into a design synchronisation
environment andisesthe systerrlevel requirements (the constraints that related to
both subsystems) to be additional consteamthe analysis of this platfori®8]. The
co-design process can minimise the search time in iterationsl@andselectthe

feasible solutions efficiently.

An integrate platform that haa coarse filteringprocessan effectively identify the
appropriate and feasible systematic features and realise the overall design coordination
for the complex system. Therefore, the-d@sign process seems to be the most
appropriate design process fitre MEE power system (includingpoth design of

architecturalesign andPLM strategy).
2.5.1.2TheCo-synthesidProcessof Co-design forOther Applications

The cosynthesis process is a tdpwn system design approach and is a joint
implementation for the designed subsystétBthat is commonly used in ICs and
embedded systemA.high level of cesynthesis procedure for an embedded system is
illustrated inFigure 11, which presents a process of simultaneously designing the
software architecture and hardware archite¢8®¥73][74]. In embeddedystem
design, individual parts of the embedded system are specified and partitioned.
Hardwaresynthesis is the process of transforming hardware design into-fegelte
netlist (this is a description of the connectivity of an electronic cijciait realising
specific functionalitiesand software compilation is the generation of the code that can
be executed on the hardware.-§mthesis attempts to integrate the hardware and
software design paths by the refinement platform, increase the interaction between the
hardware and softwareesdelopment, and unify the design sgé&é¢ This avoids a
sudden complete integration, which may not achieve optimal systematic functionality
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Figure 11. Co-synthesis procedure of embedded systej®8] [73] [74]
at the last phase of the design prodéé$ The cesynthesis process emphasises that

hardware design and software design use an integrated platform, which demonstrates
the overall system performance during the system evaluation. This synthesis stage can
be a suitable slot for conducting the sheddfactor analysis in MEE EPS design.
Moreover, the principle of the esynthesis process is to match the requirements of
MEE design such as the incorporation of
intersystem dependence between the power archiéeaind PLM throughout the

design.

Similarly, the optimisation of system performance by synthesimgPSof MEA,

then a specific evaluation method combined with a research technique has also been
mentioned in recent literature.. Recaldeet al. hasproposed anathematicabased

design framework with the potential to synthesise MEA EPS architectures to meet a
set of safety specifications to supply critical loads in fault conditioredditional, A.
Recaldeet al. use the mathematical modwrich as MILRcombined with a reliability
analysis to optimise system performgb&g.

This thesisbelieves that when establishiag MEE power systenthe design logic
behind the calesign can be consulted. The value referred to is that the process of co
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design could design subsystems both independently and when designed early to meet
the requirements of the intersystem design, thereby enhancing the intersystem
depenénce between power architectarelpower managemettiroughout the design
processin practie, althoughthe concept of calesign process can be consulted for
the MEE power design, the newly proposed PM strategy/control approach and the
newly proposed component/subsystem of the architecture mdsslgged such that
latercompliance withdedicated aviation standargpossiblee.g.DO178(Software
Considerations in Airborne Systems and Equipment Certificedioth DO254Design
Assurance Guidance for Airborne Electronic Hardyaiiéhe MEE requires the
features of a calesign process tooordinate the design needs of M&E power
system. However directly copying from the IC circuit design process would not be
feasible.Hence, Chapter 6 wilbresent a proposedesign process for MEE power

system.

2.5.2. Justification on Mathematic-based vs Knowledgéased

DesignApproaches

Unlike the engineering design process, which is a design path for system
design/development, case study design/mathematical programming methods is the
patterns of design methods/todhe types of design approach may also influence the

system design evaluations and the designer's understanding of MEE power system.

There are many research methodologies can be employed to investigate the design of
MEE/MEA power systenandsubsystems, one of the approaches is the implemented
mathematical optimisation to solve the mualkijective problemg11][13][25][59].
Mathematiebased desigrequires problem formulation, design functions and program
constraintsWith extensive work in muHlbbjective optimisation problem (minimising
mass and redundancy, maximising the reliability and power generation), this type of
formulation can produce Paretimnt set§75]; which still require further analysis to
select the best traddf. Indeed, feasible numerical solutions may be capable of
defining the optimised architecture layout. However, mathematical optimisation has
advantages on optimising individual and more specifically detailed architecture
candidate, but it lacks flexibility irchanging the mathemadic constraints and

functions that already have been initially set, which needs to restart the programme
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again. Moreover, the mathematical programme works in an abstract level of design,
all the search paths amompletedby mathematial tools and shows no visual
development of the power architecture. Even though the designed power architecture
is optimal solution, the user may not be able to understand the system performances

and functionalities of the optimised architecture.

The alternative,knowledgebased approachs driven by design assumptions,
engineering expertise and white box environmental analysis; this method can only be
easily implemented if the engineer have relevant knowledge. Contrary to the black box
method, white box testinghows the knowledge of the internal design of the
application and analyse tipower systemduring the designCombined with visual
diagrams, the causes of uncertainty in design carurmkerstad by usingthe
knowledgebasedmethod This will greatly contribute to the integrated phase of MEE
power system design. The white box enmirent enables designeraitaderstand how
power system architectusge developedAccordingto that this thesisbelieves that

the knowledgeébased design method is more suitable for the desfigEE power

system
2.6.ChapterSummary

From the literature review of the background and current situation of MEM&ikt]
it is pointed out thaMEE is at the conceptual development level and is a potential

solution for the next generation of MEA.

However, the current literature does not specify standards or detailed metrics to guide
designers to developMEE power systems. Although some different power
architectures are proposed for different sizes of MEE, there is no paper to describe the
basic characteristics of MEE requirements. Although many subsystem designs have
been developed arouMdEA/MEE, such as power management algorithms, efficient
generators, and power electronic devices. However, there is no suitable design process
to design the wholadvancedMEE power network, and there is no test platform to
evaluate the comprehensive performance of MEE power architecture. Thett@fore,
thesiswill first provide a baseline model and a series of design ruledEd power

architecture for aamdemic and industrial research.
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Moreover, by reviewing different types of engineering design processes, collaborative
design process flow logic may be a potential solution to realize complexity and
interdependency between systems. Different from the sequential design process,
collaborative design will be able to design subsystems in parallel. There is no design
domination between subsystems, and the original design space will be expanded,
giving more opportunities to maximize the boundaries of the design space. In addition,
the collaborave design process has an interface / integration platform, which is used
to evaluate the integration performance of subsystems in the preliminary design stage,
early evaluate and screen feasible solutions, so as to further refine the detailed design.
This can save a lot of time in the development of the eMiE&E powernetwork At
present, there is no literature research on this direction. thiésswill propose a
design project that can provide an integrated platforrMi6E power system in the

early $age of design.

After the candidates of MEE power system are generated,-thesognprocesshould
also downward select and optimize all candidates. Therefore, in the joint design
process stage, it is necessary to effectivelgrfitome inflexible and ovetesigned
MEE candidates.With this advantage, theco-design process conceptan be
implemented in the V diagram of ARP 47% support the desigof the system
requirementdesignand verification (noin the phase aftem/componentevel design
and allocation) Therefore, his thesiswill propose an evaluation method to optmi

the availability of the system and theconfiguration of powedistribution
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Chapter 3.
Pre-design Reliability and Weight Analysis for
MEE M ultiple -Channel Power Architecture

3.1.Chapter Overview

To date, single or dual channel electrical power generation and distribution systems
have been used in engines and aircraft. However, with the increasing electrification of
flight-critical engine auxiliaries along with the requirement for greater loadféan
flexibility, a threechannel or multiplehannel architecture should be considered.

This chapter firstly explores the probability in the different combinations of the MEE
architecture. The potential electrical devices that may be suitable for acimardinel
architecture were then reviewed. The characteristics and features of thoseatlectr
components such as generators, busbar topologies, converters and loads are
highlighted. With reasonable assumptions in technologies of MEE and MEA, this
chapter then presents the jolesign analysis that includes reliability analysis and
weight compason for the literaturgoublished MEE architectures, such as the
variations of dual channel MEE power architecture and three channel power networks;
and explains the differences between the dual and three channel MEE power

architectures in mukcriteria design.

Those key outcomes that obtained from this chapter can be used to evaluate the
insightful considerations of the baseline power architecture design of MEE (content of
Chapter 4).
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3.2.Investigation of Dualchannel and Three-channel Power
Architecture for MEE

Currently, duaichannel electrical power generation systemensployedon most
aircraft engine electrical syste[@8][76]. A singlechannelMEE power system will
have a higher risk of am-flight shutdown, as the singleghannelelectrical power
system has no redundancies in case of component failure and may not be sufficiently
reliable for sucha flight critical system.Therefore duatchannel and threehannel
systems will be considered for MEE applications to attain the desired level of

redundancy and load management.

32.1. Dual Channel Architecture

In a dualchannel electrical architecture, bathannelswould share the supply to
essential loads, improving the reliability and flexibility of the system. For a dual
channel architecture, each one of the essential auxiliary systems of the engine would be
conducting with two feeding lines. At tleametime, each of the twahannelswill

supply and distribute power t@riousnon-essential loadsn the abnormal situation of

a single fault or a minor power system failure, the -@hannel architecture shaube

able to isolate the faulted section of network and shed thesssntial loads to ensure

continued unrestricted supply to critical loads, facilitating safe flight.

3.2.2. Three-Channel Architecture

The concept of the threzhannel architecture hé&en proposed in accordance with
the increasing electrification requirements of the MEA/MEE auxiliary
systemf31],[76]. In a dualchannel architecture, two main engithéven generators

are typically employed. In the case of thidmnnel electrical architectures, #dra
power source cabe obtainedrom adifferentshaft which wouldbperate in isolation
from the two remaining power sources. The main advantage dhtbechannel
system ishigherreliability of system operation, as well agherlevel of flexibility

for load management during normal operating conditions. With a minor or single fault
scenario, a threehannel architecture should allow the isolation of a failed channel

section while maintaining a nanterrupted supply to all essential loads.
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3.2.3. Potential Features of Mult-Channel System
This section is used to describe tlayout of the multchannel electrical architecture

and its potential features. The following sectaw@iinesthe layout of the architecture

as:
1. Power generation: generators and storage used to supply electrical
power.
2. Voltage levels of the entire potential electrical power system.
3. Feasiblebusbar topologies.
4. Critical electronic components: ATRU, rectifier and inverter.
5. Essential MEE loads, such as fuel pumps, oil pumps and thrust reverser
actuation system.

3.2.4. Potential Generation/Sources in MEE

Some currenMEA desigrs use two variable frequency AC synchronous generators
per engingd8]. This typeof generator is able toperate at a frequency range of 360Hz

to 800HZz[77]. In order todistribute the power from thgeneratointo an AC bus of
230Vac at 400Hz, a power electronics component such as an active coiwegeded

at the busbar terminals. Additionally, a generator control unit (GCU) may be required
to supervise the generator and converter and to supptetthi@alvoltage regulation.
Figure 12 illustrates the different types of generator system that Ipeaytilisedin

MEE designs.

Wound field synchronous machines or permanent magnet (PM) machines are
commonly proposed for the starter/generator in aircraft endin®g although
switched reluctance technologies have dlsen consideredThese machines may
either be gearbox driven from the main spool or directly embedded within the engine
to facilitate the removal of the associatghr boxcomponent81], [42],[79]. Given

the wider speed range of the LP shaft in comparison to the HP shaft, the associated
generator typically requires a power electronic conversion stage to achieve a network
compatible output voltage and frequentgblel shows candidate generator designs

for an MEE system. PM and SR technologies show good promise, although the entire
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mass of the system, including gearbox and electrical filtering components néeds to

consideredvhen making technology trades.

WAL -

Engine Gearbox Converter
shaft
230Vac
400 Hz
a) Variable Frequency (VF)

synchronous generator system

A Toees

. tion —
Engine I garbox i Converter ——
shaft \ , —

b) PM generator system 230Vac
: * ¥ 400 Hz

Figure 12 Different types of MEE generator system

Table I. Candidate generation source for EPS architecture design

Converter ) ) GCU
Generator type . Power rating Gearboxrequired _
required required
Yes;
Wound field | DC or Yes, accessory
250kVA Yes
starter/generat \ ~_100Hs gearbox
operation
PM Yes, coupling with
Yes 250kVA ) No
starter/generat an integral gearbo
Switched
Reluctance |  ves 250kVA Optional No
starter/generat
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3.2.5. Potential Energy Storage Systenfor MEE

Energy storage systen{&SS) provide an emergency supply of electrical energy
following an unexpected loss of power from the generatdigh voltage battery
systems are being proposed for MEE applications, with the auth@drs]iproposing

a battery bank interfaced directly to a 283WVDC bus through a bidirectional BC

DC converter. Lithiurdbased battery chemistrieme commonly consideretbr
MEA/MEE applications owing to their higher energy density, higher power efficiency
and lighter mass than the nickehdmium and lead acid battery technolod€y.

3.2.6. Potential Voltage Characteristics andLevelson MEE
Multi-channel electrical architectures could potentiaitifise different operational
voltage levelsand frequencies throughout the network. Often, power electronic
converters are required to provide a systaterface between these disparate points in
the network, for example, between thaput of the generators and the main distribution
bus. All the electrical loads across #igrame,would typically be fed byan 115/230V
ac distribution busbar (with further voltage/frequency conversion taking phatieeo
airframe power architecturfg1]. In thissection it is assumethat an airframe requires
each generator interfaced with an active converter to supply a dedicated gebesation
so that orengine loads will have a minimum impact on the supply quality of airframe
loads As a consequengcé¢he onengine HVDC busbars required to supply the
essentialauxiliary engine loads, are interfaced via passive converters, i.e. Auto
Transformer Rectifier Units (ATRU). Due to safety and weight driy8&, high
voltage/low current ratingsre utilisedor auxiliary loads where possibledditionally,
the location of ETRA, which requirdenger cable feeds, may encourage the use of
HVDC distribution in order to reduaeable weightTablell shows candidate voltage

levels proposed for the electrical power structure for MEE.

TheexistingMEA (e.g., B787) engines are constructed as acheahnel AC to HVDC
architecture. To maintain consistency across weight comparisons and with limited
public data, this subsection presents a ruwilteria design analysis (evaluation of
weight and system sulypreliability) for the dual and three channel AC to HVDC

distribution architectures.
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Table Il . Voltage levels of candidate MEE EPS architecture

Voltage level Sections Power Outgoing to
VF/CF to 230\c¢ Power Generation 1 Main distribution bus
230Vac o 1 Fuselage loads
Main distribution bus
400Hz 9 HVDC distribution bus
+ 270Vbc HVDC distribution bus | Engine auxiliaries level
1 Oil pump Motors
. . 1 Oil scavenge pump motors
115Vac Engine auxiliary systems lev
1 Fuel pump motors
1 Actuators
1 Energy storage
28Vpc LVDC level & J
1 Fuel ignition

In other words, using thatuitiveness and measurability of the existing data of the AC
to HVDC architecture to reflect and derive the feasibility of a ralinnel full DC

architecture.

After all, AC to HVDC distributed architecture may require more power conversion
equipment and may be heavier than a full HYDC distributed architecture, so-a trade
off study of AC to HVDC distributed architecture actually maps the bottom line in
terms of MEE power supply architecture design. If the three channel AC / HVDC
power architecture all has certain advantages in the comparison, there will also be great
confidence in the design feasibility of the full DC power architecture.

3.2.7. FeasibleBusbar Arrangement in the MEE Architecture

The busbar configuration within an MEE system is essential to maximising load
management flexibility and architecture redundawtyist minimising weight. This
section presents candidate MEE busbar arrangements, which are further analysed from

a reliability perspective later in thater section

Each ofidentified busbar arrangements below has a unique set of advantages for
aircraft EPS architecture. Note thhé singlébusbar arrangemeist not considered in
this section as it lacks flexibility and reliability for theystemredundant operation

[83]. If any component in the single bus arrangement fails, the distribution system will
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be unable to remain operation&élence, thissectionwill focus on more advanced

busbar arrangements suitable for fiight critical nature of the MEE power system.

3.2.7.1Sectionalised Bus

The sectionaliseldus is a commmbusbar arrangement thatused iraircraft electrical
systemd84]. It divides the electrical system architecture into individual channels by
using contactorsto separate the busbar into individual sectidfigure 13. Three
channel architecture with sectionalised bus arrangestemws an example of the

threechannel architecture for MEE withsactionalisedbusbar.

The arrangememill significantly have a higher overall operational reliability than a
single bus arrangement. Under normal operating conditions;athi&ctorson the
sectionalisedbus will be in an open statéhis allowsisolated operation of individual
channels so that the occurrence of a single electrical fault will not disrupt the supply
to all channelsUnder abnormal operating conditions, for example, after a fault has
occurred and the failed component of network section has been removed by protection
device opeation,[83], the system will be reconfiguréd accordance with dedicated

power management strategy to restore power flow to as many loads as possible.
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canverter converter converter

P - L | Loads

| [ Generation bus i A | t
}__[ |__L 3 1 layou
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T T T :—

Passive Passive Passive
converter converter converter

I

.| Energy
1 storage/
Batteries

Figure 13. Three-channel architecture with sectionalised bus arrangement
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However, if failures exist in multiple sections of the architecture, then maintaining the
functionality of the electrical system may become unfeasible. Consequently, non
critical load shedding may be necessary to maintain the continuous supply to essential

loads.
3.2.7.2Ring Bus

A ring bus configuration is a commonly used topology in shipboard electrical
distribution systemandit is commonly configureavith sectionalisingoreakerg85].

Load bus/ DC
primary bus

| i\‘\ ~~~~~~~~ Engine
) ) 4 =" 3 Load
Adive Active Adiive = 27| layout
Converter Converter Converter N
/’,‘\
B/SSPC f— _j,’:,’ \\\
N [>4~~--_ .
closed N % % B -2 Energy
_| L I |l il I storage
! 1 H Generation bus £
|| || I
/l I 11 11
CB/'SSPCopen ‘ L, Airframe
> connection
AL AL
T T
Passive Passive Passive
Converter Converter Converter
N N R
= = x

Figure 14. Three-channel architecture with ring bus configuration

Figure 14 illustrates an example concept of a thebannel MEE architecture
adopting a ring bus topologh an example of a ring bus arrangement, a power source
supplies a feed bus. This feed Imihen connecteid two receiving buses respectively,
with contactorsin place to provide the necessary isolation between buses. The
electrical loadsre suppliedrom the receiving buses. The physical location of the ring
bus is flexible, forexampleit canbe mountedaround the shape of the engine. From
the three receiving buses, power feeds intatiieal engine loads such as the electric
oil pumps for engine lubrication system, fuel system and ETRAS can be established.

The ring bus configuration contains redundancy for each critical load suppeal
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result,a first-orderfailure such as an active fault or breakdown of insulation in a CB
will not causethis configuration to fai[83], which should significantly increase the
flexibility and reliability of the power flow to critical load$he main disadvantage of
the ring configuration is the limitation of circuit positions; six bus terminals would
usually bethe maximum for a ring bus topolod86], as alarger number of bus

terminals could increase the difficulty ofcenfiguration.
3.2.7.3BreakerAnd-A-Half with Sectionalised Bus

The BreaketAnd-A-Half (BAAH) busbar arrangement contains two parallel busbars
that are connected by several conducting Ip8%k This concept halseen developed
for power substatiorand shipboard application$83]. In each conducting bay,
interconnections to either upstream sources or downstream loads can be Atilised.

example threehannel BAAH network configuratioils shownin Figure15.

Threecontactors are typically employed in each conducting bay. One of these is the
main tie CB, which is located in the centre of the power line. The tie CB can contribute
to either the connection or isolation of both lines in the conducting bay. The other two
contactors facilitate the connection or disconnection of power from the corresponding
upstream and downstream buses. In this manner, the BAAH busbar topology ensures
that each of the distribution lines is protected by two contd8tgrE2],[83].

The BAAH configuration can provide a high level of EPS redundancy for MEE
applications. By using sectionalised contactors on the two parallel busbars, channels
can be completely isolated under the normal operd@®h However, the increased
number of electrical components may cause higher maintenance cost and system
weight. Similar to a ring bus arrangement, this configuration is resilient to a single

component failure.
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Figure 15 Three-channel architecture with breaker and a half bus configuration

Each of the example busbar arrangements presented in this section utilise only a single
type of bus layout for thentire EPS architecturélowever, a combination efarious

busbar topologies could alé@ considered for an MEE architectuF®r example, a
particular design could employ lagh-reliability BAAH configuration for 230Mc

main distribution, while at the same time utilising a ring bus topology for HVDC

distribution. In this combination, thmimber of contactonstilised is reduced.
3.2.8. Potential Power Electronic Converter Technologies in MEE

The choice of power electronic converter technologies for MEE architectures directly
affects the design process. The following subsections present candidate power
electronic converter technologies for MEE architectures.

1 PassiveConverter

The AuteTransformer Rectifier Unit (ATRU) provides unidirectional AC/DC
power conversion between the main ac distribution and DC primary distribution.
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The multipulse conversion consists of an atremsformer and full wave rectifier

diode bridges.

M1 Active Converter

Due to the increased electrification of the systems on the MEfie power
converters maylso be employeth the MEE/MEA electrical architecture. The
AC/DC and DC/AC converters thate locatedt generators are used to stabilise
the system frequency and output voltage. SeparatoBXCT inverters cate used

for essential passive and motor loads on the engine.
3.2.9. Critical Loads in MEE
In MEE architecturesa fewpotentialcritical electrical loads include:

1 The engine fuel feed systemhis would typically include at least one booster
pump to draw fuel from the fuel tank, to increase the fuel flow pressure and inject
fuel intocombustiorchambe[8].

1 The engine lubrication systerhis would typically feature at least one pressure
pump to supply engine oil to lubricate mechanical components, several scavenge
pumps to return the used oil to the oil filter system, and an oil breather pump to
clean the used engine oil.

1 An electric thrust reverser actuation System (ETRAS)s typically features two
upper actuators, tweenteractuators and two lower actuat¢d3].

By way of example, the fuel and lubrication systems fowia-enginecommercial
aircraft have been estimated to be rated at approximately 75kW and 20kW respectively
[28]. In addition thefull operationETRASdemanchas been estimated 35kW[28].
However,adetaiked assessmeaot identifying the critical loads in MERower system

can beconductedthrough Finctional Hazard Assessmen{FHA) and Preliminary

System Safety Assessment (PSSA).

3.3.The Methodologyof EPS Reliability Analysis
System reliability analysis ia critical pre-process stage fdahe systendesign and
developmeni88]. It canbe perceiveds a fundamental safety assessment process for
the system design. Thanalysis performed in thisectionpredictsnumericalfailure

rates from the estimated systdesign Basiccomponent failure rates can be obtained
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from the public domain or determined from first principles using standard failure rate
data handbook{89].

One patrticular system reliability analysis methisscribedn SAE ARP476190] is

Fault Tree Analysis (FTA)Thisis considerecisa deducidiowe,0 RAPEP oac
[76][87]. FTA is a qualitative model that involves thackwardssteppingprocess to

determine the relationships between the-sygiems (lower levels) and the top event

[91]. In terms of FTA, the top event is a system failure event which is the beginning

of the faulttree,and is the scenario to lamalysed92]. The main advantage of using

the FTAtechnique is that it displays the system relationships in a structured manner,

and is also suitable for the analysis of both large and small syf8m&eliability

analyses carried out faircraft systems are often done so with regards to aircraft

system failure classificatiojg6], [89]. Theseare summarisebelow.

1 Catastrophic failure conditions should be deemed to occur at a rate of less than
1x10° per flight hour. This failure condition is representative of a loss of an

aircraft.

1 The acceptable maximum rate for hazardous failure conditions is betweeh 1x10
and 1x1@ per flight hour. This failure condition representsignificantloss in

functionality and safety of aircraft operation.

f The acceptable maximum rate fomjorfailure conditions is between 1x¥@nd
1x107 per flight hour. Themajor failure condition results in a significant
disruption to aircraft systems and representsgaificant increase in operator

workload.

f Minor failures are permissible to occur at a maximum rate of between®Bxt0
1x10° per flight hour. These failure types represestrall reduction in system

functional capabilities.

In addition according to the European Union Aviation Safety Agency (EASA)

Certification Standard G35 [94], essential loads on aircraft should have at least one
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alternate source of power. This requirement encourages the eiieeofdualchannel

or threechannel architectures for MEE applications.

3.4.MEE Architectures Trade Study
This section presents three trade studies of six MEE EPS architectures, comparing
reliability and mass. The first trade study is only focused on busbar topologies (either
for HVAC or HVDC) and defines the failure rate associated with the complete loss of
power transfer through the busbar. This trade provides the necessary busbar failure
rates for the second and third trade study presented as well as giving insight into the

unique strengths and weaknesses of each busbar configuration.

The second study presented assesses the rate of complete loss of supply to the HVDC
essential engine load bubhis study assumes that each of the concept architectures
features generation supplying a 23@\bus configuration, which then supplies a
downstream HVDC bus, to which the engine loads are connected (similar in concept
to the architectures illustrated earlier). The detailed features are described in more

detail later.

The third trade study culminates by considering the rate of loss of supply to each and
any of the essential engine loads. As a result of the dataset assumptions and
simplifications, the study results are representative at this stage, and indeed represent
only a small subset of the potential architecture permutations. However, they are still
useful in showing the impact dfey architectural features on system mass and
reliability. The failure rate of each component per flight hour is extracted from
[90],[91] and is shown iTablelll. The weightof each architecture is also estimated

by summing the predicted component weightblelV provides a summary of their

key characteristi¢81], [95],[96]. The total generators mass was assumed as two geared
PM generators and one ungeared PM generatdhfeechannel architecture design;
three ATRUs were considered in each channel of the-tiraenel system. Likewise,

two geared PM generators were implemented in acheinel architecture, and two
ATRUSs for dualchannel EPS.
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Table Il . The component failure rates on a general EPS architecture per flight hour

Electrical Component Failure rate per flight hour

Generator (VF) 1.3x10°
GCU 2x10°

Cable 2x10°

ATRU/ TRU 7x10°
Battery discharged 2x10*4
Busbar 1x107

Circuit breaker, contactor, switch 3x10°
Rectifier/Inverter 2x10°
Position sensor 4x10°
Control signal 1.3x10°

Table IV . Mass data of electrical components for candidate MEE EPS

Location of the
i Mass
Component architecture Rating
. 161.2kg |191.4kg
PM Generator Generation 250kwW (geared) | (ungeared)
Threephase
ATRU 230Vac to * 250kW 100kg
270Vpc
Generation outpu
- 10 230VAc 250kw 28.7kg
Rectifier/ Feed into load
Inverter +270Vbcto 115 | 160kW 28.53kg
Vac
Contactor Generation bus | 230Vac 5kg
Contactor Load bus 270Vdc 035kg
CB Generation bus | 230Vac 0.78kg
CB Load bus 270Vvdc 3.23kg
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34.1. Trade Study 1: Loss of Power Transfer through Busbar

Figure 16 shows the estimated weight and reliability edch of the six busbar
arrangement concepts considerBgiery busbar layout has a unique probability of
failure, which relates to the associated
of the physical layoufThe weight figure of each busbar topology concept is included

both weight of HYDC busbar arrabngment and the weight of AC busbarranginent.
comparison of busbar arrangements is requitedproperly characterise this

redundancy/failure rate tradehe six MEE EPS architectures considered were:

1 Dualchannelsectionalisedbus configuration

1 Duakchannel, ring bus configuration
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Figure 16. Busbar failure rates and weight

48



Duakchannel, BAAHsectionalisedbus configuration

Threechannelsectionalisedbus configuration

= = =4

Threechannel, ring bus configuration

1 Threechannel, BAAHsectionalisedbus configuration

FromFigurel6, it can be seen that rate of failure for the loss of supply from the HVAC
busbar arrangement lies within the acceptable limits for catastrophic failure for all of
the architectures considered. Furthermore, the 4tlaanel BAAH architecture has

the lowes rate of failure but is also the heaviest option considered. The increased
number of components results in an increased expense while at the same time switch
relaying in BAAH may become complicated. The thobannel ring bus architecture

has the seconaWest failure rate, but is approximately ttvords the weight of the

threechannel BAAH architecture considered. In terms of weight,-¢hennel

1500 : : : : , 1010

310_11

£
@
o
2]
' 3
,510-12 8
1000 i S
o) b 74
~ o)
= | sraerS
=) i z
2 g
2] 4014 2
o 110 [5)
o 2
500 - 8
:j10'15 1
! 2
o
o
;10'16 =
] =
w

0

X\

X

o°
od\o
N
A S

Figure 17. Reliability of power distribution architectures
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architectures are understandably all lighter than the equivalent-dhaeael

architectures.
34.2. Trade Study 2: Loss of Supply to HVDC Load Bus

For this case study, failure rates of generators, ATRUSs, cables, contactors and an
estimated busbar arrangement are accounted for. The top event of this FTA is focused
on the catastrophic failure mode of a loss of supply to the HVDC critical load bus, Six
architectures were again evaluated, with the results showigure17. Also, Figure

18 shows the example of a dugtlannel distribution system FTA.

Because the failure rates of the generator and ATRU dominate the overall system
failure rates, there is a lesgnificant difference between the architecture types,
although the effect of the number of channels is notable. Additionally, it can be seen
that both dualchannel and threehannel architectures are within the boundaries of the

standard failure classification.

Power lost uptothe
DCLoading bus
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distribution system discharged

O

Both ATRU
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failure
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Figure 18 Fault tree analysis of the distribution system of MEE with a Dualkchanne
architecture, executedby Mobius software [58]
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3.4.3. Trade Study 3: Loss of Supply to any Critical MEE Load

For this case study, the top event is the loss of supply to any single critical MEE load.
The results of this study are presented@ableV andFigurel19 shows the Fault Tree
of a dualchannel MEE EPS with the essential loads in MEE.

One of the critical load of MEEfailed caused by
complete power lost

Hedtrical failure of
Hectrical failure Bectrical failure ETRA
of fuel pump of oil pump
No supply from dual
channel load supply .A” ERA
inverters
failed
ETRA ETRA
Inverter 1 Inverter 2
failed failed
Power lost in dualg
Ll ONE®
Both AClocal ot Bothlocal
cablesfailed - (Bsfailed
failed
}{ R R Al ACcables n dﬁl;(&fairlgze | Power lost uptothe
Gable1 cle2 | [ mverter | [ inverter2 |[ Local B1 | [ Local B2 failed rashaid DCLoading bus
failure failure failure failure failed failed

coocoood Qo

Cable1 Cable2 3B1 B2
failure failure failure failure

O O O O

Figure 19. Fault tree analysis on power flow of the essential loads section of MEE with a Dt
channel architecture,executedby Mobius software[58]

The estimated duadhannel load system failure rates for this condition exceed the
acceptable rates as defined in-2% As a result, the reliability of a dual charE#S

may require some design improvements. On the other hand, when the load systems are
configured within a threehannel EPS, the associated failure rate is more acceptable,
although it should be noted that the failure of the loads themselves is still not accounted
for.

The estimated duadhannel load system failure rates for this condition exceed the

acceptable rates as defined in-2% As a result, the reliability of a dual char&&lS
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may require some design improvements. On the other hand, when the load systems are
configured within a threehannel EPS, the associated failure rate is more acceptable,
although it should be noted that the failure of the loads themselves is still nat#cto

for.

Table V. Essential load failure probability comparison between Duathannel and ThreeChannel
architecture

Top event
per flight hour Failure rate per flight hour
Architecture (one of the MEE
layout functions  IFSD Oil electric
caused by ETRAs Pump or Fuel
electrical power electric Pump
system)
Dualchannel
_ 7.3042x10 1.3014x16 3.0014x10
architecture
Threechannel
) 1.9939x10°3 4.311x10" 7.814x10
architecture
3.4.4. Case StudyDiscussion

Section 3.2has reviewed a range of muttianneMEE architecture concepts, busbar
configurations and associated underpinning technologies. It has provided a
guantitative comparison of these architectures in terms of estimated supply failure
rates and system mass. Of the architecture concepts considetiethatieed bus and

ring bus topologies showed a favourable compromise of reliability and mass, whilst
three channel configurations appeared to be attractive for attaining high degrees of

system reliabity.

Although the characteristics of mutthannel architecture are explored and
summarsed, the root problem is how to determine if then multi-channel
architecture can meet the design requirements of MEe design rulesan be

provided forMEE system which can effectively determine the design intent of the
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power architecture, and will form the baseline maithelt meets théVIEE design
requiremerd Based on this baseline model, candidate architecture solutions are
adjusted to better accommodate specific device reliability through careful architecture

design while further mininging overall systenmass

Furthermore, through the tradéf study on the weight and power supply reliability of
AC /HVDC power architecture, it reflects a high degree of confidence in the feasibility
of the design of three channel full DC distribution architecture of MEE powégray
Hypothetically, the full HVDC system should be lighter than the AC/HVDC
distributed architecture, and they both have the similar power supply reliability if same

number of generator and channel is used.

In Section 3.3 and onwards, the analysis of certification requirements of the MEE
baseline concept and assumptions around operational functionality, a range of design

rules and guidance will give for tlierivation of a BPA concept and key systems.
3.5.Chapter Summary

This chapter reviewed a range of multiannel EPS architecture concepts, busbar
configurations and associated underpinning technologies. It has provided a
guantitative comparison of twechannel and threehannel architectures in terms of
estimated supplyailure rates and system mass. Although these two types of power
architecture are often mentioned and recommended in the current literature, there is no
comparative study on their weight, power flexibility and power supply reliability. Of
the architectureconcepts considered, ring bus topologies showed a favourable
compromise of reliability and mass, whilst three channel configurations appeared to
be attractive for attaining high degrees of system reliability. The overall result
indicated that heavy powarchitectures may not all have a good standard of system
reliability, but power architectures with high reliability are relatively heavyweight.
However, the flexibility between power channels can provide better reconfiguration
performance for MEE systems.

With more key characteristics and important operating performance of the MEE, it
will develop toward a threehannel, high rated power architecture. This result defines
a design direction for the baseline architecture of the MEE power system. To better

acommodate particular equipment reliabilities through careful architecture design,
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whilst further minimising overall system mass, additional research is required to
further explore the certification requirements and operational functionality for the
MEE power architecture. Therefore, a range of design rules and guidance shall give

for the derivation of a Baseline Power Architecture (BPA) concept and key systems.
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Chapter 4.
Design Rules and the Baseline for MEE

Multiple -Channel Power Architecture

4.1.Chapter Overview

The evaluated result of Chapter 3 shows that the published MEE power architectures
have not been fully clarified in terms of design requirements matching. Whilst a range
of MEE architectures exist in the research literature, no effective baseline auchitect

or standardised feature identification has been proposed to specifically address their
unique design requirements. Accordingly, any underpinning technébogged
research for critical MEE subsystems may ultimately have a reduced effectiveness

withoutthis credible baseline.

Based on comprehensive design analyses, preliminary design requirements and
anticipated operational modes, this chapter captures and defines key design rules that
should be considered in the formation of a baseline MEE electrical power system
architectureconcept. Guidance is provided on features such as the number of power
generation systems, the number and topologies of distribution channels, type of power
conversion, essential load redundancy and the location of emergency power supply.
This chapter alsprovides full transparency of the design process so that key decision
points can be revisited to capture applicapecific requirements and updates to

certification requirements.

Whilst conventional aircraft and engine systems certification standards (such as CS
25/CSE [3]) provide clear guidance on the design requirements for conventional

engines and aircraft power systems, there are no established certidratem
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requirements directly applicable to MEE designs y&bme preliminary design
requirements for MEE systems have recently been proposed in the literature [4], but
these are limited to a subset of MEE design featéésough EASA recently issued

the design specification for EVTQQ7], the concept of EVTOL has the fundamental
differences to MEA/MEE; which cannot be directly referehitem it.

In addition, the design space for the MEE electrical power system architectures is vast
because of the potential for multiple power sources, expected need for redundant
supplies to critical loads, and the significant range of potential technologiestifét c

be empl oyed. The combination of these f a
architecture from which to incrementally evolve new architectures from, means that it

can be challenging to derive and deselect candidate MEE architectures.

There is a clear need for a credible MEE baseline power system architecture concept,
which provides all necessary key features for later certification compliance, and
focusses on solution sets which are already tailored towards weight, efficiency and
reliability goals. From this baseline, further applicatgpecific design revisions can

then be undertaken during later stages of the design and optimisation process. In
addition, the process for establishing this baseline architecture should be captured such
that updates to standards/application requirements or technology breakthroughs can

quickly be incorporated into a revised baseline architecture.

Accordingly, this chapter proposes design rules to enable the establishment of the first
generic MEE BPA concept. The scope of MEE BPA concept is determined by design
criteria relating to the quantity of generation sources, minimum architecture
redundancytype of power conversion and distribution, essential loads redundancy and
emergency power suppliesd rol es. Il n this
architecture which eliminates a range of infeasible and overdesigned concepts at an
early stage the design process. The focus of chapter is on the configuration of the
power network and connection of key components. Discussion of voltage and power
levels is highly system and loagecific and as such, is not captured here. In addition,
full transpaency of the preliminary design process is provided, facilitating subsequent
revisions to the candidate MEE architecture in order to capture applispigaific

requirements.
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It defines the design scope of different aspects of MEE electrical architecture, such as
the number of generators, the number of electrical channels, the application of
emergency power supply and the improvement of power independence. According to
the promsed design scope and recommendations, a credible baseline power
architecture has been established, highlighting the characteristics of MEE electrical

system.
4.2.Generators and Reconfiguration Considerationgor MEE

System safety is the most significant design feature for any type of a[@8hftA
summary of engine system failure rate specifications can be found in European
Aviation Safety Agency (EASA) standards documentEEfS9]. According to this,

the rate of a single conventional engine shutdown can be considered acceptable if it is
no worse that IOper flight hourfor a twinengine aircraf(the level for extremely
remote of failure). For an MEE power system, all essential loads are powered via the
electrical power system architecture. As sucis, gactiorpropose that for the baseline
architecture definition (this may be revised at a later design stage);dtitbal
electrical MEE loads should meet a stricter relipitilassification. In other words,

the loss of the functionality of these loads resulting from the loads themselves failing
or as a result of a loss of electrical power supply to these loads should be extremely
improbable, occurring at a rate of less thE®® failures per flight hour. This
requirement will impact on the baseline power system architecture redundancy levels,
and is explored further for key baseline architecture features and technologies in the
following subsectionsSubsection 4.2.1 to sulwsmn 4.23 briefly recalls a series of
analysis that already detailed in Chapter 3 in order to provides a comprehensively

reminding of the characteristics and design criteria of MEE power system.
4.2.1. Number of Power Channels

A power channel is defined in thégctionas an independent power flow path with at
least one power supply source (i.e. a generator or energy storage system) and a
distribution system, feeding one or more dedicated loads. When considering the
number of power channels to utilise within an MEE wleal power system
architecture, the impact on the reliability of the entire MEE power system should be

considered. Informing this, the failure rate for a complete loss of electrical power
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supply from a power channel to its loads can be calculated using Fault Tree Analysis
(FTA). Although a detailed analysis of power channel reliability was conducted in
Chapter 3, the importance of choosing power channels for MEE power systems still

requires to be higlevel reviewed for the BPA design in this chapter.

For example, the simplified power channel (with loads omitted for clarity) skown
Figure20, featuring a Variable Speed Constant Frequency (VSCF) generator system,

has a rate of complete power loss to the load b@s56f 10* failures per flight hour

(using subsystem failure rate data fr¢f®0]). This failure rate is calculated by
summing the individual failure rate$the main system components, the failure of any
of which, (including the generator itself, cabling, protection/contactor and Generator

Control Unit (GCU)) would cause this considered top failure event.

Employing a similar approach, the failure rate of a complete loss of supply can be
calculated for configurations with 1, 2, 3 and 4 power channels. Whilst acknowledging

1x10~* per fh

1x10™* per fh
Cable

-5
2x107> per fh ECU

Protection devic%
3x1075 per fh

Into an AC distribution bus

Figure 20. The VSCF generation system with component failure rate

that the use of different generation technologies may impact on the calculated failure
rates, these indicative values provide useful guidance on the likely number of power
channels required in the MEE BPA conc&fgith Equation (1),hese calculated failure

rates are summarised TrableVI.
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Accordingto Table VI, the failure rate oh single power channel configuratiois
clearlynotgoodenough taneetthe imposed design requirementsan also be seen

the calculated failure rates for a 2 power channel system are close to meeting the
imposed design requirement. Indeed, utilising different technologies or failure rate

Table VI. Component Failure rate and Mission Reliability According to Number of Power Channels

Numb Failure rate of| Probability of Probability of Probability of
umber
. complete complete loss ol complete loss ol complete loss of
o]
powersupply | electrical power| electrical power| electrical power
ower
g loss (perlfight supply in & supplyina 10 | supplyinab
channels . . .
hour) hours flight hours flight hours flight
1 C® fipm pg Bp 1 C® fipm o Bp m
2 o8 Bp T op €p T @8 Bp T W Xp T
3 P& Hp T X&) pp T p® Pp T & Ep T
4 o Bp m p& §p T o Bp T VY &p T

parameters may still yield acceptable failure rates. However, the use of at least 3 power
channels in the MEE BPA is necessary to provide a sufficient design margin.
Additionally, whilst fom the results presented it can be seen tha guaver channel
systen provides excellent failure rate characteristics, it provitegnmediate useful

value over the 3 channel systemless muchmproved failure rates are requirdmt

does introduce additional size and complexity to the BPA. As suidrecommend

the implementation of a@ower channedystem for the MEE BPAoncept
4.2.2. The Busbar Topology for MEE BPA Concept

The bus topology and the choice of the number of power channels each affect different
characteristics of the distribution network. Bus topologies typically have less impact

on the failure rate of total supply to the loads (where the number of power channels

5¢



the dominant factor), but they do offer different levels of flexibility in system
reconfiguration and fault accommodation. Accordingly, these should be considered
separately in the formation of the MEE BHRAgure21. Candidate busbar topologies

for the MEE BPAIllustrates the connection configuratioof a selection of common

bus topologies applicable to MEE systems, including the single busbar, sectionalised
radial bus arrangementring busarrangementand breaker and a half (BAAH) bus
arrangementOther more complex configurations also exist, but are not considered
here as thegre considered to be too complex for consideration at the baselining stage.
This figure is reviewed and summarised from the detailed analysis that conducted in
chapter 3 and helps to define the necessaries of busbar arrahf@mé@BE power
system.Table VII provides a summary of the key characteristiczeath of the
illustrated busbar configurationdNote, that whilst tis thesis acknowledgesits
previous recommendation for the use of a 3 channel architecture, the busbar topologies

illustrated here are configured 2 channel systems for simplicity
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Table VIl . Potential Busbar Topologies for MEE

Type of busba Advantages and disadvantages
arrangement
Single bus 1 Simple geration

I Lowinitial cost

1 Paralleling of sources is possible.

1 The entire power supply isnpacted bythe occurrencg

of afault on or around the busbar.

1 No flexibility in power flow through the busbar.
Two-channel Single fault tolerant.
sectionalised 1 Increased component count and weight compared W
radial busbar single busbar.
arrangement 1 Sectionalising may caudeansientinterruption of the

nonfaulted channel

Two-channeting 1 An electricalfault in one section is localised to th

section alone. The other section can continue to op

busbar
arrangement normally.
1 Nosingle failure within the busbar arrangement can
to the loss of a channel.
91 Further increased component count and busbar w
compared with previous configurations.
Two-channel Featuresignificant redundancy

breaker and a hal No permanent interruption of the poweroccurs

(BAAH) busbar following an electricafault, as allpowerinput canbe

arrangement transferred to another hus

1 Further increased component count and busbar w
compared with previous configurations.

1 Compkxcontrol strategynay be required.

The single busbar provides no redundancy, ianidence not recommended for the

MEE BPA concept The sectionalised radial bus arrangement has a circuit breaker
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system between two busbars, providing power flow reconfiguration availability, and
is widely used in current aerospace applicatid@s][102][103]. Alternatively, the

ring bus has flexible power paths and is often used in other transportation facilities,
such as shipboard power systda®1]. BAAH arrangements are usually implemented

in terrestrial power grids, featuring two busbars and two conducting bays to provide a
high degree of flexibility in reconfiguring power flow between the buses and
conducting bay§83].

In order to better understand the power path redundancy of each bus topalogy,

VIII provides a summary of the quantity of power paths (from power sources to loads)
retained for each of the bus types described above, following a variety of different fault
conditions. For some busbar topologies, where specific combinations of multipte fault
lead to different quantities of power paths remaining, the minimum and maximum

possible number of remaining power patinsindicated in the table.

Table VIII . Number of power paths remaining after the occurrence of electrical faults

Failure case| One One OneCB | Two Onesource
source busbar failed CBs and oneCB
failed failed failed or busbar

failed
Type of
Busbar
Single bus 1 0 N/A N/A 0
Two-channel 1 1 2 N/A Oorl
sectionalised
radial bus
Two-channel 3 2 3 2 2
ring bus
Two-channel 3 4 4 2or4 2
(BAAH) bus
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FromTableVIll, it can be observed thdte sectionalisedadial busbar arrangement
provides the minimum level of supply redundancy, while the ring bus arrangement
offers an improved power reconfiguration capability and resiliefioe use of BAAH

bus topology is unnecessary for the B&#ceptput this configuration may still be
attractive at later stages of the system design when reconfiguration requirements are
more specificOverall, ths chapterecommend the use of either the sectionalised
radialbusbar or ring bus arrangements for the MEE BBAcept

423, Type of MEE Generators

Although Chapter 3 has a briefly overview of the types of MEE generation system, a
more comprehensive version of that should be undertaken in oréstatolishthe
MEE design rules and the BPA.

From Table IX, the WouneField (WF) generator with a Constant Frequency (CF)
system is a mature technology which requires Constant Speed Drive(CSD) or DC link
to stabilise AC frequency voltage input to EPS on aird2#[105]. However, it
seems to have low power density due to the additional components in the generation

system, which is not an effective choice to meet the expected feature of MEE.

Woundfield generation with Variable Speed Variable Frequency (VSVF) system
requires less power electronics and controller, which widely used in MEA such as
B787 and A380. The power density of WISVF system is expected to be higher than
the CF system due less component required. Currently, most WF generator have a
relative low power density but the new prototype of WFSM can achieve a power
density of 7.9kW/kd105].

Due to the structural characteristics of Switched Reluctance (SR) machines, it has rotor
robustness and fault tolerance. Each power phase can be powered by an independent
power electronic converter and the SR machine can operate safely when a converter
fails. Although the SR machine has a high power density but the machine with
dedicated power electronics makes the power density |fM&]. In addition, SR
machines are able to accommodate a wider range of speeds from the engine shaft, but

additional switches which can be hea\7].
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Table IX. Power Density of Engine Generators

Type of Shaft Power System Power efficiency References
Generator Implem | Rating | density kVA/kg
entation
Woundfield HP shaft| 90 0.88t01.5 78%-97% [29],[105],[77]
synchronous 120kVA
generator (in
CSCF or VSCF)
Boeing 777
Woundfield HP shaft| 225,250 Assumed >0.88| 78%97% [29],[105],[77]
synchronous kVA to>1.5
generator (in
VSVF) B787 And
A380
SR generator | LP shaft| 80kVA, 1.65105.30 90%-93% [29],[105],[10
F22, F35 (Wider | 120KW 81.[109]
speed 15kW
range)
PM Synchronous| LP/HP 30 3.3t08 >93% [29],[77],[110]
generator (in VF)| shaft 60kW J111]
Light combat Or upto
aircraft /Joint 140KW
Strike Fighter
New PMSM TBD | 45kVA 16 95% [29],[105]
(Uni of
Nottingham)
experimental

After all, the weight of the power generation system is a large part of the total weight
of the BPA. Compared with wourfeeld and SR generation, Permanent Magnet (PM)

generation has higher power density due to it has less dedicated components such as
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rotor winding, brush and slip ring. The control strategy of PM machine is also already
established, but the demagnetisation of permanent magnet material may occur at high
temperature, and the -@xcitation problem will occur in some fault conditifdri 2].

The power efficiency of all types of generators reaches around 95%, and the power
rating depends on the electrical demand of the MEE that can be adopted. The
generation failure rate is calculated with values in refergif§. Under the condition

of similar generation failure rate, the power density becoming the key influence on the
MEE architecture.Considering the best combination of weight and safety of power
generation system, it is necessary to balance the weight and fault tolerance of MEE
generator. Taking this table as an example, PM power generation $28{amd SR
system[113] are beneficial to the power architecture of MEE.

424, Generator Overload Rate with Overload Time

This section describes that overload capacity of generator could be a manageable
power for emergency use. In architecture design, designer has to identify the overload
ability in the power system which will tailored the design of PLM for the aircraft
sysems. The purpose of this topic is to understand the potential characteristics of
generator performance. While forming MEE baseline, it also leaves a suitable

hardware performandeased strategy for the digs of power management scheme.

In MEE power architecture, whether PLM strategy uses generator overload may be the
key to the power balance. Different types of generators have overload rate and

overload period For example, a HP Starter/ Generator has nominal rating &VE0

(1DG of GE90), has the allowable overload capacities are as follows:

1 125% for 5mins per 1000ho(i5§)].
1 167% for 5 seconds per 1000hdG66.

The generator overload capacity is a sienn additional power to ensure the
operation of the essential loads only whmetessaryHowever the period of using
generator overload must be less than the recommended overload time in order to
maintain the health of the generator. Although the generator has overload capacity in
the short term, but PLM strategy cannot use this function at Aslla lot of high

power electronic equipment are used in MEE, and excessive use of generator overload
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can cause significant damage toldrge electroniequipmentl14], such as generator

converters and the generator itg6f].
4.3.DC Power Distribution for MEE

HVDC distribution is consistently proposed in the literature as the preferred power
distribution method for MEE systems, owing to favourable characteristics such as
reduced enand conversion losses (in systems with a prevalence of naturally DC
output or-input technologies), easier control of parallel power sources and a reduction

in the size of current carrying conduct{28][115]. Indeed, the designer will consider

a fast and robust protection scheme and the relevant technologies for the HVDC
distribution protection.In addition, with the emergence of conveiitgerfaced
permanent magnet synchronous machines (and to a lesser extent, switched reluctance
machines) as the most power dense generator technologies available for the aerospace
sector (as discussed [iR1]), the use of DC distribution provides a natural interface.

As such, DC distribution is recommended for the MEE BPA concept

4.4 . Technical Functionalities of MEE Architecture

In addition to the number of the power generation and distribution channels, the
required functionality, redundancy and configurations of key electrical technologies
should be considered for the MEE BPA concept. The following subsections consider
aspects ch as starter/generators, mixed-HPPLP offtake, and power converter

functionality.
4.4.1. Starter/Generator Functionalities for MEE

In currentand proposetMEA designs featuring an electric engine start capabilitg
electricalHP/IP spooldrivenstartefgeneratas areemployedso that aircraft dispatch

is still possible with one of these machines failekkctric engine startingffords a
number of advantagancluding system volume and weight reduction through the
application of dualise subsystems (i.e. no separate air starter and electrical generator)
and supports the wider reduction of engine bleeduse and the potential
comgdementary elimination of pneumatic secondary power systems around the aircraft
[18]. As such, it seems reasonable to recommend that the MEE BPA concept also

features, as a minimum, 2 electrical starter/generators mounted on the HP/IP spool,
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per engine, although additional generators may also be required (as discussed in
subsequent sectiondfrom theresearcHiterature, permanent magnet synchronous
machines angR9], [112] andswitched reluctance technologidd 3] appear to offer

favourable characteristics for future a@lectrical applications.

4.4.2. HP/IP and LP Shaft Offtake

Whilst current state of the art meedectric aircraft feature HPor IP-only driven
generation (for example tig¥87features 2 HP/IP drivenaterfenerators per engine
[29]) the anticipated increase electrical power offtake required for the MEE electrical
engine auxiliary systems and the required third generation channel per engine may
necessitate a change in approach. The use of additional low pressure (Llyisieool
geneation[19] to supplement existing HP offtake power has been shown to potentially
improve engine stability and fuel consumptif@2B][49]. In addition,LP shaftdriven
generatiomalsohas the potential to provide a limitedpplyof emergency electrical
powerofftake insomeoff-nominal engine operating conditiorssich as wingnilling
(discussed later isectiord.5.3). HoweverthelLP shaftdoes have wideroperational
speedangejmpacting on the drivegenerator size and associated downstream power
conversion systems, which require careful consideration in the design stage.

For the MEEBPA concept, it is hence recommended did¢ast ondP spootdriven
generatoris utilised in addition to the previously recommended HPIP spoot

driven startegeneratorgper engine.

This recommendation is consistent with the earlier recommendation on the minimum
number of BPA channels, which raises an interesting issue. Even if the failure rate
requirement for the MEE electrical loads could be justifiably and safely relaxed, the
numbe of BPA power channels is more likely to be shaped by redundancy
requirements in the starter/generator systems, improving engine operability and
optimisation of generator sizing. Only if fawtilerant multiphase machines were
employed (thereby enablinpe use of a single starter/generator), would the safety

requirements shape the boundaries of BPA design space
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4.4.3.

Nature, Functionality and Directionality of Power Converters

There are vaous types of convertethat couldpotentiallybe utilised within an MEE

system. Therefore, early consideration of tyyee, functiornality and directionalityof

the powerconvertercanminimiseuncertainty in subsequent desjgmases

TableX shows the specified direction of convertdr$][116][117] that can beptions

for MEE power architecture.

Table X. The Power Direction of Power Converters

Power distribution Direction of converters Propose
section
ESS system, D( DC-DC bidirectional converter | Discharge and charge tk
distribution battery and stedown the

9 Dual active bridge
1 Multiport active bridge

DC voltage

AC distribution

AC-AC bidirectional converter

1 Matrix Converter
9 Indirect matrix converte

The converter needs to |
bi-directional as APU ma

supply the engine starter.

AC generation to

Distribution

DQ

AC-DC unidirectional convertel

1 12 and 18 pulse diod
bridgerectifiers (ATRU)

AC power source intg
HVDC/DC bus in order td

have high stability ang

loads/motors

AC-DC bidirectional converter | reduce the powe
f 6 IGBT diode switcheq &'€Ctronic  for  VF
V2G generators
DC distribution/bus to AQ DC to AC converter,, Commonly used to contrg

bidirectional converter

1 six-switch
source inverter

1 threelevel Neutral Point
Clamped (NPC) powe
converter

voltage

AC loads such as motor
from DC bus or powe

supplies

In order to identify all the system reconfiguration requirements when using converters
duringfault conditions all the converters can first be considered with the bidirectional

power conversion fothe MEE baseline model. This is because the bidirectional
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converter has flexible current direction, which provides the basis for power
reconfiguration. For example, th®C/DC bidirectional converters are easily
parallelisable units; no synchronisation is needed, which is feasible for ESS system
and emergency use. Overall, the bidirectional converter are smaller size high
efficiency and higher power dendityl8]. The reason of not initially using
unidirectional converter in BPA is that it will limiting the power reconfiguration
options during the trade study on the flexibility of power flow.

Not only the direction of conversion impacts the BPA, the type of converter also needs
to be considered. Active converters such as Space Vector\Widde Modulation
(SVPWM) switching converters carmaintain power quality and reduce
harmonic§l19], which are more suitable for the variable frequency power generation
systems of most current aircraft. As an active converter, the matrix converter has no
DC link component and bidirectional switetare used to provide the blocking voltage
and conduct current in both directions. However, it needs additional switches and
related control systems. Therefore, it is essential to evaluate that the reduction in
reliability due to additional switches and cplex control can offset the increase in
reliability resulting from no DC link component§l20]. Compared with active
converter, passive converter, such as 12 or 18 pulse autotransformers, has the
advantages of simplicity and robustness, and is only heavier than active converter in
sometime. However, they are easily affected by thermal IBs;tromagnetic
interferenceEMI) and the stress requirements to mounting on a mechanical design
[120].

For the safety requirements such as preventing the direct current flow from input to
output, the isolated converter is the better option for aerospace applications. It has the
advantage oéasy ground fault protection and high grid interference immunitis

may require independent ground systems on the aircraft blmiyever, to make the

BPA in an architecture level of desiggrounding in general is not consider in the
baseline system.However, During the early design phase of MEE, -isofated
convertes can be assumed in the BPA to facilitate the designers to estimate no switch
losses for power flow during fault conditions. Also, tieisolated converterend

to be smaller and higher efficienttyan the isolated converters
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For the MEE BPA concept, ifichapterecommend the initial working assumption

of a bidirectional capability in all power converters, which implies that the power
converters should also be assumed to be actively controlled (i.e. no passive converter
topologies araitilised). Whilst these assumptions may be later revised once specific
power converter operating requirements and topologies are considered, the assumption
of bi-directionality enables the identification of all possible configurations/operating
states of the BPA at this preliminary design setag

In addition, thechapterrecommend the initial working assumption that all power
converters are neisolated in nature. Whilst a range of common aerospace rectifier
and DGDC converter topologies do provide galvanic isolation between input and
output, the consideration of this level of @iétand indeed the grounding/bonding

configuration of the power system are out of scope of the BPA concept definition.

With the emergence of wide band gap devices, such as SiC and GaN, facilitating
improved efficiencies and weight reductions in new power converter ddii2hls

[122], there is the potenti al-performancegpowsrhi f t
converter topologies. This may potentially require assumptions around bi
directionality, galvanic isolation and DC distribution to be revisited on a case by case

basis

4.5.Nominal and Off-nominal Mode Considerations for MEE Power

Architecture

This section describes power supply and distribution fungilomominal and off
nominal modes abperation, addressing the potential impact on the MEE BPA concept

configuration.
4.5.1. MEE Power Sourcelndependence

The definition of an independent source can be found in amendment 523[C&3].

In CS23.2430 a), it is stated that the powpdaint installation, energy storage and

el ectrical power di stribution system mu:
between multiple energy storage and supply systems so that a failure in any one
componenin one system will not result in the loss of energy storage or supply of

another system. 0 Re f | e cdandept gepatate ielectridcalo t h e
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generators or battery systems can hence be considered as independentustagsses
they areparalleled within the BPA. It is recognised that paralleled generation may be
required to maximise the benefits of mixed HRLP power offtakes, and that the
implementation of fast isolation switches or similar devices may still realise
independence bewten paralleled sources following an electrical failure or fault.
However, tlis chapterecommendthe use of noiparalleled sources at the outset of
the formation 6the BPAconcept in order tenable the definition of power channels
and load connections before potential additional complexities associated with the
paralleling of sourcesand protection against fault and failure conditions are

introduced.

4572, ESS Use in Nominal and OfiNominal Modes of BPA

Operation

In proposed MEA applications, Energy Storage Systems (ESS) are typically -battery
based systems, with the capability to temporarily provide or absorb electric energy
from theelectrical power system. Functionally, they are often proposed either for use

in normal operation (to meet peak loads and enable the reduction of main generator
ratings and load step stresses) and/or to provide a secondary emergency supply in case
of a loss of the primary generation source (increasing the availability of power to flight
critical loads). Given the transient and fligiritical nature of typical MEE electrical

loads, the use of ESS in both roles is likely for future MEE plagdmdeed, wih the
increasing energyensities of modern battery technologies, an increased use of

batteryESS systems for normaperation generator support can be expected.

In addition to its functional role, it is also necessary to consider both the location and
complementarity of the ESS to other generation sources within the MEE®&@RApt
Detailed specification of power rating and capacity are not required during the
definition of the MEE BPAconcepthough.

In terms of location, if the ESS main function is to provide supplementary power
during transient peak loading conditions, connection to a generator bus will be most

effective. In contrast, if the ESS main function is to provide an emergency supply of
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power to essential engine loads during transient or sustained periods of supply loss

from the main generation, connection to a dedicated load bus is likely to be required.

In terms of complementing or providing an alternative to other generation sources, it
is apparent that ESS cannot replace either of the 2 recommended HP/IP generators
because of the aforementioned electrical engine starting and dispatch requirements.
Theoetically, the use of a suitably rated ESS could alleviate the requirement for a
dedicated LP generator in some applications. Howeves, dfapterrecommend

against this approach at the MEE BRénceptdefinition stage until more specific

load profiles ad criticalitiesare established.

In summary, when establishing the MEE BPBéncept this chapterecommendthe
inclusion of at least one ESS system at either a generator busbar or load busbar location
within the MEE BPAconcept operating in both generator support and emergency
power supply roles. This ESS should be considered in addition to the already
established primary generation. Whilst it is likely that the ESS specification and
requirements will be revised at later stagéthe system design, its inclusion in this
manner in the BR conceptencourages definition of key power architecture features

required for its incorporation.
4.5.3. Wind-milling of LP/Fan-Shaft Driven Generator

Wind-milling describes the action of rotating the engine shafts using natural air intake
whilst the aircraft is in flight. This process can be utilised to restart a stalled engine in
mid-air (if the APU is unavailable to restart the engine). It also reptssan
opportunity for continuous but reducedale electrical power offtake from the rotating
LP/Fanshaft engine shaft (if it is undamagég#ip8]. Indeed, authors if95] indicate

that 10% of the normal rated power output can be generated from amiiimgd) LP
generator. With this additional power supply, if the LP generator is connected to the
essential loads within the BP#oncept it could add more power supply flexibility to

the architecture.

However, it is worth noting that sonemgineelectrical loads may require continued
supply even during windilling conditions reducing the effective power available
from the LP shaft generation to other flight critical loaBer example, continued

operation of fuel and oil pumps may be required to provide continued cooling and

72



lubrication benefits for the LP shfi24]. As such, duringhe BPAconceptefinition,
this chapterecommend that the LP winemilling generation is not considered as a
valid alternative to ESS for an emergency power supply role, as a significant surplus

of electrical energy is not guaranteed.

4.5.4. Alternative Useof APU Generation

An Auxiliary Power Unit (APU) is an independent souoteelectrical, hydraulic and
pneumatic power on board an aircraft, and is typically utilised whilst the main aircraft
engines are not operational (for example to power cockpit and cabin systems when the
aircraft is stationary at the terminal gate, andeflogine starting). However, the APU

can also be utilised to provide electrical power to the airframe during flight, if for
example, the aircraft has been dispatched with a generator faulty125]. Indeed,
research is ongoing exploring the more regular use of APU generation systems
throughoutthe entire flight envelopen order to reduce the impact of increased
electrical offtake required for mosdectric loads on the operating efficiency of the

main engine$l26].

Using the inflight APU generation may enable reductions in the size/weight of the
main enginedriven power generation systems (although these rating are not
considered in detail during the BR®nceptdefinition), but it cannot replace a HP
generator because of the starting requirements of the engine. The APU could be
considered as an alternative to-tdffiven generation if the designers are specifically
targeting a concept with blended APU andemgire generation. Otherwise, the
availability of the APU geeration for normal operation should not be assumed,
although this choice can be revisited at a later stage of the design praagissrmore,
in-flight APU generation cannot be considered as an ESS alternative if the ESS is
performing the recommended dual roles, as the previously established emergency
power role requires a close location of the ESS to the {tigtical loads.

As such, in the BP&oncepdefinition stage, tis chaptesuggestthat the use of APU

as a supply for MEE loads purely the choice of designers.
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4.6.Load Redundancy

Essential auxiliary MEE loads may include; fuel pump systems, oil lubrication systems
and electric thrust reverser actuation sys{@&mRAS) [127]. For the MEE BPA
conceptdefinition, ths chapterecommendthat the preliminary design requirement

for these essential load systems is the provision of sfagletolerancg128]. As such,

it is recommended that each essential load has both a primary and redundant power
supply path, and that these two paths are supplied from upstream buses which are in
turn, supplied by separate generators. Given the potential uncertaintie $pimeuju

failure rates and the impact of the engine compartment operating environment, this
decision can be revisited later in the design process, where a greater level of

redundancy may be deemed to be required.

The previous recommendations regarding recommended busbar configurations are
consistent with the provision of singlault tolerance. Furthermorerigure 22
illustrates an example configuration of MEE essential loads supplied from a dual split
bus The illustrated MEE auxiliary systems could for example be driven by double
statorwinding motors[129][130] or two singlestator motors powered by main and

redundant local power electronic drivéds with the starter/generator machines, the

1 HVDC bus 1

AN

AC AC AC AC AC AC
conv conv conv | | conv conv conv
| | I [ T
Fud punp Oil punp ETRA
motors motors motors
)

Figure 22. MEE essential loads redundancy
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use of fauktolerant multiphase machines and drives may potentially enable the

deployment of just a single motor drive for each MEE load

4.7.The MEE DesignRecommendationsand an MEE BPA

This sectionsummaries the baseline architecture design recommendgii@Ts in
detail betweerSectiond.1to Sectio.6andillustratesa potential MEEBPA concept

configuration which is established based thve prior recommendations given
4.7.1. Summary of BPA Concept Design Recommendations

After considering the system reliability, equipment choices and the technical
functionality of the MEE BPA, the summary of design recommendations is given as
follows:

1) The probability of power supply failure to the essential loads for the MEE
BPA should be in the level of extremely improbable condjtiwhich is
below 10° per flight hour.

2) The MEE BPAconceptshould be a threehannel network combined with a
threegenerator system.

3) In terms of bus connection, the BRANceptshould at least consider the
threechannel sectionalisedradial bus to provide minimum power
reconfiguration ability. For additional dispatch flexibility, the thodannel
ring bus can be considered.

4) A DC distribution system, anBM or SRDC generators areecommended
for the MEE BPAconcept

5) The use of one LP spodtiven generator and two HP/IP spabiven
starter/generators is recommended.

6) At least one ESS should feature in the BEbhceptto support offnominal
conditions and temporary peak loading on the MEE. In terms of location, if
the main function of the ESS is to provide supplementary power during
transient peak loading conditiorise ESS should be connected to a generator
bus. If instead, the main function of the ESS is to provide an emergency

supply of power to essential engine loads during transient or sustained periods
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of supply loss from the main generatidhe ESS should be connected to a
dedicated load bus.

7) In the BPA conceptstage, all converters can be assumed to be active,
bidirectional, and noisolated.

8) In the BPAconcept APU-driven generation should not considered be an
alternative for HRdriven generation nor for the dualle ESS. It can perhaps
be considered as an alternative-dift/en generation but is dependent on the
design concept of the MEE system.

9) LP wind-milling generation should not be considered as a valid alternative to
ESS for an emergency power supply role in the BBAcept

10)Flight-critical loads and corresponding power paths must meet the single
fault-tolerance requirement, whereby each fligtitical load needs at least

one redundant power supply from a different upstream bus to the main supply.

4.7.2. Potential M ultiple -Channel BPA for MEE

Figure 23 shows anillustration of the thregenerator, threehannel MEE BPA
concept, derived from the design recommendations provided earlier

B /I Ring bus reconfiguration

7
o

Airframe loads
Bus

tie

Bidirectional S
Bidirectional
converter ™ converter . ESS located
. .
Bus ~.| in close

proximity to
loads

Bidirectional
converter

Two HP
shaft-driven |
starter/

generators

One LP
shaft-driven |+
generator

Bidirectional Engine Essential
converter loads

Essential
engine loads
with power
supply
redundancy

Figure 23.The example of baseline power architecture for MEE

In this MEE baseline architecture, megtiaft power generation is utilised. Two HP

starter/generators and a single LP skaften generator are configured as a three
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channel system with dedicated bidirectional power electronic convéséaigableX)

to interface the generators to the DC netwdrkis design allows the distribution
network to supply power to the Starter/Generator for engine Atdmee channel ring

bus topology has been implemented to provide a significant degree of power
reconfiguration capability, and all engiessential loads feature power supplies from
different upstream buses. A single busbar feed is assumed to be sufiici¢he
airframe loads, although this design decision can be easily revisited. The assumed
primary roleof the ESS in this example is that of an emergency supply, and as such, it
is connected to a load bus for proximity to the loads themselves. Finally, APU and
wind-milling generation are not featured in this Bednceptbasedon the previous

design recommendations.

As discussed in earlier sections of the paper, a number of sensitivities exist which may
result in potential changes to the presented example BPA concept. In particular, the
use of multiphase/fault tolerant drives and generators, or paralleled geneoatdrs c
instigate a required increase or the option to decrease the number of generators and/or
power channels featured, impacting also on number and configuration of downstream
busbars. Improvements in battery ESS energy densities may further encourage their
use for normal operation, dictating a change in location in the BPA (as well as possible
change in the busbar configuration to facilitate greater levels of availability of supply

to MEE loads).

4.8.Chapter Summary

Whilst significant research has been undertaken on MEE electrical systems and
technologies to datéhis chaptehas identified that there is still the need for a credible,
consistent, baseline power system architecture to be establislcedrdingly,
comprehensive design recommendations are presented ¢halpierto facilitate this.

These are derived using a combination of anticipated safety requirements, failure rates

analysis, and logical functional system needs.

Whereasat the outset of this study, it was noted that there was the potential for a
significant design space and scope of variation in the formation of the MEE BPA
concept, the establishment of the design recommendations has been shown to reduce

this uncertaintyo manageable levels, providing a platform for rapid design evolution
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thereafter. Capturing the rationale of these recommendations also enables key decision
points and even design recommendations themselves to be revisited as necessary in
order to capture applicatiespecific requirements, updates to certification
requiremets and/or the utilisation of ganadanging technologies (for example fault
tolerant electrical machines or power electronics which may enable the use of fewer
power supply channels or greater periods between maintenance). Although this
approach that usingualitative assessment and design suggestion is applicable to an
interdisciplinary system design such MEE power architecture, the limitation was that

it has not been fully describe in detail of use in technologies for system functions such
as power management schem@®wer converters or protection scheduledeed,

further research is required in this particular aspect, assessing the potential impact of
a wide range of breakthrough technologies on the BPA concept, allowing potential
updates to be mappedoWwever, it would be a great option for user who would using

the BPA to design their own MEE architecture based on theseappkdesign rules.

For industry interests, thdEE electricalpower architecture is theoretically easier to
install and easier to maintain than hydraulic and mechaaichitecture improving

the power efficiency of conversion. The duale advantages of an engine starter /
generator offer significant physical space use and reduced components. The multi
channel power system of the MEE may generate a certain level of redundancy
throuchout the aircraft power system. These benefits undoubtedly play a decisive role

for the prodetion, operation, as well as maintenance of MEA.
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Chapter 5.
Optimising the Intersystem Compatibility of
MEE Electrical Power Network via Design

ParametersClassification

5.1.Chapter Overview

In Chapter 3acomprehensive prdesign analysis was providéor the MEE power
network Subsequently, theesign rules and baseline power architecture were captured
for designing MEE power architectgie Chapter 4Although, theMEE architecture
baselinehas beendentified, it is still necessary to consider the compatibility of the
MEE power architecture with its dedicated PLM stratddyerefore, his chapter will

be focus onthe approach of design and optimise the comp&fitbetween the
architectureprototypesthat are considered in previous chapters and their dedicated

power management.

When considering the increasing electrificatmnthe engine auxiliary systems, the
Electrical Power System (EPS) redundancy and reliability are of critical concern. Due
to the critical supply requirements in MEE, the muahiannel powelarchitecture
would be a promising solutidB1] through greater distribution flexibility between the
channelsRegarding the increasing electrical demand and multiple power management
parametersthe issue ofoptimising the operationatompatibility betweenpower
management strategy and power architectuenmulti-channel EPSlesign most be
solved. However, current literature shows limited investigation into systematic
optimisation of the MEE power network. In order to ensure the designed power system
is an optimal solution for the MEE, the challenge of systeitioptimising a MEE

power system will need to be addressed.
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The co-designprocesg(see liteature review in Chapter 2i3 anapproach which has
been widely used in interdisciplinary systems degi@id][132], in other fields outside

of aerospace electrical design.i§llesign processan incorporate theconcurrent
designpathsof two individual subsystems into an integratpthtforndin an early
stage of the design processich carevaluate the preliminary integrated performance

of the integrated system

The background design manneragkdesign processould potentially be a solution
for MEE power system design, but it has not beereloped in detail for such

application.

In the generico-design processhe first stage was that subsystems vaEsgredin

parallel and independently. In this way, the design space can be expanded, naturally
offering wider a solution space However,in orderto manage sucharge scale of
solutions and to find the optimal design, greposediesign parameter classification

in this chapters tailoredfor MEE design This classificationfeaturesqualitative
scoring for the parameters of the MEE design requirementsiaaodmparehe MEE

powea system prototypelBased on thseparameter scores. Suaimethod can allow

the parametarof subsystemto be integrated, compared aoptimised;and then to

prioritisethe perfectcomplemerdl designsof MEE power system.

Accordingly, this chapter presents a design parameter classifidadieed
optimisation in a systematic integration platform at early stage obtbesignprocess.
Through @ MEE design case study, the demonstration of the effectiveness of the
parameter classificatiebased optimisation is presented. The qualitative case study
also demonstrates the efficient management of the large design space and systematic
optimisation of MEE power systensolutions, allowing the user to evaluate the
integrated MEE powesystem ima reducedime andata highlevel with less specific
deign [133]. This chapter is focis®don addressing the challenge of designing an
integrated MEE system in tesaof system engineerindgrurthermorethe benefits of
using parameter classification optimisatiare not only the prioritisation of high-
scoing MEE design conceptbut alsahe identification ofow-ranked prototypethat

similar to high-ranked designsThis helpsto detect the potentialternativeMEE
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candidates. With the proposed approachdésgnscope of MEE power system can
be capturedwhichaddressem the gap of current knowledge.

5.2.Parameter Classifications Optimisation for MEE Architecture and
PLM Strategy

As shown within the literature in the previous sectmid chapter Zherearea lack
of clear methods to manage tletegration of MEE power management and
architecturesolutionsto realisean optimised design. The paramettssification
method was discussed as a possible solution to address these. tHisnsection
presents a parametelassificationbased optimisatioprocessapplicable for MEE
The proposed process itself is part of a larger design methodology illustr&igdre

24 which combine®ther researched compondB@8[59]. Block 4 withinFigure24is

- MEE T

Suby/stem-level .- . "~ Subgystem-level
¥ { @ EPS requirements ‘;y—
e patitioning ___...--~~ ]
System-level
@ Architecture Concepts
@ formed basis on
Power and Load requirements
Management (PLM) —
strategy parameters Hardware Weight _ .
| Comparison Reliability Analysis
Feasible PLM \/
strategy Feasible Selection of
architecture layout
—————————————————————————————————— \\

Supply priorities

\
( |
| |
[ System |
| imisati |
| Ca“d | Optimisation reliability and e
| ontrol Platform Weight |
: complexity :
| |
\ /

Ly

Figure 24. Co-design approachoverview for optimisation of MEE integration
the proposed parametelassification based optimisation proceBhis larger design

methodologyis a standard process of-design that has been adapted for M&hkg a
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more comprehensive version is proposed in Chapiertiiis chapter, Block will be
the focus. However, a brieflgtroduction abouthis large design process will be given
to helpunderstand the relationship between Block 4 thiedremaining3locks in the

diagram.

Block 1 in Figure24is the requirement partitioning of the earlier design stage, which
summarises all design requirements and then classifies them into the dedicated
processedn this stage, design requirements of MEE subsystems will be partitioning
into their dedicate analysis and design processwhich are Block 2 and Block 3.

MEE architecture design rdecapture (detail shows in Chapter 4) would d®
example of design requirement partitionifglowedby the independent analysis and
design of power architecture in Block 3.

Similarly, Block 2 is the independent analysis for theviRer andLoad Management
(PLM) strategy Power balancing is critical for aircraft electrisgbtemand this raks

on the power and load control and management in both genesatmand demand
side. Various power management and loathnagementpproachessuitable for
aircraftpower system balaimgy canbe corsideredin this stagewherethe combined
PLM optionswill be used as candidates for the parameter classification analysis.
Although the design rule capture of PLiMalso important, its not within the scope

of thethesisandmay bea research gap for future

Once the independent candidates of PLM strategy and MEE power architecture have
been identified by first three Bloslof the cedesign process, the Block 4 offers a
integraton platform for them with a qudhtive evaluationIn result,integrated MEE

power system candidates tiaatcombined witithecomplementgy PLM strategy and

BPA will be realised.

In addition, block 5 is the furthan detail design stagesvhich is to verify the
behavious of power balaning for the integrated MEE power system. inore
informationhasbeenshown in Chapter 6).

5.2.1. The Procedure of ParameterClassication Optimsiaiton

In this section, the proposed parameflassification based optimisation is presented

in more detail. The main feature that distinguishes -@&sign from common
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simultaneous/parallel designtieeconcurrenexchangef requirementandinfluence
of subsystem design options as part the system design prddessproposed
parameteclassification based optimisatios shown asFigure 25, which is an

expanded version of Blockef Figure24.

Design inputs
» System-level constraints Architecture list
Y

Y

A set of Intergard EPS prototype with integrated Power architecture
parameters parameters

v

PLM parameters Bt

Design parameters
importance table

Ranking the feasible prototypes

All parameters
matched

All absolute
parameters
matched

NO If Architecture
. OR PLM
Manually review the "| parameters are
features similarity in the not matched
fully matched
prototypes If Architecture
.| ANDPLM
l 7| parameters are
y not matched
Identify prototypes that Integrated parameters not
have the same feature in matched .
lower ranked of the list (related to both Architecture
and PLM design )

!

Tuning parameters in subsystems with following condition:
1. Easy to tuning

2. large influence to the design

3. Constraints in the design space

v

Return to design input

3 |

Further Detail Design

Figure 25. Detail flow chart of parameter classification for optimising the integratec
MEE features
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To beginthe optimisation procedur#jree inputs areequired. They are the top lists

of both subsystem options, and the systewel constraints as shown on the top of
Figure 25. Top lists of both subsystems are generated by the ranking of subsystem
optionsagainst the subsystem parameters individually as first shoviabieXI (more

explanation later).

Table XI. Sample of Design Parameter Score in Acceptable Range

Design Type of indicators in Parameter | The level of system
Aspects MEE power system Importance constraint
acceptable range

Architecture | System reliability Absolute High
design
System weight Optional Medium/Low
PLM design Control response time Absolute High
Control approach Optional High/Medium
Backup power supply All Levels High/Medium/Low
priority Accept
Power control simplicity | Optional Medium/low
Degree of freedom in| Optional High/Medium
control
Systemlevel | System load shedding { Optional High/Medium
requirements | less as possible
Integrated Availability of power Optional High/Medium
parameters supply (types of power
source)
Single failure tolerance Absolute High

(isolation of subsystem)

Dispatch with one Optional High/Medium
generator faulty

Number of Absolute High
reconfiguration states

Following from thisstage all combinations of the PLM scheme with architecture
options are generated to form a list of integrated EPS prototypes. The prototype list is

then ranked based on the systiewel parameters (described in more detail in section
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4.3).According to the ranked EPS prototypes, the designedaamn-selectthe most
compliant EPS prototypesin this, tie higherthe match between EPS prototype
parameters and design requiremetite higher the ranking in EPS prototypé@$e

high ranked EPS prototypes will have the higher probability to become a feasible

solution for the MEE system.

In order to determine the importance of epahameterTableXI| specifiesthe design
priority of each parameter, which eategor
priority design and compul sory)Absolut®pt i on:
design parametersust adhere to gpecified levelOptional parameters can accept a

certain range of the levels, which has relatively loose restrictions on design
requirements. All level acceptable parameters havéothest design priority, which

has the widest design region

After the EPSprototypesare ranked, the top ranked prototypeoskd match all
requirements omlt least matchall absoluteparameter requirementss part of the
decision processn the extremelyare casg thetop ranked EPS prototypesay not

be valid due to low technology maturity, and maybe not be applicable for the intended
design This would then require the user/desigteirdentifythecommon design traits
amongst the higér ranked prototypes. If a certain parame$azommon amongst the
higher-ranking EPS, it may be an indispensable part of the EPS design for MEE. The
designers can then search for this in the lower ranked EPSotAaey EPS prototype

with the common traits can also be a potential solutiwrthe MEE.This proposed
approach requirea manual reviewof the lower ranked prototypes with such common
traits, which can reduce the chance of missing potential solukanse26illustrates

an example ofsearching the common traits on lower ranked prototypeshis
example,suppose that in an EPS ranking list, the best overall performance is a
combination of the first architecture solution and the third PLM solution. In this case,
the first and second power architectures are highlighted in the same colour, which
means that #y have some of the same features (e.g., the same number of power
channels), which may be an indispensable design feature for MEE power systems.
Accordingly, the designmecan search for any lovanked EPS prototypes with this
feature.In addition, the same feature as the third PLM scheme can also be searched in

the EPS rankings to ensure that all relevant EPS prototypes can be founglbrhis

8%



process is illustrated irigure26 as the feature similarity identificatiolm reality, due

to the limitations of existing PLM and architecture, the scale of solutions is finite, so

a manual reviewof the features of lower ranked EPS is feasiBlger determining
whether the selected prototype meets all the absolute design requirements, the EPS
prototype can be considered as a feasible solution and will undergo further detailed

design.

However, if only a few EPS prototypes are compared, then therdoenayscenario

where none of the derived EPS meets the absolute requirements. In this scenario, the
designers should return to the PLM and/or architecture design and review/amend their
parameters respectivelyt all the EPS prototypes did not completely meet the
requirementf systemlevel parameters and integratpdrametersthe designeris

required toreview theparameters of both stgystems, and deternathe parameters

that either can heasy taune, have aigh influenceonthe designor less constraints

Thetop ranked integrated EPS

Architecture list PLM list

G

=
The potential pretotypes

3rd

Search those EPS with smilar features in lower ranking

GO0

Figure 26. Feature similarity search in theparameter classificationoptimisation
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on their design spacéiccording to that,the independent design of PLM and
architectureshould be amendedn a further low probability, subsystem parameters
and integrated parameters may both fail to meet design requirements and provide the
parameter amendment in different directions. In this rare taselesigner should
review the absolute design parameter priority. If both subsystem and integrated
parameters fail to meet the nrabsolute requirements, the designer should follow the
design amendmenhat provids the integrated parameter to achieve the intersystem
compatibility.

In summary, this parameter classification optimisation is the key stage of the proposed
co-design process for designing MEE power systems. This proposed process
comprehensively describes and captures the subsystein and systerevel
requirements of EPfrototypeas part of the initial desigidditionally, EPS features

can be mappednd prioritised, which enabtle timescales for thdown-selecton of

themost suitable solutiort® be reduced rapidly in the early stage of design
5.3.Definition of MEE Network SubsytemParameters

The previous section has described the procedure of parameter classification, which
requires the parameters of each EPS candidate to meet the required acceptable range
defined in the process (shown in the exampl@&ase XI). In this section, details of

this process of how to define and classify each parameter for MEE power system

designarepresented.

5.3.1. The Parametersof PLM Strategy Design
Asdescribed in previous sectgimBlock 2 inFigure24is usedo determindhefeasible
PLM stratey optionsfor the MEE power system, including both power source
management and demasidle management his independent analysis is outsobpe
of this thesisput further details can be found [[©34]. In addition, M. Flynnet al.
explains the design of fault and power management in simpgafication§l35].
However,the parametersf PLM strategywill mainly be describedn this section,
whichis essential for thearameter classification optimisation.
Firstly, the order of using each of the combined strategies may affect the EPS
performances. According to so many PLM strategies, multiple power/load control

strategies can be adopted in a power management scheme for the MEE power system,
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such as the combination of emergency battery power supply and generator overloading
supply. In a combinedPLM scheme the higherthe number ofcombinationsof
management strategies, the greater the chance of reconfiguratiom €S under
abnormal conditions. Therefore, the designer should contideusage of backup

power supply priority.

Additionally, the system response time has a large impact on the sof¢thesPLM
strategy, and if the time delay is far too long, the power system may be petgnanent
damaged byan electrical fault. A set opower management algorithms or schemes
must respond as quick as possible in fault detection and system reconfiguration to
avoid any damagén electronic components. In tesmof different types of DC
protection devices, the operational time can be-8@mss.It is assumed that the BPA
distribution isa full DC network. Therefore, the protectiaievicesresponse time in
power controlneed to be below 20n{836]. The PLM is envisaged ashe power
control system ofmanaging post fault response and rebalancBigce the fault
protection reaction is required to be fast, the post fault PLM action should response
immediately after the protection action to ensure the poweb@&ancedHowever, it
should not act ahead of protection. In regard to the response time post faulthetion,
simplicity of the PLM strategy when designing MEE systems shall therefore be
considered.

Another indicator of PLM is the approach of the control system which can be
categorised as preventive, detective and corrective control. Preventive control is
designed to be applied before a failure event, and can reduce and/or completely avoid
the potent@l impact of the failure evedi37]. The detectivecontrol refers to the
measurement after a failure evlas occurregensuring that there is an effective PLM
strategy to maintain the normal operation of EPS, and to avoid the recurrence of similar
failures[137]. The corrective control aims to correct or mitigate the potential impact
of each failureoccurringin the EPS and to resume normal operation as much as
possibl¢137], such as the otime control with predictive power management with the
deterministiaule-based controller or fuzzy logic controll#88]. As mentionecarlier

in section2.5.1 the newly proposed PM control approacisésuld be design in
accordance t®0O-178 forlatercertification.
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Furthermore, the degree of control freedom in EPS secondary equiplserntan
reflect the performance of PLM schente.short,the greatedegreeof freedom of
control inthe PLM scheme, thenore flexible theEPS reconfiguratiocanbe during

the fault conditionsFor examplejn the generation system section of the EPS, the
generator voltage and frequency regulation can be manipulated by the Generator
Control Unit (GCU)139]. Also, the generator can be controlled by torque and
rotational speed113]. In the distribution section of the EPS, the power can be
controlled by the converter with variedntrol techniqudg413]. In the demand side of

the EPS, the amount of power taken from the loads can be controlled/limited by the
motor rotational speed, such as oil pumps. Howewerhigher degrees of control
freedomin PLM may add complexity to the central control system, so designers should

balance thadvantages and disadvantages.
53.2. The Parametersof Power Architecture Design

The parameters in tHdEE power architecture include reliability and some hardware
capabilited38], as shown irBlock 3 of Figure 24. In terms of system reliability,
different types of failure analysis can be used to evaluate the failure rate of available
components and the overall EPS system failure {aig[140]. Furthermore,
parameters of hardware capability includes component mass or power density can be

involved in the optimisation.
5.3.3. EPSIntegrated Parameters

The parameters of EPS prototype can be summaingée Venn diagran, asshown
in Figure 27. This diagram indicates that PLM and MEE arebitre design
parameters are an integral part of design constraints. The design may also contain the

constraints imposed by systdavel requirements or from stakeholders.

The integration of the three design regions also enable the EPS prototypes to have
some integrated indicator/parameters that can be used to design the overall system
performance, and to further define the EPS. These integrated parameters can be listed

as bllows:

1 Availability of power supply (Number and types of power source)

1 Single fault tolerance
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1 Dispatch with one generator faulty

1 Number of reconfiguration states (Ways to bring back to normal opération

System-level
requirements

Congraint;

less load shedding & possible

| ntegrated
parameters

A Power supply Priority
A Degree freedom of contrp
A Control speed/approach
A Simplicity

A System reliability
A System weight

Power/load Power
manageament Architecture
strategy

Figure 27. Venn diagram of MEE power design parameter
Because thishapteris mainly focugd on the design of operational performance of
MEE EPS and the compatibility that between PLM and architecture; the integrated
parameter would be related to the power supply ability and operational reliability.
However, the usage of this optimisation progedis not limited by these four
integrated parametertn other wordsdifferent integration parameters formed by
different design aspects such as cost, weight, noise, heat, and technologies can all be

evaluated in ths proposed optimisation procedure.

534 The DesignRangeDefinition of EPS Parameters

According to the Venn diagragra detail score level of eaprameter is given ihable
XIl.
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Table X1l . An example of the prototype parameter classification

Constraints of

EPS Prototype Score Level

EPS prototype in

coarse High Medium Low
optimisation
Architecture | System reliability <10° per th 10°to 107 per fh >107 per th
indicators/para
meters System Weight More than three More than two Two or less
generator systems | generator systems | generator systems
PLM Backup Power Two or more backup| one backup supply | No backup supply
indicators/para | supply priority supplies ca be acted
meters Degree of 1 Generator contro| 1 Generator 1 Contactor
freedom in 1 Contactor contro control control
secondary 1 Converter contro| 1 Contactor
equipment contro| T Load control control
1 Load control
Control speed <20 ms 20 ms to 250 ms >250 ms
Control approach Preventative Detective Corrective
Simplicity One managemer Two PLM strategie§ More than two
strategy in the managemen PLM strategies in
scheme the managemen
scheme
Systemilevel Systemlevel Load sheddings used| Load shedding is | Load sheddingis
requirement constraint in lowest priority,| used in less priority| used  in  first
constraint example: less loa¢ which remains thg which remain theg priority, which
shedding as high system essential systen affects the MEE
possible performance. performance as lon| performance at th
as possible. first place.
Integrated Availability of Three generators or | Two generators One generator
parameters power supply more

(types of power
source)

Three generators wit
ESS

Two generators
with ESS

One generator
with ESS

Single failure
tolerance

(isolation of
subsystem)

Two or more than
two redundant paths
to supply the loads

One redundant path

to supply the loads

No redundant

path to supply the
channel, only the
dedicated source

Dispatch with one
generator faulty

Satisfied the demand
of essential and nen
essential loads

Satisfied the

demand of essentia

loads

Satisfied partial
demand of
essential loads

Number of
reconfiguration
states

Three or more
redundancies

Two redundancies

One redundancy
or not
reconfigurable

* generator systems took a large percentage of the overall system weight
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In Table XIlI, it illustrates the High, Mediunand Lowlevel classification of each
parameter, and emphasises the parameter constraints in the requirement capture. The
main reason for classifying indicators is to filter out potentially-feasible solutions

from a large range of samples, rather thaarshing for some precise data in the
samples. In addition, at the beginning of the dedigm,designer may not be sure of

the accuracy of the data but only approximately range. In this way, each of the
prototypes of EPS can be classified and sifted at the early stage of the design process.

5.4.Demonstration of The Parameter Classification Optimisation for

MEE Power system

In order to evaluate the effectiveness of parameter classification on the EPS design
optimisation, a demonstration basedtbe MEE power system was conducted. This
case study is presented in this section, which involves the EPS design derived from

eighteen architecture options and ten PLM schemes.
54.1. PLM and Architecture Scoring andRanking

The scores of each case/scheme are established by judgements of the designer based

on the variable rang#f TableXIl. For example, if an architecture has four generators,

eve

it can be characterised as a O0Hscgihgd |
PLM fealure charatertisics Parameter [ Requiredleved | Score [ ranking
order of adtion Ist shedding power control smpl|gt¥ M edium/Low High
level power supply priority Low
. |+contactor
i degree of freedom in control genertor contrd i
PLMoption - deg control+ARTU control+load control secondary equipments High/M edium High Sih
control speed 5 ms- 20ms or below fault protection responsetime _E
control Appoarch preventive power fLow monitoring gpporach High/M edium High
order of adtion 1st . ESS supply _ power control smpha.ty. M edium/Low Med!um
2nd shedding non-essentia load level of power supply priority _M
. ) generator control+contactor ]
PLM option2 |  degree of freedom in control 1st
P g control+ARTU control+load control secondary equiprments High/M edium High
control speed 5 ms- 20ms or below fault protection responsetime _E
control Appoarch preventive power fLow monitoring apporach High/M edium High
1st ESS supply power control simplicity M edium/Low Low
order of action 2nd shedding non-essentia load level of power supply priority _E
3rd generator overloading
PLM option 3 degree of freedom in control generefor control-+contacior second uipments 2nd
control+ARTU control+load control ay eulp High/Medium High
control speed 5 ms- 20ms or below fault protection responsetime High
control Appoarch preventive power fLow monitoring gpporach High/M edium High
order of action 1st shedding power control S'mp“,c't},, Meaim o High
level power supply priority Low
) ) generator control+contactor )
PLM option 4 fee of freedomin control contral+ARTU control+load control secondary equipments ML High 6th
control speed 5 ms- 20ms or beLow fault protection responsetime High
control Appoarch detective power fLow monitoring gpporach High/M edium Medium

Figure 28. Sample ofPLM options scores compared with required design scoresa Excel tool
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criterionfor the cases was the designer's subjective judgment, which also depended on

the whole range of comparisons based on TAblend TableXIlI.

CaseNo. Architecutrefeatures Parameter Reguwed Score Ranking
design leve
2 generator 2channd system reliability || NEIGIIN_ M edium |
bi-directiona converter
Casel weight M ediunvLow Low Srd

ESS on load bus

3 generator 3 channd system reliability _H|—gh
Case?2 bi-directional converter weight Medium/Low | Medium 1st
ESS on load bus
4 generator 4 channel system reliability _H|—gh
Case3 i-directi 2nd
bi-directiona converter weight Medium/Low High
ESS on load bus
1ESS, 1 generator, 2 channd | system religbility Low
Case4 bi-directional converter 4th
weight M ediunvLow Low

ESS on load bus

Figure 29. Sample of achitecture case scores compared the required design scorda Excel tool

Accordingly, Figure 28 and Figure 29 haveshown theexamples of the scoring and
ranking for PLM and architecture@ia excel toal After the scoringprocedure the
architecture cases and PLM scheroas then be ranked asbsystermbasedon this
scoring.This case study involves 18 architecture cases and 10 PLM schemes as the
investigated subjects, and the optimisation was conducted in an -lizemd
framework. Each case and scheme conclude its own features and specified components,
to avoid a long explation of each architecture case and PLM scheme, the full version
lists of architecture case and PLM scheme are shawkppendix B Table Xl

illustrates a sample of the comparison of the case scores and subsequent ranking based
on the scoring presentéd Figure28 andFigure29. For example, if all scores of an
architecture case matches the required acceptable range, this architecture case would
be ranked on the top of the ranking list (such as @addowever, for exampleCase

3 only matches the absolute design parameter of system reliability, but the optional
parameter was out of range, then it is allocated as second class in the ranking list. Case
1 only matches the optional parameter requirement but not the absosig@ de
requirement of system reliability and as such is it is allocated to the third class of the

list. Finally, Case 4 has the most unmatched parameter score to the absolute design
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requirement, hence is allocated in fourth place. By using this siaplaroach, the

PLM rankingcan be also realised, which shown is also showirabieXIlII .

Table XIIl . The individual ranking table of subsystem architecture and PLM

Architecture ranking PLM ranking
Case 2 1st PLM option 2 1st
Case 8 1st PLM option 3 2nd
Case 14 1st PLM option 8 3rd
Case 3 2nd PLM option 5 4th
Case 6 2nd PLM option 1 5th
Case 9 2nd PLM option 4 6th
Case 12 2nd PLM option 7 7th
Case 15 2nd PLM option 6 8th
Case 18 2nd PLM option 9 9th
Case 1 3rd PLM option 10 10th
Case 5 3rd
Case 7 3rd
Case 11 3rd
Case 13 3rd
Case 17 3rd
Case 4 4th
Case 10 4th
Case 16 4th
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54.2. EPSPrototype Samples

When a ranked architecture case and a ranked PLM scheme is integrated to an EPS
prototype, it has corresponding features related to both subsystanmscan be

represented as integrated parameters.

Subsystems Design Parameters Required score Score
High
Case 2 Opitonal in ‘Medium'/'Low' Medium
Power control simplicity Opitonal in '"Medium'/'Low' Medium
Backup power supply priority Medium
PLM option 2 Control freedom in secondary equipments Opitonal in 'High'/'Medium' High
Fault protection response time High
Power flow monitoring apporach Opitonal in "High'/'Medium' High
EPS pototype (Architerture Case2 combined with PLM Scheme 2)

System Design Parameters Required score Score
Systenlevel Opitonal in ‘High'Medium High
requirement

Opitonal in ‘High'/'Medium'’ High

Integrated High
paramerters Opitonal in 'High'/Medium'  High/Medium

High

Figure 30. a) Example of subsystems perfect matching, b) dedicate integrated parameter
perfect matching

Figure 30 a) and b) show a good matching, high ranked EPS prototype. Where

architecture case 2 and PLM option 2 show all subsystem parameter magaiing.

Subsystems Design Parameters Required score Score
Medium

Casel Opitonal in ‘Medium/Low'  Low

Opitonal in ‘Medium/'Low'  High
Low
Opitonal in 'High'/Medium'  High
High

Power control simplicity
Backup power supply priority

PLM option 1 Control freedom in secondary equipments
Fault protection response time

Power flow monitoring apporach Opitonal in 'High'/'Medium’  High

EPS pototype (Architerture Case 1l combined with PLM Scheme 1)

System Design Parameters Required score Score
System-level . —_ .
¥S . Opitonal in 'High'/Medium'  Low
reauirement
Opitonal in "High'/Medium'  Medium
Integrated Medium
paramerters Opitonal in 'High'/Medium'  Medium

Medium

Figure 31. a) Poorly matching in subsystemdy) Poorly matching with Dedicated integrated
parameters

9t



3l1a) and b) showa poorly matching example in subsystewel and integrated

system level respectively.
5.5.EPS Prototypes Comparison

With the further system and integrated requirement scofialgle XIV summarises
the list of generated EPS prototypes ranked based on the matching of subsystem,
system and integratgzhrameter.

Table X1V . Sample offeasible EPS prototypes

Intergard EPS prototype Ranked design Integrated parameter match
aspects status
Case2 combined PLM 2 1st and 1st Feasible
Case 14 combined PLM 3 1st and 3rd Feasible
Case3 combined PLM8 2nd and 3rd Feasible
Case 6combined PLM 10 2nd and 10th Infeasible
Case 1 combined PLM 1 3rd and 5th Infeasible
Case 11 combined PLM 1 3rd and 5th Infeasible
Case 4 combined PLM 6 4th and 8th Infeasible
Case 13 combined PLM 2 3rd and 1st Infeasible
Case 2 combined PLM 4 1stand 6th Feasible
Case 16 combined PLM 2 4th and 1st Infeasible

In a low probability scenario, where high ranking subsystems combined together do
not provide a viable solutioran EPS generated from a top architecture case and a
lower-ranking PLM schememay still provide reasonable integrated system
performance, as shown Fgure32 a). In this example, lthough two parameters in

the PLM option and the systelevel requirement do not match the required design
range, neither of them is an absolute requirement. All absolute requirements are

matched in this EPS prototypgample and the integrated parameters of this prototype
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satisfy the requirement score (showrFigure32 b)). As such this is still a feasible

option forconducing the next step of detaitldesign.

Primarily, this optimisation approach can find a prototype EP Sgda¢rallymeets all
requirementsAdditionally, this method caalsobe used to identify EPS with feasible
integrated performance parameters even when the parameters of the subsystem do not
match the requirements perfectly. addition to finding the best solution in the first
instane, theranking and review approaadan enhancenderstanthg of thedesign

rationale based on the commonalities of these candidates.

Subsystems Design Parameters Required score Score
High
Case2 Opitonal in ‘Medium'/'Low'  Medium
Power control simplicity Opitonal in 'Medium'/'Low'  High
Backup power supply priority Low
PLM option 4 Control freedom in secondary equipments Opitonal in 'High'/'Medium'  High
Fault protection response time High
Power flow monitoring apporach Opitonal in 'High'/'Medium'  Medium
EPS pototype (Architerture Case?2 combined with PLM Scheme 4)
System Design Parameters Required score Score
Systgm—level Opitonal in 'High'/'Medium'  Low
requirement
Opitonal in 'High'/Medium'  High
Integrated High
paramerters Opitonal in 'High'/'Medium'  High/Medium

High

Figure 32. a) Subsystem parameter unmatchedy) Dedicated integrated parameters matched while
subsystem parameters unmatched

5.6.Result Discussion

By demonstrating the classification, comparison and optimisation of EPS parameters
in the preliminary design stage, the results show the approach can provide feasible co
dependent integrated solutions systematically.

With the large size of demonstration samples, it is shown that not all EPS prototypes
can meet the absolute design requirements. However, if this optimisation process fails
to select a viable EPS prototype, it may be that the size of samples is too small. The

benefits of such optimisation are not significant for small design space.
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From the results, tepanking architecture cases can provide reasonable integration
performance, and even be combined with levegking PLM scenarios to provide a
viable solutionlt appears that the physical layoutpmiwerarchitecturedlominateghe

design of MEE power systerand also dominates thdeasibility of PLM strategy.
Although, architecture is a critical dominant element during the design, thesgmn
process still can help to select the best dedicated PLM strategynfaniearly design
stage (This insightful find reflects that there is a fundamental difference between co
design logic and the sequential design process. If by using sequential design, PLM
schemanightbefirstly determined andominates the design of power architecture. It

is difficult to determine the optimal solution for the MEE power system in this way.
Even if thepowerarchitecture is firdy designed ira sequential desigprocessthe
optimal solution still needs further validatidsefore integrating with any PLM
straegy.) Within the toplevel architectures as part of the case study, similar design
features such as mulpower sources and multhannel have shown to be common
amongst top subsystem ranking options. As such, this approach could potentially
highlight to the useon such common design drivers in the MEE power systerally,

the optimisation of parameter classificatiapproach isonly aimed atproviding
general characteristics review of ER@Il systematically down selecting viable
integrated solutions in a large design spdde viable EPS prototypesuld therbe
takento the next step of the desifpr further comprehensive traadf study.

5.7.Chapter Summary

In conclusion this chapterpresents the optirsation processbasedon parameter
classification fothe design of MEBPpower systemin thisprocess, two subsystems of

the EPS are evaluated in paralléh generatefeasible EPS prototypest dhe
preliminarydesignselection stageSince the main features EPS are determined in

the preliminary integration stage, the number of iterative comparisons will be reduced
in the detail design stage. In addition, the concept of feature similarities between EPS
prototypes has also been introducAd.such, ifa featureappeas frequently in feasible

EPS prototypes, thehis can be captured as a key design driver of the overall process

This allows searching for other viable solutions when the immediateatdpng
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prototypes are not viable agdeatly reduces the possibility of missing potential EPS

prototypes.

The use of parameter classification to opsemEPS charactesation during theMEE
synergistic design process is to accelerate the determinafessdileEPS prototypes

and does not require a very detailed evaluation and analysis of each EPS prototype to
determine its feasibilityThe cedesign procesapproactprovides another advantage

for the development of MEE power system, that is, two different aspects are designed
separately and at the same time inpseliminaryintegratecplatform providing nore
comprehensivalesign spaceWith this proposedapproach the design amendment
priority of subsystemand integrated parameters can be manadéolwever, this
proposed approadias a potential weakness in the proposed methodology. Due to the
small sample size can affect the effectiveness of this optimisation method, it can only
be used in the system design with a wide design space. Further studies can make use
of the selected E¥prototype after optimisation to conduct the detailed design of MEE
power systm, so as to comprehensively determine the optimal solution of MEE power

system.
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Chapter 6.
Co-synthesis Design Refinement foran MEE

Power System vid_oad SheddingFactor

6.1.Chapter Overview

In previous chapter, a preliminary stageMEE power systendesign processs
established. Within this design stage, ittegrated platform that can -ctesign and
analyse the parameters of both power architecture andi®d®monstratecA MEE
power system prototype should be defirgdthis designstage. However, a further

available analysis of MEE power system should be conducted.

How to ensure that aBPS can cope with different fault scenarios has become an
inevitable topic. When designing the availability of EPS, there is little mention in the
existing literature of which methods designers should employ to find design
vulnerabilities. Some literatursgas mentioned the optimisation of tAeM to achieve

the power balance in the EPBL][13], but the fundamental problem may be caused
by the improper design of the power architecture. In this case, optint&iiM
strategymay costtoo muchdesigneffort. Due to the timeconsuming nature of
developing PLM for the power architecture withknown design vulnerabilityan
alternativedesign logic flonneed to be considered. It would be helpful if the power
balance of the MEE EP&anbe analygd with differentscenariosThereby taking
advantage of thanalysedesult toguidethe direction of design improvement.

Becauseaerospace applicatisrtypically featurean autonomous powesystem, the
power management of aircraft is relatively limitdcbad shedding is one of the most
common approacheg13][11], but shedding large electrical loads might cause
discomfort environment for the passengdilse amount of load sheddiras to be
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controlled in each power channel, and to enwe@dequacy of aircraft power supply.
Critical defects in power architecture can be identified by analysing the limitations of
power distribution in various fault conditiorBy enhancing the power architecture to
cope with different fault scenarios, the system availability of MEE EPS can be

maximised.

Therefore, thischapter presentsa new approachto evaluaé the operational
performance of thitMEE EPS the Load $heddingFactor (LSF). This factor can be

used to judge the power balance level of the EPS in response to different faults. When
the power imbalance emerges from the EPS in a certain failure scenario, the designers
identify the regions of design vulnerabilities through poawerent trace. The main
purpose of this evaluation method is not to directly enhance the performance of the
EPS, but tadentify theareas of the EPfBat can be enhanced. The direction for design

i mprovement can be determined through thi

For the power system design of MEE, the propds&@evaluation method combined
within the synthesis stage of tiparalletbasedengineering design can be used to
effectively discover the unbalanced state of the EPS. Basqutemise and targeted
improvements to the design issues, the preliminary optimised EPS will further expand

its availability and utilisation.

In thecase studglemonstratiomf this chaptey several similar power architectures are
investigated, they have the same number of power sources and similar relialilities,
somecomponents are located differently. However, by substituting an established
PLM strategy combination into tladl scenariccases of different power architectures,

the shedding factor can also be used to prove that there is a great difference in the
operation ability at similar power architectures. Through the analysis of tHdisge
factor, the designerare able todiscover the operational scenarios that need to be
improvedin the MEE power architecturAs a result of the Case study, a feasible MEE
EPS is determined, which provides a certain degree of freedom in power supply
capability.
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6.2.The Justification of Using Co-DesignProcess andShedding Factor

to Identify the Operational Deficiencies in EPS

As beforementionedthe load shedding behaviour would be a clear guiddtine
determine the design deficiencies of the MEE BRSrder tousing load shedding
related evaluation to study the MEE system availability, it needs to be implemented
into the analysis of the integrate®S. Therefore, the potential design stage to conduct
this evaluation should be a synthesised platform, wtachshow the overall optional
performance in case studies. There is such a design phase in concurrenthzsatiel
engineering design, which is a synthesised platform for the overall system assembly
(Figurell co-synthesis proceshownin Section 2.5.1.2

Software Interface Hardware
parts parts parts

Specification Refinement

Software Hardware
Compilation Synthesis

HW/SW co-
simulation &
Evaluation

-
i
£
&
z
o

Design
Yo Satisfactor

[ Feasible Solution }

Recall Figure 11co-synthesis process
The critical concerns of EPS design for MEE are the capability of single failure
tolerance[98] and resilient power supply for the essential loads, which requires that
the MEE power system should be highly interconnected and reconfig[ir@6]e The
existing design/optimisation is foceson PLM algorithms thadrebased on a specific
EPS architecture, i.e., the EPS architecture is established before determining-the best
fitting PLM strategie$13], [61].

If the power architecture designnst the most optimised design, the space of PLM
optimisation will be limitedIn the typical system desigisuch as sequential design
processthe entire design methodology was based on hardware preferaftee a
roughestimaton onsoftware requirementthe hardware will be firstly designed and
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optimised. Then the process wislgn and optimise theedicatedoftware or control
approachbased orthe designed hardware. Dtethe lack of clear understanding of
the concept of software operations, hardware design may have certain blimness.
another wordsf the architecture dominates the PLM, the design of PLM can only be
adocaldoptimum. In fact, this dominant relationship can be broken by parallel design.
Here the author does not deny the existence of mutual influences betveeen
subsystemslnevitably, the two subsystems affect each other more or less, ibut
necessary to be careful to affect them in good ways, while trying to find methods to
avoid them influencing each other in bad wdy@. example, irChapters, somehigh
rankedarchitectures do counteract some of the shortcomings efdoikedPLMs
when they were combideas an EPSandthis was a good influence betweeach
other. As designerst is essential to be aware of the existence of this good mutual

influence for better optinsation.

Thereforethereis a challengenhow tobestobserve the defects of power architecture
design through the overall performance evaluation. After the discovery of the design
defects, the challenge of how to select the improvement direction for the EPS system

will follow.
6.3.EPSAvailability and SystemImprovability Evaluation

According to the literature review, the challenge is now that the coping ability of the
EPS needs to be observed, it is essential to see that the EPS is able to ride through most
failure situations (some extreme situations are excluded such as all povwsssare

failed at the same time). In thchapter and later sectigrike failure situation of the

system will be visualised through a case study while dbefects in the power
architecture are demonstrated through an efficient analysis of the faitg®lazad
shedding as the most relevant approach for system power balance, it will be employed
to criticise and evaluate the design vulnerability on the EPS canditiztiese this

section willpropose an evaluation method based oh 8fefor the system availability

and improvability analysis and explain how tI#&Fcan be conductein the integrated

power system design.
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6.3.1. EPS Integration For MEE

Prior toemploying the shedding factor to conduct the system availability anatyss,
designers should aggregate the power architecture and PLM stRitpge33 shows

the flow chart of the aggregation of the MEE power system. The PLM scheme will be
assigned to each architecture, making it an integrated EPS candidate. Each EPS
candidate is represented by a sidAgie diagram, which is a simplified notation

diagramfor representing the power system.
Power Power/Load
M t strat
Architectures anage(rFr)lﬁrlsA) reegy

Flight Combined asthe EPS
Phase candidates with varied failure
Profile cags

|

The EPS candidate
reconfigured in responge to a
failure case

!

Input Power supply and Demands
reguirements

System availability analysis

Output SF to judgesystem availability

l

Feasible EPS
candidates

Figure 33. System availability analysis via a cesynthesis process

Classical system failure conditions, such as generator failure and channel failure, will
be assigned to each EPS candidate, which will allow EPS dingldiagram to form
different failure models. In each failure condition, different flight phases shimld
considered to realise a comprehensive case stingyflight phase profile will include

the flight period and power requirements for each phalse.method of including
flight phase profile in the case study ajsovides the conditions for evaluating the

availability of the PLM strategy
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As shown inFigure 33, after all the failure modes and different flight phase are
assigned to the EPS candidale EPSeconfiguration options can loketerminedor

each EPS failure model according to different fault regions and flight conditions. In
different failure scenarios, EPS reconfiguration may have multiple options. Some
reconfiguration options may be significantly unsuitable for EPS candidates and can be
ignored. Additionally, if an EPS candidate has an inevitable reconfiguration defect, it
can be quickly identified as an infeasible solution, thus reducing the workload in the
next steps. Once the potentigdtions of power reconfiguration for the MEE EPS are
determined, the system availabylianalysis can be conducted which is detailed in the

following section.
6.3.2. EPSAvailability Analysis andlmprovement

This section provides the rationale of using LSF as an indicator for determining the

availability of an EPS whedesigning itseconfiguratiorfunctions
6.3.2.1Load Shedding Factdfquation

After the case study of reconfiguration is completed, the available MEE EPS
reconfiguration options are generated for different fault scenarios. In order to select
the optimal EPS scheme during different faults in different flight phases, the load
sheddingbased evaluation will be used to quantify the system resilient capability

according to the features of each option.

This section defineanL SF to represent the capabilitytbE EPS to supply the critical

bttt

loads under various fault conditionsSF is a quantitative index to evaluate the power
balance of EPS, derived by the Load Shedding Factor equatah shown as
equation ).

Whered s the total load power required during a certain flight phéase; is

the available power provided by the generators or/and energy storage, asthe

power demand of thessential loaslduring the flight phase (including the airframe
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and engine loadsThis equation assura¢he pover losses are negligiblndanideal

power factor.

TheLSF reflecs the availability of load shedding

T

If LSF¢ O, it indicates that the EPS power supply is greater than or equal to the
total required load power. In this case, the power generation is sufficient to
maintain the normal operation of the ER&this situation, the generator/source
may be controlleéccording tahe extra amount of power supply.

If 0 < LSF < 1, the power generation cannot supply all the required demands.
EPS must shed the n@ssential loads to recover the system.

If LSF > 1, the power generation is not enough to supply the critical demands
even if all the noressential loads are shed. This should be avoided at ad time
otherwise important functions of the aircraft/engine will fail and cause
catastrophic consequences.

If the essential demand equals the total demand in a particular phase, the
denominator of th& SF becomes infinite, which means that the total demand
should always be supplied. It will be judged from the numeratoBmhformula

that if the numerator is negative, it means that the power supply is greater than
the demand and can be expressed by a relatively negegiveumbesuch as

2, -10 or any largeintegers. If the numerator is positive, the essential load

cannot be supplied.

To select the suitable EPS candidateSF should be comprehensively considered

under different failure mode to avoldSF >1to the greatest extent. Based on each

selected EPS candidate, the designers will explore any opportunities to further improve

the power systenperformanceof MEE. This actually reflects the diraon for the

design improvement.

6.3.2.2.4Hi nt s 6 flmprovamerds E P S

By reviewing the EPS candidates selected ft@#k analysis, the designers may derive

somehints for system improvements.
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When the integrated system responds to different failure scenarios and needs to be
reconfigured, thelesigners can observe whether the EPS reconfiguration option meets
the minimum power balance standard for system operation, thatLiSF8<. If the

LSF is over 1 or positive infinity, it indicates that there may be a weakness in a certain
area of the EPSIracing the power flow directions of the reconfigured system will
reveal the problem, whether the system has insufficient power supply or there is
sufficient powersupply, but it cannot be allocated under some particular failures.
Depending on the profan, designers can give different solutions according to
software and hardware improvements, ahdn select the simpler solution that
involves lesschanges in other parts of the systémar example, when the LSF of a
single isolated power channel in tBBS system is greater than 1 and the critical loads
on that channel need to be shed. The designer should modify the architecture/PLM to
reduce the LSF value to improve power supplyatdfy. If there is no simple
modification to improve ta EPS for this particular scengribenthe design values of

the EPSheed to be reviewed and reconsidered

6.4.Demonstration of MEE PowerArchitecture Functional Refinements

This section will take an MEE system as an example to demonstradedifebility
analysis of itpower system via theSF. Section6.4.1describes the assumptions for
this demonstration, an8ection6.4.2to Section 6.4.5 demonstrate the evaluation

stages of the EPS availability and improvability.

6.4.1. EPSAssumptions

6.4.1.1Architecture Layout Assumptions

Under the premise of observing the overall performance of powkeitextuire, this
section willbe base@dn the EP®f MEE shown inFigure34to demonstratéhe use

of loadshedding factor evaluation.

This example is a thregenerator system disclosed &greengine industry13][31],
which includes two HigHPressure (HP) shaflriven PMSM generators and a Low

Pressure (LP) shaftriven SR generator. The power rating of each of the HP generator



is assumed as 200kVA and the LP generator is 100kVA. Besides, this demonstration

assume thathe power system is in a steady state wamimal ratings of power supply.

Based on the thregenerator power system, several mattannel MEE afutecture
options can be considered to achievefignable power supplyFigure34 presentswo
potentialprototypesof MEE power system, where the generatnes interfaced to a

DC distribution bus for supplying the airframe loads. Using power channel and
protection devices, the power is transmitted to the DC loading bus for supplying the
engine loads, including oil pump, d®@ng system, actuation device, etc. The bus
topology d the architecture may employ two typical topologies widely used in-large

scale transportation applications, sectionalised radial busbar and ring busbar. These

DC Airframe DC
distribution loads loading
[ S N N Rul7 g NN
! | ! { [WiEE Essenta Toads
' 1 : t | A Oil punp gstem
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! ! | T|A ETRAS
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 Radial ! = | l
Lo I , /ring ! | MEElessEssential loads
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U pus ! | e Stator vane actugion
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\ | : i _ Energy
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2000A | | E—I—EI—‘ Lo
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Architecture prototype 2
Figure 34. The MEE architecture prototypes
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two MEE architecture prototypes have same units of power sources and power channel,
but different bus topology and different locations for the LP generator. The following
architecture layouts will be used in the demonstration:

1) The three generators are connected to the DC distribution ring/sectionalised radial
busbar.

2) The two HP generators are connected to the DC distribution ring/ sectionalised
radial busbar, and the LP generator is connected to engine loading DC bus.

For more specific detail of each the architecture layout candidates are listed as

following:

1 Candidate 1iLP-AlR/radial- this candidate is an extension of current MEA
engine topology28] in which an LP channel is added to the power architecture to
provide additional power. The LP generator will be placed on the DC distribution
bus to provide power for a channel. Since the sectionalised radial bus can be simply
implemented for most of thelectrical structures in aerospace, the radial bus

structure is commonly adopted.

1 Candidate 2 - LP-MEE/radial - this candidate adopts the same busbar
arrangement as L-RIR/radial, but the LP generator is now connected to the DC

loading bus throughreassociated drive
1 Candidate3 - LP-MEE/ring:- this candidate replaces the radial buses in LP
MEE/radial with the ring busbar structure, which is typically used in the power

architecture of large shig41].

1 Canddate4 - LP-AIR/ring: - this candidatéas a similar ring bus topology as-LP
MEE/ring, but the LP generator is connected to the DC distribution bus.
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Figure 35. The MEE architecture candidates

The essential loads of each power architecture can be classified into the yellow blocks
in Figure 35, which is convenient for load sheddiagalysis This demonstration will
investigate the features of these EPS, in order to verify the effectiveness of using the

LSFto highlight the architecture improvability.
6.4.1.2PLM Assumption

From the literature review of power management strategies, electrical power system
can address most abnormal situations by simply increasing power ratings and power
redundancy, but the overall weight of the system will rise significantly. The design

objectve of the MEE is to develop the availability of power system reconfiguration to
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meet power balance in most flight conditions without increasing generator ratings.
Specifically, the power balance of the system depends on the availability of the power
components and the operation of power management. In the MEE system, there are
many PIM strategy combinations availablauch as battery baekp with load
shedding or battery baakp with generator overloading. In addition, the generator
overload is assumexba low priority strategy to be useals overloading the generator

Is shorting itsusage life.Table XV gives two examples that aravailable for the
selected EPS baseline model @ad be used to bedemonstrat the effectiveness of

the LoadShedding Factor evaluation.

Table XV. MEE PLM strategy options

PLM usage priority PLM strategies
order illustrations
1S'ESS discharging PLM 1 -Figure36
2" shedding
15'ESS discharging PLM 2- Figure &
2"4 Shedding strategy
39 Generators overload

Figure36 shows the PLM that @sboth ESS supply and load shedding strat@mce

the EPSis determined to ban imbalance system, the PLM will again firstly check

the availability of generators, if there are feasible generators and already in the max
nominal rating, it will be using ESS to supply the shortage and ukeshedding
strategy to shed loads. If there are no genezataailable, the ESS will supply the
power in first place and shed load until the system is balanced. In addition, if the power
system is oversupplied, the ESS witlarge the additional power supplyased orthe

State of Charge conditions.
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Battery discharging
to balancing system
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loads

Figure 36. PLM strategy with ESS and Load shedding

Figure37showsthe procedure of PLM thamploys ESS, load shedding and generator
overload strategies. This PLM strategguires aattery bus, ESS and contactors on

the connection of neassential loads. It is similar to the previous PLM option, but it
has an additional power supply function which is the generator overloading at the last
priority order of the PLM. Although this lagtioritisedpower supply function is time
limited, it still offers more operational space on the EFShere are no generators
available and the generator overload cannot be used, the ESS will supply the power in
first place and shed load urttie system is balanceSlimilarly, if the generator power
capacity exceeds the demand, the ESS will switch to the charging state (only if it is
less than 90% of the storage capacity). Once the ESS is fully charged, the converter

will limit the current passing through
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These PLM optionsattemptto balance the beneditof usingboth ESS andload
shedding so the electrical loadswill neither becompletely disconnected, néully
using ESSwhich will highly increasethe weight of the architecturdn addition, it
appears that when planning the Plsilategy, soméesign information can support

thedefinition of ESS size and contactor position.

START

PLM responds

Check battery SoC

05
Check any healthy
generators Reduce the
converter current
No

Yes from sources

Charging battery

L]

Using max nominal
of generators

If Max-
Nominal
used, and still
nbalance

No

Non-essential load
shedding with
priority list

Back to monitoring

Generator overload
in given period
(Pgen* %over)
= Pioss = Pioaa

all Non-
essential
load shed

Battery discharging
to balancing system

Generator
overheat

Keeping shedding
loads

Figure 37. PLM strategy with ESS, Load shedding and Generator overloading
In summary of this sectionl Architecture layouts an@ PLMs are selectedfrom
section6.4.1 Each of the MEE power architectures is combined woitie of the
selected PLM options respectiveétyform an EPS candidate. In tgt@lcombinations

of EPS are available for tMEE systemavailability study.
6.4.2. General DesignEvaluation for MEE Power Architecture

In this section, the general design evaluation is conducted for the MEBFERtSf
all, the safety and weight evaluations have been conducted for these architecture
candidates. This demonstration first uses Fault Tree Analysis (FTA) to evaluate the

reliability of four EPS candidates, and then compares their overall weights.
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The maximum failure rate allowance of the EPS distribution for MEE critical loads is
set according to the extremely improbable condition, which equal to or less than
p p 1t per flight hours. This is comes from the guidesG#-25 of European
Aviation Safety Agency (EASAJ94]. Table XVI shows the critical demand failure
rate of the MEE architecture candidates. Séesultsare calculated by the FTA
approach and with reasonable assumptions.

Table XVI. EPS reliability
Failure rate | LP-AIR/radial LP- LP-MEE/ring | LP-AIR/ring
unit (1/fh) MEE/radial

Power lost Up| 1.0168 10 | 1.499 10% | 8.1154 10%® | 7.2331 10?°
to DC loading

bus

Power supply 1.729 10*? | 1.72% 10'? | 1.7288 10?2 | 1.7287 10%?
lost at Fuel

pump system

Power supply 1.7290 10%? | 1.72% 10%? | 1.7288 10'? | 1.7287 10*?
lost at Oil

pump system

Power supply 1.7290 10%? | 1.72% 10%? | 1.7288 10'? | 1.7287 10*?
lost atETRAS

Either one of| 5.1871 10'? | 5.18% 10!% | 5.1864 10 | 5.188 10'2
the essential

loads failed

It also assumed that this FTA did not focus on the reliability of the airframe
loads/network, because the airframe loads should have other dedicated supply source,
such as APU and RAT etc. Each of the MEE critical motor/ load is powered by three
channelswvith dedicated inverter and protection devices. Due to the high reliability of

the architecture distribution, there will be a very low failure rate of power supply lost
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at DC loading bus. Hence, the failure rate of each critical load is depending on the
number of channel connection between the DC loading bus and the loads. Either one
of the essential loads failed can causing catastrophic event for the aircraft, therefore

should below than the extremely improbable condition.

Although the data coméom the public domain datab4%40], it can be seen that the
reliabilities of these architectures are all below than the maximum failure rate
allowance, each of them can be a reliable power architecture. It is difficult to determine
the optimal EPS by relying on this evaluation method aland it must be compared

with the weight comparisormhe weights of EPS candidates is listedrable XVII

and referred the data frof81], it is excluded the weight of MEE auxiliary systems

e.g. pump motor and actuators and their redundant dedicated converters, as it will be
a proportion of the total weight. From this table, there is no obvious difference between

these four EPSs.

Table XVII . EPS weight comparison

LP LP LP LP
Al R/'rg MEE/ ra MEE/ r| Al R/
Generators 128. 3 128.3] 128. 3] 128. 3
(assumed
wei ght inc
Protection| Co n t 10.78kg 9.24&g 14.6Xg 16.94g
devices |[r2 7 @
CB 45.22kg 38.7&g 61.3%g 71.06&kg
27 Y
Uni baotthaed 461k3J 4 61k 3 461k3 4 61k 3
dedi cated
2X DC t o 45. 92 45.92 45.92 45. 92
converter
115V
Tot al we 276.5%g 268.5&g 296.5&g 308.5&g

According to the evaluated results kigure 38, the LP-MEE/radial seems has the

lightest weight and a reasonable power supply reliability. However, this figure barely
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indicates that thé& P-MEE/radial has the bestystem reconfigure abilitwhenfault
occurs When the designers face many similar potential solutions, an analysis related
with the power balance ikighly recommendedo determine the EPS response
capability in the face of different failures throughout the flight phase profile.

EPS weight vs reliability 1072

350 5.1885

300
15.188

250

15.1875

n
[=]
o

ry

(%]

o
T

15.187

System weight(kg)
System reliability (per fh)

100

15.1865
50

5.186

1.LP-AlR/radial 2.LP-MEE/radial 3.LP-MEE/ring 4.LP-AlR/ring
EPS candidates

Figure 38. The MEE power architecture weight vs system reliability

6.4.3. Power System Reconfiguration Study for. MEE

In order to demonstratdhe availability of the powersystem reconfiguration, EPS
candidates can be detailed through the flight profile and different failure mab&s

XVIII presents a flight profile example that includes takKe high-altitude, approach,

and landingphases. As each flight phase has a different power requirement, the
reconfiguration option could be unique during fault conditions. The failure modes
include singlegenerator failure, twgenerators failure, singiehannel failure, two
channel failure, et After all the failure modes are applied to each EPS candidate, the

designer can determine the reconfiguration option for the EPS according to the selected
PLM scheme.
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Table XVIII . A Flight Phase Profile Example foran MEE

Flight phases Take-off High Approach | Landing
altitude
Single MoreElectricEngine 142 82 152 187

totalloads (kW)

MEE essential loads(kW) 72 82 82 117

Airframe loads supplied by 350 400 245 275

single-MEE power system

(kW). This will divide into to
airframe loads of the

architecture

Total power demand from ar] 492 482 397 462
MEE (kW)

* Each load is assumed based on a percentage of MEgpodximately 1 MW of total power demand. The reference value of
these numerical is open to discussion, but changes in reconfiguration can be shown more effectively using this quantitative

method.

An example of the reconfiguration option is illustrate&igure39. This figure shows
theLP-MEE/ringcandidate with the failure scenario when both HP channels are failed,
and the energy storage is not available during the landing phase. This failure limits
both HP generators to supplying power into the engine load bus. According to the
requirements of ijht phase profile, a total of 187 kW is required for the loads in the
MEE, of which 117kW is essential. In this unity power factor case, as the HP
generators can only supply power to the airframe loads, only the LP generator is

available to suply the engine loads.

Based on the given PLM scheme, the strategy of the battery power supply is no longer
available, so only the sequence of Isheddingwill be considered. Firstly, the PLM
attempts to discard the airframe loads of lower significance, but the power balance
situation is not retrieved. This indicates the 1@ssential loads on the DC bus must

also be discarded. Even so, the power of thedriegator is still not enough to supply
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Figure 39. An example of the power reconfiguration case study

the essential demands and recover the power system. This reconfiguration option will

cause this candidate lmsethe advantage in the EPS candidate compa(&omwn in

section6.4.4. Similarly, the reconfiguration options of the other EPS candidates can

be evaluated in this way, and all architecture candidates will be further assessed in the

EPSavailability analysis.

6.4.4.

EPS Availability Analysis

This section is used to demonstrate the usa@ySbBfon the determination of the EPS

power system availabilitfthe reconfiguration cases are shown in Appendix D)

11¢




6.4.4.1. The Scenario ofTwo HP Channeldailurein MEE

Figure40shows thdSF of the four candidate ER&th the PLM strategy Wwhen two

HP channelsrefailedand the ESS systeisdisconnectedThe consequences this

failure caseshowthat theLP-MEE/radial and LP-MEE/ring have shedding factors

high thanl in the landing phase, which indicates some of the essential loads must be
shedandwill causng seriousfailuresin flight. In another handrigure41 shows that
when the four architecture candidates are independently coordinated with PLM
strategy? (it hasa 120% generator overloading funcioihe LSFs within the case

of two HP channels failed are all below 1, which is acceptdbi the power

reconfiguration. The combination of architecture and PLM strategy 2 mehas

Case of Two HP channels failed while battery disconnected
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Figure 40. Initial candidate system availability in case of Two HP channslfail while
battery disconnected.
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critical functions of the MEBwill bearing the scenario divo HP channel failure

within the limited time of LP generator overloading.

Case of Two HP channels failed while battery disconnected and used generator 120%
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Figure 41. Using generator overloading in the power management strategy and SF bel
one

6.4.4.2.The Scenarioof One HPChannelandOneLP ChannelFailure

Another case is under a conditionasfe HP channel and one LP channel failed while
ESS is disconnected, the four candidates is again firstly coordingbelM strategy

1 that only involved ESS and shedding functiéigure 42 shows theL SF figures
based on this condition, and {INEE/radial and LEMEE/ringwere not able to supply
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the power for critical loads in talaf and highaltitude phase (both over 1). Which is
needed to be considered for further improvement.

Case of one HP channel and one LP channel failed while battery disconnected
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Figure 42. One HP and one LP channel failed with PLM that only considered E¢
and shedding function

As the improvement, the case study has been replaced the coordinated PLM. strategy
Figure 43 shows thelLSF represented ith case study when the candidates are
coordinated with the PLMstrategy 2that includes ESS, shedding function and
generator overloading functioifhe takeoff phase of LPMEE/radial and LP
MEE/ring can be improved and LSF is about belowHawever, he highaltitude

phase of LEMEE/radial and LEMEE/ring still has not bensatisfied, and theSF is

over 1.

Up to now, the results show thHaP-AlR/radial andLP-AIR /ring have better system
availability in power reconfiguratiomlthough the load shedding still happens in these
two architectures, but the essential loads can be supplied under most failure scenarios.
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Case of one HP channel and one LP channel failed while battery disconnected with generator 120%
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Figure 43. One HP and one LP channel failed with PLM that included generatc
overloading function

On the othehand, LRMEE/radial and LRMEE/ring appears to have power shortage

for theessential loasland thiscan be an intolerant defect when specifying the design
requirements foMEE power systemin reality, power reconfiguration is not always
available For example,fithere is a catastrophic situatioocurredin the engineand

all power source chanrsabn the power architecture are failgkde power systerwill
becompletdy black ouj, andthis isno possibility ofreconfigurationat all The target

of this cesynthesis process was to refine/optimise the functional design for MEE
power system concepts from a preliminary design, and the blackout situations were

out of the research scope.

Furthermorethe EPScandidateof low system availabilitys notadead end. Through
system availability analysis arldSF values, the improvement areas of architecture
design can be foundror example LP-MEE/Radial and LPMEE/Ringhave lower
power configuration capabilities regardless of coordination with any PLM @ption

ThroughLSF analysis, the design weakness of these two architectures lies in the
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channel connection, because the main power source depends on two single cables and
cannot be coordinated with th®& generator connection. The flexibility of tpewer

flow is not satisfactory under different fault conditions.
6.4.5. Power System Improvement via Shedding Factor

As design weaknesses were identified, this was readily able to improve the power

reconfigured capability by adding reasonable compofdmigesto the existing

architecturefor increasng the ability of power system reconfiguratioRigure 44

shows two new conceptsthieLP-MEE architecture, with added connections (circular
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Figure 44. Two new EPS options based on L-IMEE/radial and LP -MEE/ring
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highlighted between the LP generator and the DC distribution bus. By means of
creating more power paths in different scenarios, the new ceafepthitecturaare

able to achieve the sarh&F resultsas samasLP-AlR/radial and LP_AIR/ringand
theLSF is shown irFigure45.

This case studis demonstrate the application of system availability evaluation and
highlights the role oLSF on MEE power system desigmhis demonstration also
provides various concepts and perspectives on Sttdlegy anarchitectures of MEE
powersystemsStandard system design assessment such as power system reliability
analysis and weight comparison may not fully realise the determination of power
reconfiguration capability.SF has been shown its benefit on judging the availability

of MEE power system in different situations, but also combine cases to provide hints
for the designers with corresponding architecture design improvements.

NEW Case of one HP channel and one LP channel failed while battery disconnected
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Theavailability of powersystenreconfiguration can only be anabd when the PLM

and architecture are integrated. This is an impression that the synergistic cooperation
of PLMs with architectures is an element to accomplish the operation of MEE power
systems. Furthermore, if PLM has more different features to achiewerpo
redundancy, it can balance the design weaknesses of the architecture. On the other
hand, if the PLM options are less flexible and the power supply is time limited, this
highlights a lover availability for power reconfiguratiorzurthermore vulnerable
designin the architecture concept will cause direct impact on the operational flexibility
and PLM strategy may not always able to cover the drawback of the inflexibility in the

MEE power system.
6.5.Chapter Summary

This chaptethaspresentd an effective evaluatioof refining the EPS design for MEE

systembased o SF, which determining the system availability and improvability

This makes theesearch directiogo beyond the general optimisatifor MEA/MEE
power management, but also improvihg power distribution performance of the EPS,
towards the enhancement/refinement of the entire electrical power architewdan

integrated operational performance in the power reconfiguration

By using this method combined with a synthesis stage of parallel engineering design,
the imbalanced states of EPS can be rapidly and edsirmined. The design
vulnerabilities based on the MEE power architecture can be perceivedigedted

which helpsto targeted improvements such that a preliminary designed EPS will
further expand € availability and utilisation.

This EPS system refinement includes an EPS integration and system availability
evaluationLSF analysis The available architecture layouts would be allocated to the
given PLM option, and integrated as EPS candidates. EPS candidates are combined
with potential failure modes to identify the resilience system reconfigurations.
Furthermore, EPS candidates cha evaluated by quantifyiflgy LSF) system
availability can more standardise to ensure that the selected EPS has sufficient capacity

to ride through amany failure modes as possible.
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By this EPS design evaluation and system refinement, designers can comprehended
the procedural knowledge about malectric aerospace applications, and it can
inspired designers to improve the EPS performance. In order to meet the high
performance requireents of MEE systems, this method could effectively highlight

the deficiencies of electrical power architecture in the design. Thus, the targeted
refinement/ enhancement could be carried out and found an EPS with high resilience
and flexibility for the autnomous electrical system. This evaluation combined with
the optimised methodology emphasised that it provides direction for the design of the
next generation of aerospace electrical systems, promotes the realisation -of more
electric applications and sustable development of the aerospace industry in the

future.

Last but not the leastsaa justification point of selected the knowledgesed case
studies wagliscussed in Chapter 1. The Chapter implemented the knowtedgel

study for conducting the design refinement for MEE EPS. Unlike rgdch the
detailed design of power architecture based on knowledge case studies is more
necessary for an MEE that hagia complicated system including both mechanical
and electrical design requirements, which can have irreplaceable advantages for an
unknown system design. Different to the mathematical optimisation, this study
approach can observe all advantages and dasdigiges of the design itself through
practical cases. Via reviewing two subsystems and their design requirements,

improving the original design can be easily achieved.

12¢



Chapter 7.
The Architecture and Power ManagementCo-

Designfor MEE Electrical Power System

7.1.Chapter Overview

This chaptepresentghe summarisediesign logic content of Chapteds4,5 andb,
integratedinto a single comprehensivelectrical system design process MEE
power networkThis proposedirchitecture and Power Management (APM)Xd&sign
comprises threeoredesignsteps and navigates the floaMMEE power system design.
Firstly, design definition of the baseline model of the power architecture, and the
parallel design of the PLM and the power architecture prototype. Subsegqu@ently
power system initial feature capture framework is established to providécBRiE
optimisation through feature / parameter classification. The EPS refinement is then
established for the power network to deterenthe system availability and operational
flexibility in failure scenario studies. The feasible EPS candsthtd determined by

the APM coedesign will achieve the critical requirements of MEE sysseish asigh

power resilient and redundancy.

Theproposed APM calesignenables highly flexible design proces3he hardware
architecture and power management strategy should first be designed independently
and then should be introduced in the integration phase. In this design process, the entire
EPS candidate scheme is not limited by some critical design stageleBign process

can obtain more initial solutions from a larger design spaceighating the same
resources, thus providing more opportunities to find the optimal EPS design scheme
for the power system of future electrifiattcraft The main attraction of this idea is

not tosimply expand the search scope of design space in vain, but to quickly down

select an effective design solution after expanding the design space. In the process of



co-design, an optingation platform is employed to integrally ansdythe design
information and system characteristics of each subsystem, and the EPS prototype with
strong feasibility can be extracted from a wide design sgae@arly as possible. In
this way, the detail design can be developed aroungréigninary optimised EPS

prototypes.

Sincethe optimised EPS prototypbecome thenain focusof the design, the number
of feasible EP&t final design stage would be much less than the extensive design
spacethatformedat the initial design stageWith using the APM calesign process

the comparisomaroundthe optimisedEPScandidatesvill also be much less.

Figure46illustratesthe MEE EPS design space changing in different design stages of
APM co-design process. The thesis is mainly feagon the architecture design path
and the entire design process logiesign rule definition of PLM and PLM baseline

scope is not in the scope of this resedhighlightedas grey text)

Pre-design Individud Feasible
rules MEE baseline Feature individud
definition 1 deail solutions

Architectural layout \I/ |
design pah red

EPS design Initial Eleaa:ft;l;e
chdlenges optmis
ation MEE

Power management
design pah green

Individud Feature
detail with assumed
scope

Design pace EPS Improvement

Figure 46. Design space illustration of APM cedesign

To shape the integrity of the APM-clesign, thendividualfeature desigfor the PLM
strategy has bedmypothesised and used to complete the flow of the entire design,

detail assumptions were maikeChapter 5
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In addition, the power system design in literatften employ amathematicabased
optimisation method, which limits the designer's exploration of EPSrational
performance. This is becaussingmathematicabptimisation tadesign the EPS will

hide the formatiorpath of EPS This doesat help the designer to understand the

i K n d1w wpdogress during the desigBven if the optimal EPS is obtainby the
mathematical optimisationt will offer no explanations of why the optimal EPS is
formed. In ths way, designers may not able to better understand and fully utilise the
advantages and performance of the optimal EPS. To achieve the visibility of the design
process,a knowledgebased method will be a better choice to solve this specific

problem.

Although the functions in the propos@&M co-design process have been proven to
be applicable to MEE systems in the previous chapters, this chapter will present the
APM co-design process as an overall flowchart, and the followirtgections will

describe each part of this-design process in order.

7.2.An overview of the APM Co-design for MEE Electrical Power
System

The highlevel version of APM Céesign process has bedivided into different
stages and shown Figure47. This design process can be divided ithieeelayers.
The first layern(block 1) is to collect and collate the design requirements for the MEE
power system and desceithe specification and definition of the MEE power system.
Followed by partitioning the subsystetevel requirement into dedicatesdibsystem
design the systentevel requirements will be taken as the constraints into the

parametebased optimisation.

The second layefblock 2,3 and 4)s to desigmall potential solutions of PLM and
power architectures respectively. The features of the designed PLM and power
architecture are collected into the paramétesed optimisation, this optimisation
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platform of the overall EPS system is performed to extract the PLM and power

architecture that can be compatibaled meet the design requirements.
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Figure 47. The flow chart of APM co-design
Once the feasible individual designs of PLM and architecture lay@uteady for
combinationthethird layer isa casynthesis procedur®lpck 5, it will be employed
to conduct the system availability of the EPS through the flight profile case studies.
Furthermore, an improvement loop would view the feasible combination of EPS which
ensure there are any enhancemepportunities Afterwards, theframework will
recheck whether the defined concepts match with the MEE power system
identification. This layecould bea validationof thecase study, which is not included

in the scope of this thesis.
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7.3. Layer One: Design Requirements andesignRule Definition

In the first layeof the APM processhe designer shall set up fleature specifications

and requirements of the EPS of MEE. The design expectation of MEE power
architecture are highated power sources with redundancy and multiple critical
demands during different flight phas@$ie designconsiderationshouldinclude a
multi-channel power system with flexibility in power reconfiguration, available power
and load management methods shaktonsidered coordinating withe architecture

to ride through complicated fault scenarios. The MEE power network can be
developednto different waydor achieving and balancing the design criteria such as
system safety, weight, operational flexibilitwhich is not easy to summarise the
features of the power architecture and PLM strategy. Establishitgseline
framework of MEE power architecture and PLM would be useful to describe and

define the scope of the EPStla¢ beginning stage of the design.

Since the existing aircraft design specifications and standards do not provide an
appropriate and clear guidance for MEE design, the specific design rules of the MEE
power networkhavebeenanalysed and reviewed €hapterd. By demonstrating the
requirements of these feature designs, a creditable baseline framework and related
suggestions are established effectively. On the other hand, this design layer also
establishes the definition of MEE power system requirements, \whistides a good

basis for clas§ying and portioning the design of subsystems of MEE power system.
Regards to the PLM design definition, this is out of the scope of this thesis but similar
method of establishing a PLM or Fault management framework can be found in
[135][141].

7.3.1. Design Requirement Partitioning

When the definition and design requirements of MEE electrical system are determined,
the characteristics of design requirements can be further divitiesistage of APM
co-designis similar to the requirementidentification section in the V diagram of

ARP4754, but it provides better requirement listing and partitioning.

Subsystem design requirements for PLM strategy design or power architecture can be
categorised separatelynoserequirementsieedto be identified and partitioned into
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specific blocks in the edesign. In this way, both the power architecture and PLM can

be designed in parallel.

If the characteristics of some requirements are related to both subsystemantbey
consideredas asystemlevel requirement and are directly referenced to the integral

optimisation platform as parameter constraints.
7.4.Layer Two-Part 1. EPS Subsystem Designs

This section describes the individual design of both subsystems of EPS in the APM

co-design.
7.4.1. Power / Load Management Stratedyesign

This design blocks usedto design the sequenoederof using the PLMstrategy and

is represented byBlock 2 in Figure 47. This PLM strategy supports power
reconfiguration strategy andanage MEE loads under abnormal conditions. There
are twoexampleof theMEE PLM strategythatwere utilised in Chaptes, which are

used to condudhe investigation of LSF analysislore examples oPLM strategy

can be found in Appendix C. This desiglock means tg@roduce a series of PLM
strategy options that met the design requirements. The features dPLiMstrategy
options can be used in the optimisation platform to analyse and optimise the
functionality of the overall power system in combioatwith the power architecture

design.
7.4.2. Power Architecture Design

This design block (Block 3 shown Figure47) is used to represent tiMEE power
architecture design. At the beginning of this design stage, the architecture baseline
model will be formed accordirntge design rule definition that from blotkThe varied
architecture conceptsan begenerated via the baselimeode| and thenwill be
evaluated vialedicatedeliability analysis and weight comparis¢more information

of each evaluation shows in following sectians)
7.4.2.1Reliability Analysis

Fault Tree Analysis (FTA) aasimilar method such as Fault Mode & Effect Analysis
could be employed t®valuate thesystemreliability of MEE power architecture. In
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this thesis, FTA has been utilised to assess the failureréight hoursof the MEE
architecture concept. TH€T'A results are calculated biye failure rate of each power
system component. Correspondingly, TéA resultbecomes the expected failure rate

of any MEE electrical load caused by electrical failures.

Having a reliability analysis is an indispensable part of the MEE power sgst&Egn
processas it demonstrates the safety of a power systamept. The designgubwer
system concepteedgo be adhered to surroundisgfetyin the relatedlesignstandard

and commenting stringent safety check in place.
7.4.2.2HardwareCapability Comparison

In addition to the reliability of the power architecture, another key point of the
aerospacpowersystemdesign that can improve ti#> Sperformances themass and

power density of the components.
7.5.Layer Two-Part 2: The Optimisation of Parameter Classification

Once the both subsystems of the MEE power system have been designed respectively,
all the initial designed subsystem options &it as inputinto an integrated system

level optimisation (correspoimy to Block 4of Figure47). This requiresombining

the power architecture and PLM scheime anEPS prototypeand the parameters of

the combined EPS need toatch with the designed parameters. Tlparameter
classificationoptimisation would rank all the EPS prototypes based on the design
compliance. More specifidly, the compatibilitypetween subsystenasd the overall
operatioml performance of the EPS would #eterminedhrough using the parameter
classification comparisoin this optimisation process.

In the parameter classificatiorfeasible EPS prototyge(containing a power
architecture and a management scheme of PLM) can be preliminarilysidaated.

Within this aspect, a full detail flow chart of the parameter classification optimisation

is shown inChapter 5This optimisation would speed up the identification of feasible

EPS prototypes, as it is not necessary to have a detailed assessment and analysis of
each EPS to determine its feasibility at this stage. Furthermore, the concept of
prototype feature simitdy has been considereith this parameterclassification

optimisation If a particular feature often appears in feasible EPS prototypes, it is
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considered for searching in lesanked EPSs. This greatly reduces the possibility of

losing potential EPS prototypes.

Once the overall features and functions of the EPS have been identified, more detailed
design will be conducted around the core design of MEE power system, such as the
location, quantity, and operational performance of the power compombargsvill be

conducted in the next design layer which is thewathesis procedure.
7.6.Layer Three: The Co-synthesis Procedure for MEE Design

This section presenta cosynthesis procedure for the refinement of MEE EPS
candidates. The procedure corresponds to BlockFgufre47. This section details
how a case study on tlaeail ability of the MEE EPS system can be carried out by this

co-synthesis procedure.

Figure48illustrates an expanded fleehart for explaining the MEEPSco-synthesis
proceduresin stage A,the power architecture and PLM options selected by the
parameterclassification optimisation (content of Chapter 5)were collected and

combined as EPSs, which was defined as an EPS candidate.

Secondly, the power reconfiguratiacapaility of each EPS candidate will be
evaluatedbased on different failureonditions and to determine that whethiercan

ride through the various electricéhilures Different failure conditios will be
introduced into each EPS candidate, such as genéaltpiconverter fault, load fault,

so that EPS can form a fault mode. At the same time, the power supply demand of each
flight phase of aircraft should be introdudedstage B which makes thease study

more realistic.
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Figure 48. Co-synthesis flow chart

Yes

For each failure, the design&halluse the availablpower devicesind thededicated
PLM strategy to minimise the impact of the failure on the EP8dnase ofasingle

componenfailure, the cooperation between the architectayutand PLMstrategy
need to enable the power systeraconfigurdion, and contain sufficient levels of

redundancy such that nominal supply to the load is maintained.

Whenthe remaining power supply is insufficient to ehel demand requirements,
somenontcritical loads may be abandoned to ensure system stabitigyengine load
scheme(shownin stage D)provides the priority supply list of thengineauxiliary
systens, this listshould be employethto in this procedure. With the engine load
scheme, the reconfiguration option of EPS can specifikaibw the load shedding
order. In stage Dthe designer will determinavhether the reconfiguratiozapability

of EPScanbeachievel whenfailure occurs
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In Stage Ethe system availability analysivia LSF)will be conducted twerify the
effectiveness of thBIEE EPSthat having reconfiguration availability.

Finally, the EPS solutiowill be inspectedn Stage For identify if there areany
enhancemertan be maddf sqg the designer should return to Stage A and repeat the
procedure againAfter the casynthesis procedur¢he selecteEE EPScandidate

can be recognised ageasible solution.

The overview of cesynthesis procedure is described abdwve following subsections

are used texplainthe functionalitieon each stage of this-@ynthesis procedure
7.6.1. Co-synthessing Power Architecture and PLM

In the first stage, designers should aggregate the prototypes of power architecture and
PLM strategy from thparameter classficatiaptimisation. All PLM schemes will be
assigned to each architecture, making it an integrated EPS candidate. Each EPS
candidate is represented by a sidgle diagram Classical system failure conditions,
such as generator failure and converter failure, will be assigned to each EPS candidate,

which will allow EPS singldine diagram to form different failure models.
7.6.2. Flight Phases Profile

In each failure case, different flight phases should be considered to achieve a
comprehensive case study. The flight phase overview will include the flight cycle and
power requirements for each phase. The method of including flight phase profiles in
the cae study also provides conditions for evaluating the flexibility of PLM strategies.
Due to different flight cycles and load requirements at different stages, the dedicated
PLM scheme in EPS needs some flexibility to maintaipower balance under

differentfailure modes.

For example, during takeoff, if there is an electrical failure in the architecture, batteries
may be preferred to supplement the power shortage directly (critical loadgaired
remain to be on during takeoff, and ronitial load such as galley or cabin light being
off). However, if the similar condition occurs during the cruise phase, discarding non
critial loads on the fuselage shouldthe primaryconsideationbefore using batteries

to meet the critical loads.
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7.6.3. EPS Reconfiguration Option Studies

After all the failure modes and different flight phaaee assigned to the EPS candidate,
reconfiguration options can be designed for each EPS failure model according to
different fault regions and flight conditions. In different failureasrios, EPS
reconfiguration may have multiple options. Some reconfiguration options may be
unsuitable for EPS candidates and can be ignééditionally, if an EPS candidate

has an inevitable reconfiguration defect, it can be quickly identified as an infeasible
solution, thus reducing the workload fiature steps. However, the remaining suitable

EPS reconfiguration options need to consider the supplhityrfrthe engine loads.
7.6.4. Load Schedule

Load schedule is a datagegardingsupply priority for MEE loads. This dataset
should also be considered in EPS reconfiguration to provide more design details,
especially navigating the refinement of the management strategy related to load
shedding. Under some EPS reconfiguration conustithe power supply has enough
capability, but the power flow path is blocked due to the isolation of the fault region.
With this scenario, the design of the alternative path only needs to consider the power
distribution and flow direction of EPS without discarding any loadkgn both the

cable and the filter are ideally capable of doing so).

However, in the case of power shortage and power path congdbgdeR?S often

needs to adopt appropriate load shedding strategies to ensure power balance.
According to the importance of loads, the load schedule can be highlighted in EPS
single line diagram. That is, the wiring location of each load needs todxkdisthe

EPS demandide and indicates the priorifgr load shedding. Whethe EPS needs

load shedding in theventof afailure, the designer can directly understand the impact

of each loadsedding on MEE.

The case study of EPS reconfiguration will be completed at this stage, but it is difficult
to compare the ability of power reconfiguration of each diagvased EPS. Therefore,
some indicators such as LSF of the power system can be quantified to verify the

availability of each EPS candidate.



7.6.5. SystemAuvailability Analysis andl mprovement

Block E and F ofFigure 48 is discussednd demonstratesh Chapter6. The LSF
analysis is utilised for the determination gmfwer system availability and provided
directionson the design improvement of power system concéjsts.optimal solution
of MEE power system will be finally determined through this entiresyothesis

procedure.
7.7.Chapter Summary

In summary, this chaptdras proposed a framework of APM atesign forMEE
electrical systembased orthe contenof Chapter 3,4,5 and.6rhis methodology is
also suitable for use in a wider range of aircraft electrical sydesign,andaiming

to improve the power system design of BEE or MEA powernetwork

This design framework includéise power architecture design, PLM strategy design,
the platformfor initially optimising the overall system characteristics and featofe
the EPS, and a esynthesis procedure for the system enhancement coordinated with

failure mode study.

The co-design processallows architecture and PLM strategies to be designed
separately;making them more independent and no longer subject to each other's
limitations This expands the digin space of the EPS. From the characteristics of these
two designs, the complementary features caidémtified and an EPS prototype can

be established. This allows the overall operational performance abERe$redicted

the in advance and allows a rapid screemwihtpe viable EPS candidatpsor to any
further dedileddesign. Finally, using the failure scenarios that may aeting flight

to evaluagé and improe the comprehensive EPS in detail via thesgathesis
procedureOverall,a part of the general V diagram of ARP4t&h be modifiedo
incorporatethe proposedPM co-designapproachadaped for MEE power system

design.

Reviewing the entire MEEo-design process, the design subsystems have given each
otherdesignspaceThis is because thaubsystems are designed separateBlltav

more exploring space. The preliminary feature optimisafidso called parameter
classification optimisationlayer provides advantages for the development of MEE
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power system, but it does not need to study each prototype in depth.thidter
preliminary optimsation, each potential prototype will be refinedthe cesynthesis
procedure This APM cadesign fully conforms to thpurposeof fast downselecton

of effective EPS candidates in a more comprehensive design space.

In the face of the variability of the electrical system in the development of new

generation aircraft and the challenges of using multiple power management strategies,
the design process of EPS is a vital factor determining the success of the design. This
design process framework established in this chapter will enable the power system of

electrified aircraft forward to a new degree of development.
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Chapter 8.

ThesisConclusions and Future Work

The concept oMore Electric Aircraft is well establishedvithin the aviation industry

and ha been developing in the past two decades to achieve better fuel combustion
efficiency. The More Electric Engine, asa promotion solutionof the most
complementary systefior MEA, its powerarchitecture provides a vitapportunity

for the operational performance of ME& havea large power supplgapability and
theresiliene@ of power distribution. Thereforehe MEE's power architecture needs
multiple criteria design to meet the requirements tioé electrified aircraft, to
coordinate the weight, flexibility and reliability of the power system. The power
system of MEE has the potential to promote the next generatiaincodft and will

certainly become a hot research topic.

In reality, MEE systemfaces the challenges of limited design guidelines and unclear
design process when designititge power architecture. Someonventionalengine
design guidelines cannot be directly used to deaigMEE. Moreover, although
EVTOL has some newly special condition standatidsy cannot also beonsulted

due to theconcepual difference.In addition, forthe advancetEE power systems,

the design process also needs to be adjusted. Therefore, the work don¢hiesthis
demonstratedsome credible MEE power architectucencepts andoroposé an
improved EPS design process for More Electric Engingurmary of the thesis and

aseries of key carlusions argivenbelow.
8.1.ThesisSummary

Firstly, the thesis presents the understandings of the design requirements of MEE. In
Chapter 2, the concept of MEA and MEE are introduced. Atejth literature review

was conducted for the design of MEE power architecture. Although a variety of MEE
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power architectures are available from existing public literature, many of the power
architectures of MEE are formed by following limited considerations or no rationale
behind the design. Therefore, this thesis reviewed the existing MEE architectures, and
determined the similarities and uncertainties of those architectures. Further literature
review was focusedon identifying the suitable design logic of MEE power system.
The justification of choosing CDesign process concept for MEE power system
design vas givenMore specifically, Chapter 2 also highlighted the needs of using the
operational logic of Calesign process in MEE design, to praxbtter coordination

betweernthe design sequence and the MEE design requirements.

Secondly, based on the characteristics of MEE system, the thesis has used Chapter 3
to review and evaluate a range of muhiannel power architecture busbar
configurations and associated underpinning technologies. Chapter 3 has provided a
guantitative corparison of these architectures in terms of estimated supply failure
rates and system mass. Whilst significant research has been undertaken on MEE
electrical systems and technologies up to Chapter 3, Chapter 4 has identified that there
is still the need for credible, consistent, baseline power system architecture to be
established. Accordingly, comprehensive design recommendations are presented in
this chapter to facilitate this. These are derived using a combination of anticipated

safety requirements, fare rates analysis, and logical functional system needs.

Furthermore, this thesis has used Chapter 5 to present the investigation of optimising
the initial integrated MEE EPS via a tvgobsystem calesign process. The proposed
coarsely optimisation process (called parameter classification optimisation) was used
to highlight the essential features required for MEE power system design and the
advantages and disadvantages of each subsystem options at very beginning stage of
the design. It is also provided an integmatiplatform for dowrselecting EPS
candidates, wibh can guide designers to explore the similarity between subsystems
and rapidly shrink the enormous design space. This optimisation has provided a
predication of the system functionalities of the EPS, which offers a clear and
systematic picture for integtred system design. Although this research activity is an
extension of the concept of-cl@sign process, the stages of this optimisation are novel
and specifically tailored for the 'More Electric' power system. Within use of the
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parameter classification optimisation, the repeated work of the subsequent detailed

design and design iterations can be reduced.

The value of MEE subsystem synthesis reseiar€hapte6 lies in the recognition of

the interactive and implicative nature of subsystems of the MEE, echoing the research
hypothesis of défiencies inthe conventionalkequential designWithin the co
synthesis fine tuning procedure of MEE power network deslhgnptoposed SF
analysis and reconfiguration case stadgimplementedo provide a visual hint on

the key locationsof the EPS concept, and tilsgstem availability and the power

reconfiguratiorfl exibility of power flowin the MEE networkthen can bénproved

In addition, this thesibas givermuch clarificatiols andassumptionsn the strategy
and design of PLMghis is because of thibesis is mainly based on the perspective
of MEE power architecture design. This doesraeptesenthat PLMs are not of equal
importance. It is precisely because of its importatizs can be topic for another

PhD to investigate.

Finally, theaviation industry is planning to reduce emissions and greening the sky with
real ambition. However, the biggest challenge faced by the aviation industry is that
some real cuttingdge technology companies are unwilling to share their research
results dugo competition. Many academic researchers goeatng the design of
MEE EPSor other similampplications Thisthesiscan provide an additiona¢search
resourcdor the aviation indstry and the academic community to accelerate research
in this field. The thesis also provides a theoretical design package for More Electric
Engine design of a large future witdedy size aircraft (equivalent size as B787 and
A350). More specifically, a cedesign process was proposedMEE in Chapter7, it
should bring greater motivation to the academic commuamtiforwardthe electrical

system design for variousewaerospace applications.
8.2.ThesisConclusions

The work contained in this thesis has demonstrated the design flow of MEE power

architecture, a number of key conclusions are evident as following:

1. A flexible bus topology is required for MEE power architecture.Of the MEE

power architecture concepts considered in Chapter 3, flexible bus topologies
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showed a favourable compromise of reliability and mass, whilst three channel
configurations appeared to be attractive for attaining high degrees of system
reliability.

. This thesis is believed that, in the conservative consideration of the application of
off the shelf technologieshe MEE power system should be expected as a
multiple -power-source and multiplechannel electrical network The MEE
power system is estimated to have three generators and three channels in the
architecture to meet the failure rate requirements for certification. The MEE power
system shall be a full DC distribution system, having at least two or more
independetelectrical power sources; andthié essential loads such as pumps and
actuators require power supply redundancy and single fault tolerance. However,
the future research can be carried out towards a reliable and stable dual channel
power system to save a lot of operating costs and sys&ght. But the premise

is that superior technologies are needed to improve the reliability of key
components in the power system.

. The author believes that since the DC powistribution systemsequire less
power electronic devices than AC power generatld@, architectures have

better systemreliability in three -channel power distribution. In addition to

power redundancy and reliability, the weight reduction is still required
between DC architectures and AC loads/ motordn the future as the technology
matures, it may be necessary for an inverter to supply power to two different
loads/motors at the same time to achieve the fletitof the power architecture
operation and maintain the normal operation of current and voltage.

. When the power architecture candidateghat were developed based on the
established BPA concepéare down selected it was noted thatthe variation of

their features will not change significantly from one anotherBased on power
supply capability and redundancy design considerations, if the generator and
power channel quantity were identified, the variation of each concepts would be
the decision on the usage of different technologies on the baseline power
architectire.

. Capturing the rationale of these MEE power architecture design rules enables

key decision points and even design recommendations themselves to be
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revisited as necessary in order to capture applicatiospecific requirements.

This enablesupdates to certification requirements and/or the utilisation of game
changing technologies (for example fault tolerant electrical machines or power
electronics, which may enable the use of fewer power supply channels or greater
periods between maintenajce

. An optimisation is required at the preliminary integration phase of the MEE

power system design to largely reduce the infeasible solutions as early as
possible in the design cycleThe thesis recommended that using the parameter
classification optimisation to optimise the overall system performance of MEE
power system prior tthe subsystemare actually synthesisednto an integrated
system. This will eliminate infeasible solutions without large time consuming.

. In the preliminary integration design phase,the power architecture has been
identified asthe dominant elementof MEE power system designAs far as the
overall performance research results are concerned, the defects of MEE
architecture may not be remedied by a particular power management strategy, but
if the power architecture is robust enough, the shortcomings of power management
can be reradied.This reflectsthat MEE powerarchitecture has the domination
during the design. Optimising the power architee in its individual design can
significantly reduce the design iterations for the integrated MEE power system.

. In the fine-tuning stage of theMEE power systemdesign, the availability and
reconfiguration capability on the MEE power network are significantly
depend onthe location ofequipmentin the physical layoutof the architecture

itself and the decisions of using the power managemestrategy. The location

of some connection points and emergency power supply on the full DC distribution
MEE architecture actually plays a key design direction for power redundancy and

flexibility in power scheduling.
8.3.Review of ThesisContributions

1. Chapter 3 presented a preliminary comparative study of the weight, power
flexibility and power reliability analysis of dughannel and threehannel
MEE networks often mentioned in the current literature. The bus topology
selection, power reliability andtructure weights of twoand threechannel

power networksvereinvestigatedn detail. The findings from thiswulti criteria
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design analysis lead the research direction into the design requirement capture,
underpin the creation of a baseline MEE architecture and its associated design
rules.

. Keyfunctional requirementsere captured fahefutureMEE architecture, and
certificationrcompliant MEE baseline architecture wesgablishedn Chapter

4. A preliminary multicriteria design statement is presenigthin this chapter

for the corresponding the baseline power architecture for MEE sy3tam.
baseline architecture hbsencreditablyreducedhe uncertainties of the design

of MEE power system into a manageable leviglis contributiorhasprovided

a comprehensive referentethe powerarchitecture desigand utilisation of
advanced technologies forore electric aircraft and engine.

. Chapters proposed garameter classification optinaison for downselecing

the initial MEE power system concepts. Tlogtimisation has provided a
integrated platform for interactirthe characteristiosf power architecture and
power/load management stragedhosefeasible EPS prototypdkat metthe
overall design requirements are determined by the ranking compafisisn.
novel optimisation also offered the determination of the mutual compatibility
between subsystems. Therefore, the design space of the initial MEE EPS can be
significantlyreducedand accelerates the selection of subsystem availability and
complementaty for MEE EPS. This methodology has also solved the
drawback of sequential design of subsystems, that is, there were no
communication design between subsystenhs.respect of next generation
aircraffengine this methodology reflecting that the necessity of utilising an
integrated platform to optimising the EPS concepts is essential in the design of
More-electric applications in the near future.

. Chapter6 has proposed &asestudybasedprocedure forevaluating the
synthessed MEE power system that combined tthetailedpower management
strategy and power architectuiighe detailedEPSwas allocated w#h various
failure modes to determine the feasible power reconfiguration ogtion the

EPS. Furthermore, his novel co-synthesis procedure has provided a
quantitative analysi§LSF) to determinehte power balancstate ofthe MEE

EPS. This procedurgrovidesa detaiédrefinement of the EP&nd detemines
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that thecomponentocationin the power architecture has a vital impact to the
capability of powereconfiguration of the ERMinor alternation of the EPS
concept will made gamehange result of power distributi@apabilities This
dine-toningd procedurehas indeedlayed a key rolein the development of

aerospace power systems.

In Chapter7 acomprehensiveo-design process oriented to ME&vger system

is establishedUtilising of this design process enabledive the design of
electricalarchitectures and power management schemgsrallel. The design

of the MEE power system tevelopedn term of theco-designflow manner,

which ensures that the MEE power system possesses complementarity and
collaboration in the concepts of power management strategy and power
architecture. The utilisation of this calesign process hasddressed
uncertainties in MEE power system functionality after system integration and
provided indispensable assumptionsdwnulationmodelling the MEE power

system.

8.4 .Future Work

The author believethat the following points related to the design MEE power

systemshould be studied in depth in the future so as to gain a more comprehensive

understanding of theationalein the design of MEE power architectamed the EPS

1.

In the conclusion, ihasmentioned that the necessary redundancy between DC
distribution to localAC motors (for theactuationof theengine variable bleed
valve, engine fan blade ejd-dence, the feasibility of hardware that be selected
should be necessarily studied and evaluated from flexible power dispatch.
Developments could be made in the design of connections between multiple
inverters and multiple loads, such as power transiemtlation considering

how to switch back and forth between two diéiet AC loads in one inverter.

The feasibility of the new technology needs to be analysed to ensure that the
new powerelectronic devicean ride through the instability in the transient

mode. This work can prove that the innovation of MEE architecture designed
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can withstand testing and give more confidence to the more electrified engine.
However, how to integrate the feasibility analysis of new technologies into the

co-design process is also a new challenge.

. Due to the complexity of MEE architecture and mastrictedrequirements

of failure rate, duathannel MEE architecture with mature power system
technologiesurrentlymay notable toachieve the goals. Although the dual
channel MEE power system may save the cost and weight of the whole system
in design, the design of duehannel architecture needs extremely superior
technology to improve the failure rate. Therefore, if the MEE p®ystem
solutions want to be expanded and optimised, it is needing to provide more
information about the reliability of advanced etedic power technology and

its power supply availability in transient and steatite simulation. Also, if

the industry partners are willing to invest in research to improve the reliabilities
of the power generator, power electronic devices and the wgpslm the MEE
power architecture, so as to reduce the failure rate, it has great prospects for the
formation of a duathannel MEE architecture. For further work on it, the
overall performance of the duahannel architecture could be prediciedhe
co-design process according to the superior technical parameter data. If the
failure rate can be guaranteed to be sufficient, some continuous backup power
supply/ power reconfiguring actions must occur before the MEE power system
failed. This may use some @rr electronic technologies to freely control the
MEE performance, such as power converter connection redundancy, or some
fault-tolerant generators. In this way, if these electronic technologies are not
mature enough, the design conclusion may nottssdedhere are two channels

in the future.For safety respect, the MEE power system design should be
started with threehannelconcept and neeatd significant improvemerstto

striving atwo channels solution.

. The designer analsoconsider how the designed MEE power architecture can
be compatible with existing MEA gricCurrently,the literature has a lack of

information or investigation on this field. A perfect connection between the



MEE power architecture and MEA airframe architecture is reqisech as
power type level, connection protection betwtem)to make it an alternative
to conventionakngine. This aspect of the study may require more research on

the existing MEA airframe power architecture and safety guidelines.

. Establishing a design framewadidr thepower management strateglyMEE.

With the design framework of power management strategy, the design
requirements could be intuitively studies and judged, and effective power
management strategies can be easily selected for the MEE. (including its
detection method, protection method, p@sse time, etc. for example, the
duration of using generator overload function, overload rate, when it can be
used, and how to meet the power demand oEMKEXiliary equipment.This

will be another important branch of APM design process to furthesedhle
synergy and complementarity required by power architecture and power

management in integrated design
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Appendices

A. The Flight Profile of MEE/MEA Assumption

This flight demand profile table (Figure 49) shows the electrical consumption
estimationof atwin-More Electric Engine MEAThe totalpower demangber engine
auxiliaries is197.%W, andthe maximum demanaf 187 kW isrequired at the landing
phase. The percentagef airframe load are approximateljassumd by a total
electrical powenf 1MW for awide-bodyMEA. This table is usetbr the case studies
of Chapter6. The result of the casstudiesconducted with thiglatamay beless
accuracy asaried public resourcemreutilised Neverthelessthis tablestill offering

a comprehensivdataof the varied system power requirements oiim-MEE EMA,
whichprovidesa systematic overvieandthe conceptual knowledge for further MEA/
MEE investigation
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B. CaseStudy of Parameter Classification Optimisation

When verifying the effectiveness of parameter classification optimisation; the author
uses various power architectures and PLMs that with different characteristics for
comparison and rankingigure50 shows the complete rank of the power architecture
used in Chapteb. For this investigation, only two parameters are selected for the
power architecture, namely system reliability and system weight. This does not mean
that the MEE architecture has only two parameters/standards, and more parameters
can be added to form aaome refined level. However, the selected reliability and weight

are the most important parameters of the aircraft power system, which represent the
safety and efficiency of flight operations.

All the casesdoncepts) ofirchitecture that shown Figure 50were mainly divided

into threeaspectsi) generator and power channel numBgtype of converter ang)
whether ESS used in load bus as pack up so8inee the power availability can be
impacted by the generator number, channel number or limited power source, this
aspect can be large influencing the score of operational flexibilitgrefore, those
conceptsverechose based dhe different number of source/channels that coordinated
with bidirectional/unidirectional converteand/or ESS backup supply fleads.With

the engineering judgements, different level of score were given for each of architecture.

The table shows thdhe systenreliability is an absolute design requiremanitich
need to be H i ,@id dighlighted as Red. The weight of system design r@qgent

is less restrictech medium weighor alow weightcan beaccepéd According to that,
the scoreof each architecture will compared with the requirement sc@rdg when
the architecture scores are fully matched wbthth absolute and less restricted
requiremenscores can be listed & ih the rankOnly whenthe absolute requirement
scoreis matched with theoncepsscorewill be listed ag"rank. 3¢ rank will be listed

if the architectures scoligs lessmatched the absolute requirements but ftiky
matchedwith theless restrictedequirementsand 4" rank of the tableepresented that

theconceptscore idar not matchedavith the absolute requirement.
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2 generator 2channel
bi-directiona converter
ESS on load bus
3 generator 3 channedl
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ESS on load bus
4 generaor 4 channd
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ESS on load bus
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bi-directional converter
ESS on load bus
1 ESS, 2 generators, 3 channd
bi-directional converter
ESS on load bus
1 ESS, 3 generators, 4channd
bi-directional converter
ESS on load bus
2 generator 2channel
bi-directional converter
No ESS on load bus
3 generator 3 channd
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No ESS on load bus
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bi-directiona converter
No ESS on load bus
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No ESS on load bus
2 generator 2channel
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ESS on load bus
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uni-directiona converter
ESS on load bus
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ESS on load bus
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Figure 50. Rank example of power architecture
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degree of freedom in contro

control speed
control Appoarch

order of action 1st
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control Appoarch

shedding

generator controkcontactor
controt-ARTU controhload
control

5 ms- 20ms or beLow
preventive
ESS supply
shedding non-essential load
generator controk+contactor
controtARTU controkload
control
5 ms- 20ms or beLow
preventive
ESS supply
shedding non-essential load
generator overloading
generator controk+contactor
controk-ARTU controk+load
control
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generator controk+contactor
controk-ARTU controk+load
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ESS supply
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controkload control
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generator overloading
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controkloads control
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corrective
ESS supply
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ESS supply
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power control simplicity
level power supply priority

secondary equipments

fault protection response time

power fLow monitoring apporach Low

power control simplicity

level of power supply priority = Medium

secondary equipments

fault protection response time

power fLow monitoring apporachMedium

power control simplicity
level of power supply priority

secondary equipments

fault protection response time Medium [ RGN

power fLow monitoring apporach

power control simplicity
level of power supply priority
secondary equipments
fault protection response time

power fLow monitoring apporach

High/Medium
High Medium/Low
Low
Medium  High/Medium
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Medium  Mediunm/Low
Medium  High/Medium
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Figure 51. Rank example of PLM strategy schemes

ranking

1st

2nd

6th

4th

8th

7th

3rd

9th

10th

16¢



A similar processs the architecture rankimgas conductetbr the PLM schemes table
toranking the different PLM strategs that can used in MEE ERfSid shownn Figure

51. The PLM options that have been chose in this study is based on varied parameter
measurements. In specifically, they are degree of control free@sppnse timef

PLM, control approach and the order of actiofise order of action is a priority list

that contairs the primary, secondary and tertiary actiofts each PLM optiorto
balance the power systeifhiscanreflectthe impacto®n EPS whel?LM scheméas

using multiple layers afedundancy

The integrated EPS was combined by an architecture case and a PLM scheme. There
a few parameters were used for measuring the integrated performance, as shown as
Figure52. The EPS thatombined by twd® rankedsubsystemshowsits integrated
parametes are perfedy matchedwith all requiremerd The aithor alsocoordinated
sometop ranked architecture with medium ranked PLM scheme, and vice versa. The
reasonfor chose these combinations was to understamdethera subsystem is
enablingto cover the drawbacks of another subsystémeddition, soméow-ranking
combinations werdnvestigatedto understand the infeasibility of matching the

integrated design requirements.
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(dedicated
ranking)
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availability of power supply ( types of power source)
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number of reconfiguration states
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singlefailuretolerance™ isolation of subsystem)
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availability of power supply ( types of power source)
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number of reconfiguration states
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availability of power supply ( types of power source)
singlefailuretolerance™ isolation of subsystem)
dispatch with one generator faulty

number of reconfiguration states
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availability of power supply ( types of power source)
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dispatch with one generator faulty

number of reconfiguration states
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availability of power supply ( types of power source)
singlefailuretolerance™ isolation of subsystem)
dispatch with one generator faulty

number of reconfiguration states

SCORE
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High
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Medium
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Figure 52. Feasibility of integrated EPS concepts
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C.PLM Flow Diagram Examples

Power and loadnanagement refers to the response actions related to power sources
and load demands when the power system needs to adjust available configurations to
ensure power balance in the EFF®r example, whethe faultzoneis isolated, the

main task of PLM is to maintain theealthoperation ofestthe powerarchitecture

This sectionwill focus on the operation schesef PLM, because the availability of

PLM is closely related to the formation of MEE EPSasie athe power architecture.
Furthermore, some of thltesign requirements for the overall performance of EPS can
be capturedaccording tothe characteristics of power supply capacity and load
shedding approach the PLM design schem&he designer can select the most
appropriate scheme according to the integrated performance requirements of MEE
EPS.

TableXIX shows a fewexamplesof PLM flow schemegor the MEE EPS.With the
PLM usage priority order, thgenerator overload iassumed as thiew priority

strategy to be usengt over 100% as much as possjble

Table XIX . Different schemes of PLM

PLM usage priority PLM scheme figures

order

15! Generators overloa Figure53
1StESS discharging Figure54

2"d Generators overloal

15t Shedding strategy Figure55
2"d Generators overloa

1StESS discharging Figure B
2"d Shedding strategy

1StESS discharging Figure &
2"d Shedding strategy
34 Generators overloa
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Figure 53 is illustrated theschemeof a PLM strategy that only using generator
overload functionlf the power is exceeded than the demandayreduce the current
by controlling theconverter. Once thpowerarchitecture has failure in one of the
generators and cause power imbalarkcere has no options ¢dad sheddingand
power supplyn this PLM scheméo balancing the power systeitheonly adjustable
solutionis the generator overload this PLM schemeHowever, it will depend on the
qguantityof healthygenerators in the architectuteéthe generator is overheated after
allowedcertain period, thgeneratomayfacea very seriouslamage. Accord to that,
Figure53. PLM with only Generator overloasla simpler power management strategy,
but it isnot an ideal solution for multiplehannel power system.

START

PLM responds

Reduce the
converter current
from sources

Check any healthy
generators

At least one
health Gen

Generator overload
in given period
(Pgen* %over)

— Pioss = Pioaa

If Max-
Nominal and
still unbalance

END

Power unbalance

Back to monitoring

Figure 53. PLM with only Generator overload

Figure 54 showsthe schemeof the PLM wit load sheddingnd generator overload
for MEE EPS Once the architecture is power imbalarthes PLM schemaevill firstly
check the feasible generators and ensure thegllaremaxmum nominal ratings. If
all generators are in maximum nominal rating redpower system stils unbalance,

it will temporarily shed noressential loads and essential lgdepend on flight

phasesjn order to balance the systelinthe powersystem still unbalanced, PLM will
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Fyen
~ Pross <+
= Pioad

START

PLM responds

Reduce the
converter current
from sources

Check any healthy
generators

At least one
health Gen

No

Using max nominal
power of generators E N D

Power unbalance

Non-essential load
ding ( using
priority order)

If Max-
Nominal and
still unbalance

Generator overload
in given period

all Non-

Back to mentoring essential

load shed

(Pgen* %over)
= Pioss = Ploaa

Keeping shedding

loads

Figure 54. PLM scheme with shedding and generator overload

thenuse thegenerator overloading strategy. This PLM power balance produce is much

better tlanthe previous one.

Figure55 showsthe pra@edure of PLM that employed ESS and load shedding. Within
this PLM strategyschemethe EPSshouldhavebattery bus, ESS and contactors on
thefeedersof nonessential loads. Once the system detected as an imbalance system,
the PLM will again firstly check the availability of generatorslifof generatorare
atmaxmumnominal rating, it will be using ESS to supply the shortage and then using

shedding strategy to shed loads

If there are no generator available, the ESS will supply the power in first golace
thenshedding load until the system is balandéaircraft is in cruise phase, load
shedding will be in first place, then ESS supfflyhe power is exceeded than demand,
ESS can be charged while iléssthan 90%this is a general assumption of E®S
limit charge level and below tha&enablingto charge whilst it is not in a futharged
status)and once it is full, thgenerator driveconverter carbe usedimit the current

pass through it.
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Check battery SOC

No -
Check any healthy | Reducing the

generators SOC<90% converter current [
from sources

Yes

Charging battery Yes

Fyen
Using Maximum Pioss = Pioaa
9

Nominal power
No
Non-essential load
—»| Check battery SOC shedding with the
priority list

from health
all less-

essential
load shed

generators

If max
generator
power on, and
Pyen—Pross 2

Proqa i

Yes No
k.

END

Power unbalance

Return to Central
monitoring

Battery discharging
to balancing system

Keeping shedding
loads

Figure 55. PLM scheme with ESS and load shedding
Figure56is illustrated a procedure of PLthemehat using ES&sback upsource

andthe generator overloadnce the architecture be detected as pambalance, it
will firstly check the feasible generators and ensure theglhie maxmum nominal
ratings. Ifso andhe power system stilé urbalance, it will safely connect the ESS to
the load bus and supjhg thepower to cover the shortagé the ESS power is fully
discharged, the PLM wilthen be using thegenerator overloading strategyhe
disadvantage is that largealeESSwill increase the totainassof the EPS so the
sizing of ESS needs to be considered. As an advaritag&SS allowso charg the
power while the powegeneratings exceeded than theaddemand.
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Figure 56. The PLM scheme with ESS and generator overload

Figure 57 showsthe proedure of PLM that employed ES#ad sheddingand
generator overloadOnce the system detected as an imbalance system, the PLM will
again firstly check the availability of generatorsaif availablegeneratorsare in

maximum nominal ratingand system still is unbalanaewill be using ESS to supply
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Generator
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Figure 57.PLM scheme with ESS, shedding and generator overload
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the shortage and then using shedding strategy to shed loads, then following by
generator overloadf there are no generator available, the ESS will supply the power
in first place and shedding load until the system is balanced, and graigemverload

to beusedif all actions have been triedf the powergeneratingis exceeded than
demandthe ESScan charge the additional power until its capaditys PLM scheme

is tried toutilise the both benef#t of usingeSSandload shedding Therefore it will

not be sheddingll the noressential loads first place neitherfully using ESS to

coverthe power shortage

These PLMscheme examples anespired by the selected EPS characteristics, and
they carbeuseful to support the detail desighEPSsuch as the size of ESS, location

of contactors and contactor controlling
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D. CaseStudy of EPS Steady-State Power Reconfiguration Analysis
In order to conduct theowerreconfiguration case studly Chaptes6, the research
assumptions that need to be clarified artolbews:

1. Firstly, the airframeloads that showed isingle line diagrams should
alwaysbe supplied, even though the airframe loads can be shed first to
alleviate the power supply stress of MEE load when the system is
unbalanced. The reaséor thatis to test the MEE architecture and PLM
capabilities with the most stringent néstions (worstcases

2. In addition, to making the comparison of different EPS concepts more
consistently,the airframeloads lave beenassumedas always in full
supplied.

3. ESSis alimited power souraed forbackup supply only, in most stringent
testcondition,it will be assumed as disconnecstatus.

4. Thirdly, the LSF isrepresenting sheddingte of the MEE loaslin this
researchinvestigation,which not representing thentire aircraft level or
airframe load Therefore, the power supply availability in Equation
(2) will depend on the available distribution paths for MEE loadstheot
available power ofeneratas. In specific, everthoughthe generatohas
the capabilityenable to supplying enough amount to the grid,ifotitere
are not feeders/path to distribute the power to MEE load bus, the power
supply availabilityd in Equation ) shallmake a$.

After running the single converter single channel faure modes on each of the
EPS candidatesn example was shown Kigure 58. Theresult show that all
proposed architectuseanmaintain powemn balance with/without shedding non

essential, but not require $beddingany essentiaMEE loads.
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Figure 58. Single channel failure in takeoff phase

Single generator failure modleat considered in cruise phase is showegigure

59 Losing a generatawill not requiresto shedding essential losith MEE if the
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Figure 59. One HP generator failed in cruise phase
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assumption of airframe load is always supplied. However, in the reality, the
airframe loads can be easily disconnected and supplied by RAT or APU. Therefore,
those available generataisould be able tsupply the MEE loadm this scenario
Figure 60 shows thecase studythat all generatordailed. As a resultthe MEE

loads and airframe loads will not be plipd. Althoughthe probability of this event

is extremely low, but once it occurs, will leaditige aircraft imo a hazard or
catastrophic situatiorAs long assafeconditionpermit, ESS can supply a time
limited power to remain theperation okessential systesfor a while to allowthe

pilot shut down the faultEE smoothly.
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Figure 60. All generator failed in cruise phase

The EPS concepthat selected by parameter classification optimisat@measily ride
through the single failure modes via coordinate with proper power management. If
extreme casesccurredsuch as all generator failed at the same tthexe are no many
supplyflexibilities can be operated in tip@wer architecturdlowever, thenteresting

design optimiationerhancemenlies in the failuremodeof two channelsThe design

17¢



improvement for twechannel failure mode was discussed in Chaptefurther

supplementarynformationwaslisted as below:
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Figure 61. EPS concepts under two HP channel failure mode with PLM option: ESS and load shedding at Landir
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Figure 61 shows the four origindVlEE conceptainderthe tweHP-channels failure
while using load shedding the landingphase. Witim this restrictedcondition, ESS
Is assumeds adisconnecistatusfrom the grid Under this particular scenarithe

shedding factor of LIMEE/radial and LEMEE/ringwereover 1, whichis not enough
to supply the essential loads. 18R/radial and LPAIR/ring have thd.SF in negative

value, which measbothconcepthave sufficient power supply for MEE loads.

Figure 62. EPS concepts under two HP charel failure mode with PLM option: ESS anc
load sheddingand 120% generator overload at Landing Phase.

Figure 62 is illustrated that LAMEE/radial and LPMEE/ring under the similar
scenario butalso usedl20% generator overload allowancenis additionalPLM
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