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Abstract

A set of goals for four successive generations of cleaner, more efficient subsonic
aircraft has been published and championed by NASA; the radically different
Turboelectric Distributed Propulsion (TeDP) aircraft was also proposed to meet the
long term goals. Such a new aircraft design places a significant additional reliance on
the electrical system, requiring architectures that meet specified thrust requirements
at a minimum associated weight as well as providing the greatest performance
against the proposed emissions targets. This thesis presents a method for evaluating
the power and reliability profiles exhibited by a number of electrical propulsion
network architectures specific to TeDP aircraft. The method is used to clearly
determine the probability that each variation of the network will provide a given
level of thrust. Each configuration may be compared in a visual manner, using a
formulation developed as part of this thesis, showing the ‘best’ candidate solutions
and establishing how each performs relative to the others in terms of both reliability
afforded and thrust provided. A number of case studies are presented within this
thesis to demonstrate how the developed method can be applied and secondly to test
the effectiveness of bringing additional redundancy to the system and the extent to
which the reliability is improved. Sensitivity studies are also undertaken to quantify
the extent that component substitutions and alterations impact on network reliability.
The overall goal is to establish the features of a TeDP network architecture that

consistently exhibits the greatest thrust reliability profile.

In conducting this research, the work of this thesis progresses the understanding of
the TeDP concept with a particular focus on the NASA N3-X aircraft being used to
validate the proposed method. Specifically the knowledge in the area of the concept
reliability and predicted failure rates are addressed with recommendations being put
forward on how each can be improved. These recommendations form a useful input
to the general body of research that is working towards NASA’s future long term

goals for cleaner more efficient aircraft.
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Definitions of Relevant Reliability

terms

It is important that the terms used within this thesis are properly defined and
understood. This table compiles a list of appropriate terms as used within this work
and defines them based on the 1990 IEEE Standard Computer Dictionary [32]
providing the appropriate context for this work. These definitions are found in Table

0.1.

Table 0.1 Definitions of reliability terms as defined by the computer dictionary

Availability The degree to which a system or
component is operational and accessible
when required for use. Often expressed

as a probability.

Busy Time The period of time during which a
system or component is operational, in

service and in use.

Down Time The period of time during which a
system or component is not operational

or has been taken out of service.

Error (1) The difference between a computed,
observed, or measured value or condition
and the true, specified or theoretically
correct value or condition. For example a
difference of 30 metres between a

computed result and a correct result.

Equivalent faults Two or more faults that result in the

same failure mode

Failure The inability of a system or component

to perform its required functions within

XViil




specified performance requirements.
Note: The fault tolerance discipline
distinguishes between a human action (a
mistake), its manifestation (a hardware or
software fault), the result of a fault (a
failure) and the amount by which the

result is incorrect (the error).

Failure Mode

The physical or functional manifestation
of a failure. For example, a system in
failure mode may be characterised by
slow operation, incorrect outputs, or

complete termination of execution.

Failure Rate

The ratio of the number of failures of a
given category to a given unit of
measure; for example, failures per unit of
time, failures per number of transactions,

failures per number of computer runs.

Fault

(1) A defect in a hardware device or
component; for example, a short circuit

or broken wire

Fault tolerance

(1) The ability of a system or component
to continue normal operation despite the
presence of hardware or software faults.
(2) The number of faults a system or
component can withstand before normal
operation is impaired.

(3) Pertaining to the study of errors,
faults, and failures and of methods for
enabling systems to continue normal

operation in the presence of faults.

Idle Time

The period of time during which a

system or component is operational and

XiX




in service, but not in use.

Markov process

A stochastic process which that assumes
that in a series of random events, the
probability for occurrence of each event
depends only on the immediately

preceding outcome

MTBF (Mean time between failures)

The expected or observed time between
consecutive failures in a system or

component (see up time).

Redundancy

In fault tolerance, the presence of
auxiliary components in a system to
perform the same or similar functions as
other elements for the purpose of

preventing or recovering from failures.

Reliability

The ability of a system or component to
perform its required functions under
stated conditions for a specified period of

time.

Reliability Growth

The improvement in reliability that

results from correction of faults.

Reliability Model

A model used to estimate, measure, or
predict the reliability of a system; for
example, a model of a computer system,
used to estimate the total down time that

will be experienced.

Up time

The period of time during which a
system or component is operational and
in service; that is, the sum of busy time

and idle time.
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Chapter 1

Introduction

The aircraft industry is continually evolving with more novel and advanced concepts
and features present on each new aircraft entering into service with the aim of
improving operational efficiency. These new concepts serve a number of purposes
from increasing aerodynamic performance to reducing fuel burn, acoustic noise level
reduction and overall energy usage. One notable concept which has been proposed
for aircraft entering into service in 2050 is that of Turboelectric Distributed
Propulsion (TeDP) which utilises a number of electrical propulsors connected
through an electrical distribution network to wing mounted generators. This chapter
will introduce the concept of highly efficient future aircraft, identify some of the
research challenges as well as introduce the research topic, objectives and

contributions made within this thesis.

1.1 Introduction to Research

Conventional aircraft were designed in an era when oil prices were consistently low
and when inefficient, heavy aircraft networks reliant on large volumes of fuel oil
could be utilised with minimal perceived cost both in monetary terms and in terms of
environmental pollution. In recent years however, social conscience is at an all-time
high with environmental lobby against hydrocarbons resulting from greenhouse
gases identified as a key contributor towards temperature rises of the climate and
stricter political pressure surrounding fuel emissions, it has become necessary to
design more efficient aircraft — both in terms of fuel burn and noise emissions. To

quantify the necessary efficiency measures, a set of goals for the next three



generations of aircraft, as championed by NASA has been compiled detailing ever-
greener standards of aircraft. These are outlined in Table 1.1 below. This move
towards more environmentally efficient aircraft has seen advances in airframes to
both shield noise through selective engine placement and provide a more
aerodynamic shape as well as using advanced aerodynamic concepts to reduce the
perceived noise, such as through the use of chevrons on the engine nacelle to smooth

the combination of ‘messy’ air at the engine exit [33].

Table 1.1 Future aircraft goals as championed by NASA [24, 25]

Technology Generations
Corner of the
(Technology Readiness Level 4-6)
Trade Space
N+1 (2015) N+2 (2020) N+3 (2025)
Conventional | Unconventional Advanced
Shape Tube and Hybrid Wing Aircraft
Wing Body Concepts
Noise
-32dB -42 dB -71 dB
Emissions
LTO NOx
-60 % =75 % -80 %
Emissions
Cruise
-55 % =70 % -80 %
Emissions
Aircraft Fuel/
Energy -33% -50 % -60 %
Consumption

The reference vehicle for the N+2 aircraft, is the B777-200 running with GE90
engines, a much larger aircraft than the reference vehicle for the N+1 and N+3
aircrafts, a single aisle B737-800 aircraft running with CFM56-7B engines [24, 25].

While shorter term solutions are most likely to centre on improving the design and
utilisation of gas turbines for both propulsion and electrical energy generation and

distribution, more advanced approaches may incorporate novel technologies such as



superconducting electrical motors and generators [34] in order to further reduce noise

levels and improve efficiency [11, 34].

For more rigorous aircraft goals to be realised, a radical departure from familiar
aircraft systems must be made to keep power loading to a minimum, emission levels
low and system availability up to 100 times greater than the traditional hydraulic
counterpart [26]. One method of achieving optimal energy efficiency, is to consider
the move towards a More Electric Aircraft (MEA) and the power saving benefits that
follow with an optimally configured Electrical Power System (EPS) [15].
Conventional aircraft consist of four secondary power systems: mechanical,
electrical, pneumatic and hydraulic where each system has a similar level of
importance; in more modern designs such as MEA these secondary, non propulsove
power systems are gradually evolving with more emphasis placed on electrical
alternatives [10, 15, 22, 35]. All things being equal, it is self-evident that lighter
aircraft have a lesser fuel burn over equal flight durations than heavier aircraft. With
this in mind there has been a continued and sustained effort in the industry to reduce
weight of aircraft of all types through the use of new designs, materials, technologies

and fuels.

With respect to the secondary power systems, through moving to a more electrical
equivalent there has been a great degree of interest brought about by the potential
savings in weight and efficiency that are (potentially) offered. Replacing the
traditional heavy, ‘power hungry’ pneumatic power (obtained through taking bleed
air from the intermediate pressure (IP) or high pressure (HP) compressors [36])
through a series of ducts and valves, gives scope for easily controlled [15], lighter
[37] and greener electrical systems. Similarly, hydraulic systems inclusive of large
pumps presenting a continuous load upon the system [38] and can cause problems for
the network in the case of a failure. Should a conventional hydraulic system leak, this
would cause the isolation of the entire circuit and require urgent maintenance [26].
Conversely, Electro-Hydrostatic actuators (EHA) providing localised hydraulic
actuation to a number of smaller pumps, require power only when there is a
significant demand from a controlled load (such as a change in direction).

Additionally, should a fault or leakage event occur on an Electro-Hydrostatic



actuator (EHA), these could be easily isolated and only the specific affected

subsystem would require to be removed from operation [38].

Traditionally, pneumatic systems have provided energy for subsystems such as the
environmental control, cabin pressurisation and wing anti icing [36] and the
hydraulic system powered systems such as the brakes and pumps [26]. While the
pneumatic and hydraulic systems may not be completely removed in the first
instance [26], by replacing these systems with a more electric alternative, condition
monitoring allows faults to be located and isolated, allowing the system to remain

operational until maintenance facilities are available.

Two recent examples of greener aircraft moving forward and exploiting these more
electrical techniques are the Boeing B787 ‘Dreamliner’ and the Airbus A380
‘Superjumbo’. Both aircraft utilise more electrical techniques such as Electro-
Hydrostatic Actuation (EHA) [39], however it is the unique no-bleed system [15]
concept of the B787 as described below which may potentially offer the first true

step towards the future aircraft goals.

The new Boeing B787 combines many advanced techniques such as fabrication from
composite materials [40], an electrically controlled Environmental Control System
(ECS) [41] and an electric architecture based round the elimination of the pneumatic
bleed [15, 41]. The electrical systems on Boeing's B787 replace most of the
pneumatic counterparts found in traditional commercial Aircraft [14, 15]. The
replacement of these systems is the result of the aircraft's unique ‘no bleed’ engine,
with no heavy bleed air ducting, allowing all the air entering into the core of the
engine to be turned into thrust. Producing thrust in this more efficient manner results
in up to 35 % less power being extracted from the engines for non-thrust producing
purposes [15, 41]. This alternative more-electric architecture, similar to that of the
A380 has variable frequency power generation. The power is then conditioned in an
electronics bay before being distributed around the aircraft. By drawing less power,
less fuel is burned, and as a result, in the cruise section of the flight envelope alone,

this useful fuel saving can amount to 1-2 % on conventional aircraft [15].



The no bleed system has many advantages, including a predicted 3 % fuel saving
over other aircraft due to efficient secondary power extraction and transfers [15]
which helps to reduce fuel burn in keeping with achieving future aircraft targets.
These savings are predicted based on simulations carried out prior to the introduction
f te aircraft so may be optomistic to increase the appeal of the new aircraft to
operators. The use of modern power electronics and reduced number of components
in the engine of the state of the art electrical system helps to increase aircraft
reliability levels, coupled with reduced maintenance costs from a simplified
construction by using a small number of electrical components allows for shorter
aircraft out of service times [15]. There are significant weight benefits for the system
resulting from the removal of the heavy and expensive titanium ducting for the
distribution of the bleed air around the aircraft, which more than offsets the weight
penalties associated with the additional electrical components as part of the more-

electric architecture [10, 15].

Both the EHA system of the A380 and the no bleed system of the B787 show
extremely positive steps towards achieving the required performance levels of the
N+1 aircraft. Work to further remove the bleed system and hydraulic systems should
contribute towards the more challenging N+2 goals [15, 26]. The B787 alone has
made a notable step towards the realisation of NASA's goals with a 20 % reduction
in fuelburn, CO2 emissions and a noise footprint 60 % smaller than that of the B767,
plus a reduction of NOX emissions by 28 % on 2008 industry standards.

Another key area where improvements can be made to the efficiency of an aircraft
electrical system, is in the engine, where a number of More Electric Engine (MEE)
concepts are under consideration [22]. Concepts such as electric fuel pumps, electric
actuation systems as well as active magnetic bearings all contribute to the operation
of an electrical engine with all of the conventional gearbox-driven systems replaced
with new state of the art electrical alternatives [22]. These more electric engine
concepts have been successfully demonstrated on the electrical systems validation rig
(ESVR) as part of the power optimised aircraft project [22]. Through the ESVR tests
it was shown that large engines with more-electric counterparts to their traditional

alternatives, suitable for use on a commercial aircraft were viable and that



technologies for supporting the MEE were also viable. It was realised that these
MEE techniques, utilised as part of the POA programme, could reduce non-
propulsive power consumption by approximately 35 % on a conventional aircraft
[10, 22, 35]. These technologies however remain at a low TRL and as such may not

be instantly integrated into modern day aircraft designs.

It has also become apparent, through studies undertaken by organisations such as
NASA [16] the traditional tube and wing shape of the aircraft does not offer the
optimal airframe shape. In addressing this matter, further aircraft efficiency
improvements can be realised. Instead swept wing designs, specifically the Blended
wing body (BWB) style aircraft has particular advantages with regards to noise

experienced on the ground as noise emissions experienced are far lower [42].

1.2 Evolution of Aircraft towards TeDP Architectures

Through utilising a combination of these energy efficient techniques, the
Turboelectric distributed propulsion (TeDP) concept was created. This concept
combines a blended wing body airframe with a number of embedded electrically
driven propulsors located along and spanning the aft of the airframe [16]. These
motors and propulsors are configured in such a manner that symmetrical thrust may
still be maintained even in the event of a single engine failure [16]. Using a
superconducting DC distribution system the propulsion motors can be electrically
connected to a number of wingtip generators, allowing the generator and motor shaft
speeds to be decoupled, hence minimising electrical losses [43]. Providing the
connections in this manner, combined with the use of power electronics allows the
electrical system to act as a variable ratio gearbox [16]. DC transmission is further
used to address the synchronisation challenges which arise when connecting multiple

generators to a single bus [44].

In order for the TeDP concept to be competitive against more conventional
propulsion system configurations, it is necessary to use superconducting machines

with high power densities, significantly exceeding the 3-4 kW/kg typically associated



with conventional technologies [44]. To ensure that the system temperature remains
within operating limits, cryogenic coolers will also be required [20]. These however
add further weight to the system, detracting from the total available mass for the
propulsion system. Research work looking to increase the efficiency and reduce the
weight penalty attributed to cryogenic systems has been carried out through a
partnership between Rolls-Royce and Cranfield University and has been published in
[45, 46].

With the identified changes from conventional aircraft advancing architectures
towards more efficient TeDP designs, a new generation of aircraft is slowly
emerging. The specific architectural details of this new generation of aircraft are
steadily being developed and early stage architectures being proposed as detailed
within Chapter 2 sections 2.9 and 2.10. As with any aircraft concept and especially in
the early stages of development, the need to study the reliability of the architecture is
of utmost importance to ensure that the safest designs are carried forward. The work
of this thesis will investigate the reliability of three predefined TeDP networks to
determine which concept proves the most reliable and which redundancy methods

can help to most effectively enhance network reliability.

1.3 Research Motivations

Existing research work in the TeDP field has mainly been conducted by NASA with
a number of papers published by NASA Glenn Research Centre [11, 16, 34, 42, 47].
These publications covered a number of aspects of the TeDP concept such as the
specific weight and efficiency trades offered by network component selections in
[42] and how different conductors and superconducting components affect the
aircraft efficiency, concluding that advances in the materials (such as composites and
superconducting cables) used would further the concept to becoming a reality within
[34]. The work within [47] reviews the turbogenerators and embedded engine
performance while [11] and [16] focus on the aerodynamic aspects of the Hybrid

Wing Body airframe and how they compare to the future aircraft goals.



Another body of work was led by Rolls — Royce North American Technologies [19,
43, 48, 49]. [43] and [49] reviewed the N3-X architecture, reviewing architecture
trade-offs and component considerations: these papers described both the baseline
network and how the network could be altered to introduce redundancy as well as
how voltage levels and protection systems would have to adapt to enable the
propulsion system to operate as desired. The work of these papers was expanded
upon in [19] where further analysis was run on thrust requirements and yaw moments
achievable from the effects of thrust vectoring. This work made a number of
assumptions based upon the predicted failures and the effect on the network without
a full analysis of the effects to both network reliability and unit capacity, importantly
omitting the effects of common cause failures. While the electrical system, in
particular the efficiency, operating voltage and temperature of electrical components,
forms a part of the more recent considerations, the majority of the existing research

material concerns aerodynamic and mechanical considerations [48].

As this field continues to mature it has become a timely consideration for the
reliability of such concept aircraft to be studied so that the feasibility of the aircraft
may be more fully explored. After safety, a high reliability of any electrical network
is of utmost importance. This minimises the effects of network outages and
avoidance of critical failure events. It is necessary that the most appropriate means of
analysing the TeDP network for reliability are identified and hence implemented.
Furthermore, a complete analysis would be one way of determining the technical
competitiveness of the concept; a reliability of thrust analysis (explored in this thesis)
helps to determine any relevant oversizing of heavy electrical machines and other
associated network components which contribute to the weight penalties exhibited by
the network. A complete and thorough reliability analysis at this stage is a key part of
understanding how the network operates and how fault events are linked and how
they impact upon the operation of the network as a whole. An effective reliability
analysis is also important at a low pre-prototype TRL level so that costs may be kept
to a minimum and any identified short fallings in the network may be identified at an
early a stage as possible. Research identifying highly reliable network designs allows

poor performing networks to be discounted and research efforts focussed on



enhancing the operation of the network constituent parts or components that with

additional effort could further improve the reliability of the network.

As noted previously, the available research on TeDP has focussed upon the
aerodynamic and mechanical aspects of the concept [11, 16, 34, 47] with
comparatively less research being undertaken on the electrical system. More recent
studies however have focussed on the voltage levels [50, 51] and upon expected fault
behaviours of superconducting networks [52] as well as upon proposed parallel
generation architectures for civilian aircraft in [53]. The work of this thesis has
addressed this by analysing the electrical system of a TeDP concept aircraft and
provides a reliability analysis on a number of suggested variations of the concept.
This includes a method which allows a novel analysis of aircraft reliability for both
full and partial operation of a TeDP network and has identified a unique means by
which to compare networks based on a number of parameters namely, reliability and

thrust available to the network.

1.4 TeDP Network Reliability Considerations

Commercial aircraft must adhere to strict safety legislation stipulating that any
critical failure must occur with a rate not greater than once in every 1x10° hours [17].
This figure has currently not been updated in line with the development of future
concepts however it has been used in existing studies for TeDP as the comparison
metric [19]. It has been recognised that not every failure occurring on an aircraft
electrical system will lead to a critical failure. Through using methods such as the .-
out-of-n analysis presented within Chapter 4 of this thesis, the probability of a
critical failure can be determined as well as the likely combination of faults which

would lead to such a failure in the context of TeDP electrical network.

Through careful evaluation of failure modes within the TeDP network and the
determination of the probability of each failure event occurring, the required
overrating and hence weight of selected network components can be determined. For

any TeDP network configuration, a number of failure modes may exist including:



failure of a motor, motor feeder, generator or bus; or even in a worst case scenario
for propulsion, failure of an engine. However to what extent any component failure
affects the overall thrust will depend on the redundancy of the network. In order to
better understand the level of overrating required and the impact to available thrust
resulting from each individual failure mode, Thrust — Reliability (T-R) trade-offs are
considered and an aircraft specific contingency analysis must be undertaken. This is

developed within Chapter 4.

This thesis considers the timely requirement for a full and thorough T-R analysis and
proposes a number of case studies in Chapter 5 to address this gap in knowledge and
its application to the TeDP networks under consideration. The optimisation studies
conducted to achieve required reliability targets with minimal weight penalties
provide a measure of the effectiveness of system redundancy in maximising available
thrust whilst keeping the effects of faults and system weight to a minimum. This will
be achieved by evaluating the total available thrust from any fully or partially
operational architecture and calculating the probability that this thrust will be
supplied. This combined with an assessment of the system’s overall mass and
volume penalties provides a thorough prototyping method. With the future for the
full specification of TeDP and other future concepts still at a very early stage, the
results of this thesis provide an early basis for understanding the relative merits of
the trade-offs offered in the inclusion of redundancy and component selection within
the electrical network. In doing so the thesis contributes new work to the body of
knowledge relating to the TeDP network component configuration and further opens

up the discussion in this area of aircraft research.

1.5 Contribution to knowledge

In conducting the research work reported in this thesis a number of contributions to

knowledge have been realised. These are summarised as follows:
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A methodology has been established that enables Turboelectric Distributed
Propulsion aircraft electrical networks to be analysed and assessed in terms of
reliability and their ability to provide thrust to a prescribed minimum level.

The methodology has been applied to future aircraft electrical networks to assess
their suitability to achieve at least a minimum level of thrust to a specified level of
reliability without compromising system loading integrity.

The research work on the thrust reliability methodology was published in "A
Method for the Evaluation of the Effectiveness of Turboelectric Distributed
Propulsion Power System Architectures", see publication list below.

The first comparison of three published TeDP network concepts in terms of their
overall reliability. It has also been analysed how each network compares with the
others with reference to a baseline network and as a result of additional included
redundancy features.

The first comparison of how additional redundancy features affect the reliability
performance of each of TeDP networks.

The first fault tree analysis applied to a TeDP network. This work was published
in “Failure Analysis of a Turboelectric Distributed Propulsion Aircraft Electrical
Network: A Case Study” [130]

The first academic review and collation of the academic literature on contribution
technologies for the evolution of aircraft from the present day to TeDP concepts.
An early version of this was published in "Aircraft Power and Propulsion
Systems-Research Challenges and Opportunities for Electrical Systems," and
“More electric power system concepts for an environmentally responsible aircraft

(N+2)”

1.6 Publications

Publications that have arisen as a direct result of the research are listed below:

e Shaw, J. C., Fletcher, S., Norman, P., Galloway, S., Burt, G. “Failure
Analysis of a Turboelectric Distributed Propulsion Aircraft Electrical

Network: A Case Study”, SAE Technical Paper 2015-01-0299, 2015
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Shaw, J., Norman, P., Galloway, S., and Burt, G., "A Method for the
Evaluation of the Effectiveness of Turboelectric Distributed Propulsion
Power System Architectures," SAE Int. J. Aerosp. 7(1):35-43, 2014,
doi:10.4271/2014-01-2120.

Shaw, J., Galloway, S., Norman, P., and Burt, G., "Aircraft Power and
Propulsion Systems-Research Challenges and Opportunities for Electrical
Systems," SAE Technical Paper 2012-01-2212, 2012, do0i:10.4271/2012-01-
2212.

Shaw, Jennifer Catherine, Fletcher, Steven, Norman, Patrick, Galloway,
Stuart (2012) More electric power system concepts for an environmentally
responsible aircraft (N+2). In. UPEC 2012, 2012-09-04 - 2012-09-07,

London.

Support for White Paper for High-Power Electric Grid for a TeDP Aircraft
NASA RTAPS Follow-On Research, Michael Armstrong, 05/04/2013

o Contributions include work on the “Evaluate Impact of Voltage at the

System Level” section describing work which would have to be

undertaken to upgrade existing capabilities.

Thesis overview

This thesis will focus on a reliability analysis of the propulsion system of three

variants of the TeDP concept aircraft: the NASA and Rolls-Royce N3-X, the NASA

Hybrid network and the Rolls-Royce and Airbus AC network. The work will provide

a thorough analysis of the three separate TeDP networks comparing the relative

merits of each and will present the findings on the TeDP architectures in terms of

Thrust- Reliability profiles of each.
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Chapter 2 of this thesis will present a thorough review of the aerospace field and the
TeDP concept — this will include reasons for the adoption of the concept, the benefits
that TeDP has over existing aircraft and the timeframe (in terms of the future aircraft
goals) for the adoption of new and novel technologies which will enable distributed
propulsion architectures. Chapter 3 will provide an overview of the identified gap in
the existing research within the field of TeDP for this work. The chapter will then
proceed to identify and provide examples of reliability and failure rate analysis
methods through which the TeDP network may be analysed. This chapter will also
provide the background for the reliability method requirements presented in Chapter
4. Chapter 4 will continue by introducing the specific reliability problem upon which
this work is based and provides a detailed analysis methodology illustrating the
method by which the reliability of a TeDP network may be determined and through
which the reliability of each network configuration may be compared. This chapter
introduces the probable fault modes which the networks may experience as well as
illustrating how the Thrust - Reliability (T-R) graph is constructed. Chapter 5 will
then provide a number of Case Studies to which the developed methodology will be
applied. In this way the effectiveness of a number of redundancy methods used to
enhance the baseline reliability may be determined. The Case Studies chapter also
presents a sensitivity analysis to act as a discussion point where areas of required
additional component research are defined as well as highlighting trends in network
construction. To conclude the chapter, an FTA is undertaken on the N3-X network,
identifying the most common failure modes and any reliability choke points. The,
observations from this analysis are used to assess the effectiveness of the previously
analysed redundancy methods such as in failure space. Chapter 6 concludes this
thesis by summarising the contributions of this thesis and suggesting work which

could be undertaken in order to further the research.
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Chapter 2

A review of the electrical
technologies contributing to the

evolution of civil aircraft

Tube and wing style aircraft designs have been in operation since the early days of
flying and were made more common due to their extensive use during WWII. While
the size and power requirements of aircraft have increased greatly over this time,
from the 12 hp 4 cylinder engine on the original Wright brothers aircraft [54] to the
54,400 hp [47, 55] Trent XWB turbofan on the modern A350 XWB, the airframe
itself has remained largely the same. This chapter will present an overview of
conventional aircraft with regard to their power and propulsion systems as well as an
overview of the shift towards the More Electric Aircraft (MEA). The overview of the
MEA will then lead naturally into the reasons for adopting new concepts and provide
some of the background for studying the Turboelectric Distributed Propulsion
(TeDP) aircraft, and in particular the reliability considerations of such a dramatically
different aircraft. The chapter will then conclude with contributions and areas
identified for further study within this thesis: A selection of reliability methods used

to analyse network architectures are described separately in Chapter 3.
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2.1 Overview of Aircraft Electrical Systems: 1950 to
Present Day

The Vickers Valiant, introduced in the 1950’s exhibited electrically actuated landing
gear which signalled the change of the power requirements for modern aircraft [56].
The landing gear required four 115 V AC generators each powered from a separate
engine. To allow for no break power, these generators were paralleled thus
increasing the level of both control and protection circuitry [17]. Since the
introduction of this aircraft the power requirements have continued to increase, with
the most recent passenger aircraft, the Airbus A350 XWB exhibiting an upper AC
voltage of 230 VAC [57]. These increasing voltage requirements are highlighted in
Figure 2.1.

1950 1960 1970 1980 1990 2000 2010

270/350/540
112 VDC 230 VAC
Systems —> VF L >
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400 Hz CF "
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) Management >
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v

Multiple
Backup

v

Generators

Figure 2.1 Timeline of aircraft electrical systems upper voltage levels [17]

Figure 2.1 shows that since the 1950’s aircraft voltages have not only increased but

the preferred operating frequency has also changed. Higher voltages have been
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adopted in line with greater aircraft power requirements for both critical flight
instruments as well as passenger entertainment systems [58] while the adoption of
400 Hz systems allow for smaller, lighter transformers [58]. Operation at this
frequency however means that the system can be susceptible to voltage drops
resulting from the inductive properties of the current carrying conductors [131]. The
evolution of aircraft systems from this point in the 1950’s until the present day also
includes use of not only AC voltages but additionally DC voltages in both single and
parallel channel configurations [17] as well as either one or two electrical generators
per engine. Present day aircraft may exhibit, in the case of the A380, up to four 150
kVA VF generators and two 120 kVA CF generators, many times that of aircraft

from relatively recent years [36].

The ever evolving nature of aircraft as defined above requires the continual
introduction of new and novel technologies to drive improvements and enhance
efficiency within the networks’ operation. The evolution of these technologies can be
measured against a standardised system of requirements which requires each
technology to demonstrate and adhere to in order to achieve each grading within the
system. Two separate sets of linked requirements exist developed by both the US
[59] and NASA [5]. The system of metrics used within this thesis is the TRL system
developed by NASA.

2.1.1 What are TRL’s and why are they Relevant?

Technology Readiness Levels (TRL’s) are a measurement system by which to
measure the maturity of an individual technology or group of technologies in a larger
system [5]. This method of classification is used within the aircraft industry to
provide a set of metrics by which to compare technologies coming into service. For
example in Table 1.1 it states that the technologies considered for each new
generation of aircraft must be at a suitable and comparable stage of development as
defined by this ranking of technology readiness. This particular classification system
has 9 individual milestones as shown in Figure 2.2, ranging from the most basic

principles exhibited at level 1 through to the most stringent and thoroughly tested at
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level 9. Each readiness level consists of a number of parameters and developmental
milestones through which a particular technology is assessed before a TRL level is

assigned [5].

and “flight qualified” through test and
or space)

—{ TRL7

 S—

*System prototype demonstration in a space environment
— TRL6 j
*System/subsystem model or prototype demonstration in a relevant

environment (ground or space)

__| TRLS

*Component and/or breadboard validation in relevant environment

Figure 2.2 Technology Readiness Levels [5]

Figure 2.2 shows all 9 TRL’s. It also shows that advancing from TRL 1-3 requires
the active study of a concept, where TRL 2 is completed once all the basic principles
have been studied and developed and the findings have been applied to a practical
application. TRL 3 is then gained when active research has begun. It is in this stage
that a proof-of-concept model is constructed and viability studies are undertaken to

ensure that the concept may proceed through the technology levels. TRL 4 and 5 can
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then be achieved once the studies of TRL 3 have been completed: here a number of
components are tested together and once more rigorous breadboard testing is
undertaken the technology can achieve a TRL 5 rating. TRL 5 tests include those in
environmental conditions as close to that of the intended operating environment as
possible. Once this has successfully been demonstrated, the technology moves on to
TRL 6 where a fully functional prototype of the technology is expected in order to
progress to TRL 7. At this technology level the working prototype must be
demonstrated in a space environment in order to gain TRL 8 where the technology
may be flight qualified and ready to use in an existing system. During operating in a
pre-existing system, if the technology in conjunction with the pre-existing system

successfully completes the mission then the technology is advanced to TRL 9.

Through the provision of a clear set of milestones for technologies to be scored
against as work progresses a clearer understanding of what remains bring these new
technologies in line with the industry standard hence becomes clearer. This scoring
system can allow developers to more accurately provide timescales for introduction
to service and further enhance the move towards MEA and eventually concepts such
as TeDP. Understanding technology development and readiness is an essential factor
when planning the future of aircraft concepts such as the Future Subsonic aircraft

goals as described within section 2.1.2.

2.1.2 NASA Future Subsonic Aircraft Goals

With the “boom and bust” volatility of global oil prices and the consequences of
tighter legislation governing greenhouse gas emissions becoming ever stricter [60], it
has become increasingly necessary to design aircraft with optimal levels of efficiency
both in terms of their environmental impact and fuel burn. In December 2006 NASA
embarked on a Future Subsonic Fixed Wing Project [61]: to quantify the necessary
efficiency measures and emissions cuts, they compiled a set of goals, detailing ever

greener standards of aircraft as outlined in Table 2.1.
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Table 2.1 NASA’s Original Future Aircraft Goals [16]

Technology Generations
(Technology Readiness Level 4-6)
Corners of the
N*+1 (2015) N*+2 (2020) N*+3 (2030)
Trade Space
Relative to Relative to
B737/CFM56 B777/GE90
sh Conventional Tube Unconventional Advanced Aircraft
ape
P and Wing Hybrid Wing Body Concepts
55 LDN at average
Noise Emissions -32dB -42 dB _ a
airport boundary
LTO NOx - 60 % - 75 % Better than - 75 %
Emissions
Performance: Fuel b b
-33% -40 % Better than - 70 %
Burn
Performance: Field Exploit metroplex*
-33% -50 %
Length concepts

a “N” represents current state of the art aircraft

b An additional reduction of 10 % may be possible through improved operational capacity
¢ Concepts that enable optimal use of the airports within metropolitan areas with shorter
runways

d The average day-night noise levels over a 24 hour period, where the noise levels
between 10 pm and 7 am are artificially increased by 10 dB to account for increased

public annoyance

Table 2.1 shows that with each successive generation of aircraft there is a step
change in the requirements for efficiency improvements. It can be seen that the
greatest performance improvement comes in the form of reduced fuel burn — where
there is a requirements to reduce this by over 75 % on 2006 levels [11, 16]. Another
goal of note is the performance field length (runway lengths): it is intended that more
aircraft make use of Cruise Efficient Short Take-off and Landing (CESTOL)

principles [11, 16, 47, 62] to utilise more of the smaller, regional airports allowing
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more point to point flights in place of using airport hubs. In 2012 these goals were

updated to become more stringent and are shown in Table 2.2 [24, 25, 63].

Table 2.2 NASA’s Updated Future Aircraft Goals [18]

Technology Generations
(Technology Readiness Level 4-6)
Corners of the Trade N+1 (2015) N+2 (2020) N+3 (2025)
Space Relative to B737- Relative to B777- Relative to B737-
800 using CFM56- 200 using GE90 800 using CFM56-
B engines Engines B engines
S Conventional Tube Unconventional Advanced Aircraft
hape
and Wing Hybrid Wing Body Concepts
Noise Emissions -32dB -42 dB -71dB
LTO NOx Emissions -60 % -75% -80 %
Cruise Emissions -55% -70 % -80 %
Aircraft fuel/ Energy
-33% -50 % - 60 %
Consumption

The most noticeable change in the performance goals of Table 2.2 over Table 2.1 is
the move away from the metric of fuel burn and instead naming this parameter,
Aircraft Fuel/Energy consumption. Through including this change to the metric the
desired move towards MEA and the All Electric Aircraft (AEA) can be incorporated
and represents power savings throughout the aircraft: as different technologies move
forward, improvement in areas such as thermodynamic efficiency, electric actuation
and airframe technology may contribute towards this goal [64]. Additionally Table
2.2 shows a significant increase from Table 2.1 in the level of desired cruising,
landing and take-off NOx emissions exhibited as well as defining a definite noise

goal for the N+3 generation.

Both Table 2.1 and Table 2.2 show how stringent targets have been compiled for
future aircraft generations. As noted in both versions of the table, savings of a large

magnitude must be made against conventional aircraft to reach the N+1 generation of
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goals necessitating major improvements in aircraft design. It is also apparent that in
order to achieve the N+2 and N+3 targets, advanced concepts such as TeDP must be
considered. This chapter will now describe both the MEA/AEA and TeDP concepts
in detail to demonstrate how both aircraft types may provide viable solutions for

these goals.
2.2  Overview of Current/Conventional Aircraft

In order to provide a baseline to compare the benefits afforded by the MEA, first it is
important that conventional aircraft have been described and their merits understood.
This section will review modern day aircraft electrical networks for propulsion

before moving on to describe the MEA.
2.2.1 Conventional Aircraft Power Systems for Propulsion

Conventionally, aircraft make use of two to four turbofan engines, each with an
associated generator on each to transform the kinetic energy of the jet flow into
electrical energy [65]. Conventional aircraft make use of 4 secondary non propulsive
power systems: pneumatic, hydraulic, mechanical and electrical, each with a similar

level of importance in the operation of an aircraft. This is illustrated in Figure 2.3.
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Figure 2.3 Conventional aircraft power sources [10]
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Figure 2.3 shows how each of the four different power sources are used within the
aircraft as well as showing how they are interlinked. Pneumatic power for the aircraft
is drawn from the bleed air of the high pressure compressor. Traditionally this is used
to power the environmental control system and supply hot air for the wing anti icing
system [10]. Mechanical power can also be extracted from the aircraft engines
through the use of an accessories gearbox which provides power to the central and
local hydraulic pumps and other mechanical subsystems [10] such as electro-
mechanical and electro-hydrostatic actuation [66]. The hydraulic system of the
aircraft provides an effective yet heavy power system for both primary and
secondary flight controls [67]. This power system provides power to both the
primary and secondary flight control surfaces actuator systems [10] as well as

aircraft landing gear and retractable undercarriage and braking systems [67].

The accessories gearbox also provides mechanical power to the generators located at
the engine [10]. These generators provide the avionics, galleys and cabin with the
required electrical power [10]. Figure 2.4 illustrates an example of how the electrical

system is configured in greater detail.
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Figure 2.4 Layout of conventional electrical network [15]
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Figure 2.4 shows a traditional aircraft electrical network. It can be seen that in this
configuration that power is routed from the engines to a centralised electronic and
electrical bay. From the centralised bus, long heavy cables connect and supply loads
with the required electrical power [15]. It can also be seen that from this point both
AC and DC wires extend around the network to locations to supply the required

power.

2.2.2 Turbofan Engines

Conventionally the power for both thrust and for the secondary power plants of an
aircraft is derived from a number of turbofan engines located on the wings and tail

plane of the aircraft [68].

In a turbofan engine [13], air is compressed in a compressor which is then sent into a
high pressure combustion chamber or combustor where fuel is subsequently added
and burned. Upon exiting the combustor stage, the hot, high pressure air enters a
multi stage turbine before the hot exhaust gasses leave through the rear of the engine
providing the required propulsion. This can be seen in both Figure 2.5 and Figure 2.6
illustrating simplified diagrams of air flow and central components of both a two

shaft Figure 2.5 and a three shaft Figure 2.6 engine.

Figure 2.5 Two shaft high bypass turbofan engine [13]
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Figure 2.6 Three shaft high bypass turbofan engine [13]

The figures schematically illustrate that upon entering the turbine fast flowing air
either enters the central core of the engine or may pass through the bypass stream: it
is the ratio of the air through the core of the engine to that through the bypass stream
which gives the engine’s bypass ratio [13, 69]. The bypass of the engine allows the
engine to operate quieter and helps to provide more thrust at lower rotational speeds
[69]. The air flow which passes through the core of the engine (the compressor,
combustor and the turbine) is conditioned to produce hot, fast flowing exhaust gas at
the exit at the core nozzle as shown in both Figure 2.5 and Figure 2.6 [70]. The air
which is diverted into the core of the engine is accelerated rearwards to be ejected at
the nozzle at a slightly elevated pressure of 1.6 times that of normal atmospheric
pressure at take-off [70] and at jet speed [70]. The air is first passed through the
engine’s compressor: a series of bladed disks (“blisks” [71]). These blisks force the
air passing through into a continually smaller area and hence the air is squeezed and
compressed while undergoing only a relatively small increase in temperature. The
turbines at the rear are connected via a shaft to the compressor as well as the intake
fan at the front of the engine: alternate blisks are either fixed or rotate with the shaft.
This compressed air then enters into the combustor where the fuel is injected, mixed
and then burned, increasing the temperature significantly while maintaining

approximately the same pressure (Boyle’s Law). Upon exiting the combustor the hot,
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fast flowing and expanding air passes through the low (LP) (intermediate (IP)) and
high pressure (HP) turbines where work may be extracted from the rotating blades.
Most of the pressure created in the core of the engine is used in the low pressure
turbine: the pressure is spent through repeatedly accelerating the flow of air through
a set of rotors which extract shaft work [70]. The air which has passed through the
core of the engine leaves through the nozzle at a different speed to that which has
passed through the bypass and mixes causing the exhaust which results in a forwards

thrust [72].

The principles of operation of a turbofan engine are important, not only for
conventional aircraft but for future aircraft too. Near future concepts such as More
Electric Aircraft (MEA) as well as far-future concepts such as Turboelectric
Distributed Propulsion (TeDP) both make use of a form of turbofan engines for
either thrust [35], subsystem generation of electrical and mechanical energy [11] or
both [10]. Other proposed future subsonic aircraft, such as those presented within

section 2.10 would also make use of a form of turbofan engines.

2.3 The More Electric Aircraft: The future of air travel?

For the N+1 aircraft concepts to be eventually surpassed, not only is a significant
departure from traditional tube-and-wing airframe shape likely required [18, 73], a
radical departure from familiar aircraft systems must be made to keep power off-
takes to a minimum, emission levels low and system availability up to 100 times
greater than the traditional hydraulic counterpart [26]. One method of achieving
optimal energy efficiency is to adopt an MEA and enable the power saving benefits
that follow with a suitably (optimally) configured Electrical Power System (EPS)
[15]. The removal of power hungry hydraulic and pneumatic systems gives scope for
easily controlled [15], lighter [37], greener electrical systems which, given the
correct redundancy can provide the same if not better levels of reliability and reduce
hours lost to maintenance [26]. While the pneumatic and hydraulic systems may not
be completely removed in the first instance [26], by replacing the systems with a

more electric alternative, condition monitoring could allow faults to be located and
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isolated and for the system to remain in operation until maintenance facilities are

available [39].

Looking further to the future, there is potentially much greater diversity in radical
more-electrical system architecture design [16], an example of which can be seen in

the Hybrid Wing Body (HWB) aircraft concept shown in Figure 2.7 [20].

>~ Rear View

Figure 2.7 Side and rear view of a 16 fan HWB aircraft and a cross section of a
superconducting engine [20]

This HWB concept makes use of an electrical propulsion system utilising a number
of electrical motors which are powered via a superconducting gas turbine at each
wingtip. A more detailed review of the TeDP concept will be provided in section 2.7

of this chapter.

2.3.1 Power Optimised Aircraft project

The reasons for the shift towards a MEA was summed up in the Power Optimised
Aircraft (POA) project [10, 21], which aimed to create an aircraft which could run
more efficiently than current day aircraft and was based on the MEA concept [10].
The POA project had several outcomes, which was hoped would be achieved over

the course of the 6 year study and are noted below:

* Reduction of peak non-propulsive power usage of 25 %

* Usage of non-propulsive power to be reduced
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e  Fuel consumption to be reduced by 5 %

e Reduction of overall equipment weight

The objectives of the project were achieved whilst simultaneously not having any
adverse impact upon reliability, production or maintenance costs [10, 21]. To achieve
the proposed goals, the architecture in Figure 2.8 [10, 21] was proposed, shifting the
supplied power away from traditional hydraulic and pneumatic systems and

concentrating more on electric power and on local hydraulic loads.
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Figure 2.8 Power Optimised Aircraft [10, 21]

Aircraft have traditionally had a large peak power rating in order that the large,
heavy, generation equipment can sufficiently supply the peak system loads, which
usually occurs during take-off and the initial climb and during the final approach and
landing [10]. The main peaks during these flight phases are caused by the operation
of the landing gear and secondary flight controls supplied from the power intensive
central hydraulic and mechanical systems. When powered by a local hydraulic
source and the electrical system on the POA, the peak power drawn was reduced by
over 25 % on a traditional aircraft [10], the maximum required load of the generation
was smaller and could be sized smaller, thus incurring a lower weight penalty [10].
Due to the increased weight attributed to the on-board electronics [10] of the MEA

electric systems over traditional aircraft systems, it should hold that the heavier,
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MEA would result in a higher fuel burn; however, the fuel consumption on the POA
MEA is far smaller in comparison, than the conventional aircraft. The POA project
demonstrated a 2 % reduction [10, 21] in fuel burn from current aircraft which can be
attributed to the more energy efficient electrical systems [21]. Operations using the
electrical systems result in fewer losses than the hydraulic or pneumatic counterparts
[21]. This is exemplified in the Environmental Control System (ECS), where bleed
pressure and temperature are no longer required resulting in 14 % less power being
drawn to run this essential operation [10]. This coupled with the independence of
electrical system operation in regards to the speed or thrust of the aircraft engine [10]
can be directly associated with the reduced fuel burn [10] which in turn corresponds

with less overall power consumed in hydraulic and pneumatic sub-systems.

2.4 Current State of the Art: Electrical Systems

The shift towards the MEA has seen an important step forward in recent years with
the introduction of both EADS Airbus A380 in 2007 [74] and Boeing's B787 in 2011
[75]. These aircraft demonstrate that the shift towards aircraft with more-electric
capabilities in the commercial sector is being embraced by utilising designs and
architectures which are pushing towards the N+1 goals. Although both of these
aircraft incorporate more-electric sub-systems, the systems in use by each are very
different; the A380 architecture contains a series of Electro-Hydrostatic Actuators
(EHA) and the B787 has been designed with a unique ‘no bleed’ system [26, 40, 41],

both of which are detailed in the following sections.

2.4.1 An Overview of the Electrical System of the Airbus A380

The A380 as shown in Figure 2.9 is currently the largest passenger plane in service,
accommodating up to 853 passengers [76]. It is the first modern passenger aircraft to
utilise a variable frequency alternating current (VFAC) electrical system [26],
allowing simplification of the drivetrain and gearbox. This change of frequency

generation resulted in fixed frequency loads like induction motor pumps being
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replaced with loads supplied by power -electronic convertors capable of

accommodating supply frequencies of between 360 Hz and 800 Hz [14, 26, 77].

Figure 2.9 Airbus A380 [2]

This concept can be extended further to facilitate network functionality. For example,
whilst low voltage DC (LVDC) systems such as those currently employed by the
A380 [78] are traditionally supplied by passive transformer rectifier units (TRU's),
replacing these with a Battery Charger Rectifier Unit (BCRU) comprising an Auto
Transformer Rectifier Unit (ATRU) with a controlled DC to DC chopper [26], as
shown below in Figure 2.10, provides improved control of the LVDC voltage level.
It is also worth noting that the bidirectional DC-DC convertor unit would also be

readily applicable to HVDC schemes.
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The A380 and B787, both share a similar EHA system [39], in which a distributed

hydraulic system is utilised. This is an electric system which provides localised
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hydraulic actuation to a number of smaller pumps, which is beneficial as localised
pumps can easily be isolated in the event of failure and unlike a conventional
hydraulic actuator, the EHA only draws power when there is a significant demand

from a controlled load (when the aircraft is making a change in direction) [38].

2.4.2 The B787 electrical power system

The Boeing B787 shown in Figure 2.11 combines many advanced techniques such as
fabrication from composite materials [40], an electrically controlled Environmental
Control System (ECS) [41] and an electric architecture based round the elimination
of the pneumatic bleed [15, 41]. The electrical systems on Boeing's B787 replace

most of the pneumatic counterparts found in traditional commercial aircraft [15, 41].

The replacement of these systems is the result of the aircraft's unique ‘no bleed

engine, with no heavy bleed air ducting, allowing all the air entering into the core of
the engine to be turned into thrust. Producing thrust in this more efficient manner
results in up to 35 % less power being extracted from the engines [15, 41]. Similarly
to the electrical architecture of the A380, this alternative more electric architecture
also uses variable frequency power generation. The power is then conditioned in an
electronics bay before being distributed around the aircraft. By drawing less
horsepower, less fuel is burned, and as a result, in the cruise section of the flight

envelope alone, this fuel saving can amount to 1-2 % on conventional aircraft [15].
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Figure 2.11 Boeing B787 [1]

The no-bleed system has many advantages, including, but not limited to, a 3 % fuel
saving over other aircraft due to efficient secondary power extraction and transfers
[15] which helps to reduce fuel burn and can help towards achieving the next
generation aircraft performance metrics. The use of power electronics in the state of
the art electrical system helps to increase aircraft reliability levels which coupled
with reduced maintenance costs from a simplified construction using a small number
of electrical components, allows for shorter aircraft out of service times [15]. There
are significant weight benefits for the system resulting from the removal of the heavy
titanium ducting for the distribution of the bleed air around the aircraft which more
than offsets the weight penalties associated with the additional electrical components

as part of the more-electric architecture [15].

Both the EHA system of the A380 and the no bleed system of the B787 show
extremely positive steps towards achieving the required performance levels of the
N+1 aircraft. Work to further remove the bleed system and hydraulic systems should
contribute towards the more challenging N+2 goals [15, 26]. The B787 alone has
made a notable step towards the realisation of NASA's goals with a 20 % reduction
in fuel burn, CO2 emissions and a noise footprint 60 % smaller than that of the B767,
[https://www.gov.uk/government/uploads/system/uploads/attachment data/file/4515/
future-aircraft-fuel-efficiency.pdf] a reduction of NOx emissions by 28 % on 2008
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industry standards. The following sections will review the candidate technologies for

these goals to be achieved.

2.5 More Electrical alternatives for Conventional Aircraft

Systems

While section 2.4 identified how entire aircraft have been redesigned to allow greater
overall energy efficiency and to reduce emissions such as NOx and noise, individual
aspects of the architecture may also be adapted to provide more electrical
alternatives. This section will provide an overview of a number of such enabling

technologies as well as outlining the benefits that they could bring to an aircraft.

2.5.1 The More-Electric Engine

In order for the MEA to advance into an All Electric Aircraft (AEA) the aircraft's
engine as well as its subsystems need to be electrically powered [35]. The image of
Figure 2.12 below outlines the key technologies separating the MEE from a
conventional engine. The MEE used for the POA project 'composed many benefits,
inclusive of improved efficiency, flexibility and the ability to carry a higher level of
power [35]. The engine system validation rig (ESVR) for this project further
demonstrated that each of the systems conventionally driven by a gearbox could be
replaced with a corresponding electrical system [22]. The power generation for the
engine came from two parallel connected fault tolerant generators and the
distribution of the power within the MEE took place at 350 VDC with the loads
connected through power electronic interfaces [35]. The connected loads as shown in
Figure 2.12, included electric fuel metering and electrically actuated engine guide

vanes [21, 35].

! Although the POA project took place in the mid 2000’s it remains one of the only MEE public domain projects
to date.
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Figure 2.12 The More-Electric Engine [22]

Through the ESVR tests it was shown that large more electric engines exhibiting a
number of new technologies which allowed more electric operation than the
traditional alternatives were suitable for use on a commercial aircraft and with the
correct development path would be viable [10]. The study also found that a number
of technologies proposed for supporting the development of the MEE were also
viable [22]. The study went on to achieve engine start up using an embedded
electrical machine and control fuel and oil flows without pumping excess levels of
the liquids [22]. The ESVR managed to prove by using more electric technologies in
an engine structure for both propulsion and engine control that the concept is feasible
[22], although future work is still required to ensure that the technologies can be

successfully integrated to achieve a true POA without encountering any ill-effects.

2.5.2 Electro Hydrostatic Actuation Considerations

The EHA as seen in the Airbus A380 [26] and as proposed in the POA studies [10,
21] utilises a brushless DC or switched reluctance motor driven by a DC voltage
source through a power electronic invertor circuit allowing accurate control of the
speed of the motor and as such the position of the flight control surface [79]. The

flight control surfaces only utilise their full range a small number of times during a
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flight envelope and the majority of this movement occurs at take-off and landing
[79]. The power delivered to the actuator is proportional to the delivered torque from
the motor and to its speed, so high levels of power are only required when the flight
control surfaces are moving. When the actuator is not moving the background power
requirement only accounts for around 10 % of the peak power required [79]. This is
compared to the conventional hydraulic system which requires to be fully powered at
all times so that the reserves of hydraulic fluid may be accessed and pumped through
the system at any time throughout the duration of the flight [67]. One noteworthy
characteristic of an electrical actuator is the ability to regenerate electrical energy
during some operating modes [79]. This regenerated power is dissipated as heat in a
resistive dump circuit. With an advanced rectifier circuit however, two-way power
flows are possible and the regenerated power could be absorbed by other loads
within the aircraft electrical network [79, 80]. If usage of the power regenerated by
the actuator was not prohibited under current regulations [66] the heavy ‘dump’
circuits could hence be removed allowing for both weight benefits and efficiency

increases for the electrical system [80].

2.5.3 Electro-Mechanical Actuation

The addition of a reliable, jam free Electro-Mechanical Actuator (EMA) [39] could
see the further operational improvement for future generations of the MEA. The
EMA is currently only available for secondary flight control functions as it is
susceptible to single point failures which could lead to a mechanical jam [39]. The
EMA could potentially provide a number of operational improvements over the EHA
if utilised for the same applications, these consist of: elimination of heavy,
flammable hydraulic fluid, a reduced requirement for maintenance and a greatly
reduced power drain from the engines [39]. A considerable amount of research is
being undertaken to address the jamming problems of an EMA [81-83] which can
achieve the lesser power drain because, unlike the EHA system, it can be switched to
an idle mode when not required and therefore draws a far reduced level of power
from the engine [39]. The move away from offline condition monitoring to online

methods of predictive and preventative condition monitoring, the advances of fault
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tolerant systems and a high level of reliability of the available power electronics and
motors should allow the EMA to be a feasible alternative to current primary flight
control actuators [39]. The utilisation of online condition monitoring should further
enhance the reliability of aircraft electric drives [39] and if implemented successfully
the EMA could further benefit the move towards N+2 and MEA goals by taking a
step towards eliminating the maintenance intensive hydraulic system [39, 81] and
enabling optimal use with other electrical subsystems to reduce engine power offtake
[39]. The reduced weight and power offtake and from the engine can help to reduce
both the level of fuel burn and in turn emissions levels, both important for achieving

the future aircraft goals.

2.5.4 Electrical Protection Considerations for Future Aircraft

Within all power systems however especially in the aerospace sector, the safety of
the system is a critical design consideration. As the use of electrical systems within
the MEA becomes increasingly widespread, the reliability of these electrical systems
and their protection is fast becoming an increasingly critical part of an aircraft's
architecture design. Electrical system supply performance requirements are inclusive
of [31]:
e That no single point failure should lead to the loss of any channel
e That all mechanisms are fail safe and the occurrence of cascading failures is
prohibited
e That no common mode faults should occur that is no single fault should cause
disruption to multiple areas of the system
e On-board equipment has to be designed for at least 24 years in service and
withstand environmental factors such as: electromagnetic compatibility

(EMC), vibrations and acoustic noise.

The increased level of criticality placed on the electrical system is coupled with shifts
in the means of power distribution and associated voltage levels. Traditional aircraft
electrical power systems (EPS) have consisted of relatively low system voltages of

28 VDC and 115 VAC [78], however with the move to keep the losses associated
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with the EPS on the MEA as low as possible, these levels have been increased to 230

VAC and 540 VDC (£ 270 VDC) for commercial aircraft [41] and 270 VDC in

military aircraft [78]. The changes made in the distribution voltages create a number
of challenges for protecting MEA power systems, notably there are a number of
unresolved issues in the protection of higher voltage DC networks, particularly those

utilising converter interfaces [31].

Solid State Power Controller (SSPC) technologies have shown potential for network
protection applications [78]. SSPCs are used as alternatives to traditional contactors
or circuit breakers that connect loads to the main distribution bus, providing the
functionality to protect loads and components from system overloading and from
damaging short circuit currents [78]. The SSPCs provide some major benefits over
electromagnetic breakers for this purpose, including a faster switching response time,
a greater level of reliability, lower power dissipation and functionality to allow
remote monitoring of a load's health and condition [78]. One of the main drawbacks
experienced by the use of current SSPC designs is that the current carrying capability
is limited and particularly at 270 VDC, their application is restricted to load
protection [78]. This particular aspect of SSPC design must undergo major
development in order for these devices to be utilised more widely and effectively
within the MEA electrical power networks. Technical protection challenges aside, it
is of vital importance from a design perspective that the benefits of any new or
alternative means of power distribution are not outweighed by any additional
protection system requirements. This is an important factor of consideration which
will influence the adoption of the MEA concepts for N+1 aircraft designs and

beyond.

2.6 The impact of Electrical Power Offtakes on Future

Engine Configurations

Future aircraft require a reduction on the current levels of noise emissions by at least

42 dB to meet the N+2 targets and by 71 dB for the N+3 targets [18] and as such new
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methods must be sought to reduce the noise level of modern aircraft. Open rotor
engines have been identified as one area for increased research, as they have the
potential to contribute towards achieving noise reduction and efficiency goals [84].
Using advanced modelling techniques to aid the understanding of an engines noise
output, it has been shown that open rotor engines can be designed to emit less noise
and therefore help towards the N+2 noise reduction target [14]. If a quiet open rotor
engine is to be implemented, efficient means of electrical power off-takes from these
engines are required [14]. The nacelle of the open rotor has limited empty space and
as such the placing of an electrical generator is a vital consideration in its effective
use [14, 84]. Reference [14] carried out a number of trials, varying the placement of
the starter/generator and found, that due to a number of reasons associated with
weight, efficient power off-takes and ease of access for maintenance, the preferred
placement of the starter/generator is within the nose cone. Unfortunately as can be
seen from Figure 2.13, when drawn to scale the machine is not entirely enclosed in
the nose and as such impedes the airflow path. Until this can be remedied, this option

1s not viable.

0, L |

Figure 2.13 Nose Mounted Starter Generator [14]

The offtake options from the free power turbine could be viable with modification to
optimise any configuration. A possible increase of the length of the engine by = 25
mm is estimated but related negative effects such as increased weight penalties
would need to be further researched [14]. The open rotor option appears promising

provided that issues with the clutching mechanism and the size of the nose cone can

be addressed.
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2.7 Turboelectric Distributed Propulsion for N+3
Applications

Building on the MEA concept and all the enabling technologies presented in sections
2.5 and 2.6, Turboelectric Distributed Propulsion (TeDP) is an intriguing design
approach which promises a highly reliable aircraft allowing evenly distributed thrust
even in the event of a single engine failure [37]. The current TeDP concept aircraft is
based upon a 300 passenger aircraft with both a maximum speed of M 0.84 and a
range of 7500 nm [63]. Previous TeDP studies have proposed architectures
exhibiting 12-16 high bypass turbofan propulsors embedded on the upper trailing
edge of an HWB aircraft airframe, the preferred airframe for N+2 concepts and
beyond, with each propulsor providing roughly 31,000 N of thrust [16]. The
embedded turbofans are interconnected electrically allowing the required level of
redundancy for a single engine failure scenario. The turbofans are further connected
to two superconducting wingtip mounted turbo-electric generators to allow the
efficiency benefits associated with the MEA or even the AEA [16]. An example of
the N3 - X TeDP concept aircraft can be seen in Figure 2.14.

&

Figure 2.14 N3-X TeDP Aircraft Concept [11]

These TeDP systems in turn may benefit from the introduction of superconducting
machines and cryocoolers [20]. The output power density of conventional non
superconducting machines is approximately 1 kW/kg [44], limited by the generation

of heat in the copper windings [20]. This prevents the weights of these machines
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reducing to a level where they could replace traditional gas turbines without
significant weight penalty, regardless of any reliability benefits through utilising a
known and mature technology, rendering them infeasible [20]. In order for the TeDP
concept to be competitive with more conventional propulsion system designs, the use
of superconducting machines with power densities significantly in excess of the 3-4
kW/kg typically associated with current technologies will be required [44]. While
offering a significant improvement in power density, the reliability of such a fully-
superconducting machine remains unproven under normal, ground-based operations
and as such proves to be a major risk for this air-based TeDP concept. Cryogenic
coolers are also required in order to keep the temperature of the superconducting
system within the required operating range [20], adding further weight and
complexity to the system and detracting from the available mass intended for other
more commercial purposes. As with the fully superconducting machines, however,
this technology is in its infancy and hence will also be detrimental to network
reliability. Arrangements such as this TeDP system could provide great efficiency
from large core engines while maintaining cruise efficiency benefits [37], provided
that the emerging technologies are subjected to stringent reliability growth tests to

ensure that the reliability of the concept is not compromised.

The use of superconducting machines and their associated electric components such
as an electric gearbox can provide an acceptable density and allows for the turbines
to rotate independently of the fan shaft, and in turn for the turbine to rotate
independently of the generator's speed and therefore more efficiently [16]. Separation
of the turbine from the fan shaft means that as the altitude and airspeed change, the
speed of the turbines could remain at the most efficient level to provide a reduced

fuel burn and allow an increased load efficiency to be achieved [16].

The weight benefit of the superconducting machine over conventional machines at
current technology levels is minimal as the operating temperature of superconducting
machines lies in the cryogenic region [16] and so some form of cooling mechanism
must be associated with the machine. Much work must still be completed so that a
feasible, efficient machine with minimal AC losses may be utilised by the aircraft

electric propulsion system [20] and as yet, cryocoolers are very inefficient with only
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10-15 % Carnot efficiency [20] meaning large heavy coolers must be utilised to
maintain the system in the correct temperature range. With technology developments
expected over the next 20 years, a lighter more efficient cooling system is expected
[16], so the superconducting machines and cryocoolers can be enhanced such that
they will become feasible for use within future, reliable aircraft propulsion systems

[20].

2.8 Key Differences between MEA Aircraft and TeDP
Aircraft Concepts

A key distinguishing factor between current MEA and TeDP network architecture
designs is the power level at which critical loads must be supplied [16]. Specifically,
the power supply to the high power propulsion motors in TeDP systems must be of
similar reliability to the traditional low power critical loads, such as the avionics in
present day aircraft. In line with the increased power levels of the aircraft, the
voltage levels are expected to rise accordingly. Specifically, the highest voltages
utilised in the MEA generation of aircraft are £270 VDC and 230 VAC with current
levels in line with these. Although there are no firm voltage levels for the TeDP
concept aircraft yet, these will reflect the anticipated superconducting system current
carrying capabilities [85]. These differences as well as a number of others are

summarised within Table 2.3.

Table 2.3 Selected Differences between TeDP and MEA Aircraft Electrical Systems

Comparison Conventional MEA TeDP
Metric
Propulsion 2 — 4 Turbofans with two or three Multiple connected
System shaft configurations on each Propulsors and 4
wingtip generators
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Power System 4 secondary power systems: Increased focus on the

electrical system and

e Mechanical . )
increased importance

o Electrical on the distribution of

e Pneumatic .
electrical power

e Hydraulic

FElectrical Uses both AC and DC distribution Enhanced use of the
Distribution DC distribution
System network making use

of the reduced losses
over the AC system
and the ability to
decouple electrical

machines rotational

speeds
Voltage Levels 230 VAC Non-standard voltage
Used and current levels to

+270 VDC
be used in line with

the superconducting

network capabilities

Table 2.3 shows comparisons over 4 different metrics but this is not an exhaustive
list. It highlights that possibly one of the most radical changes to the network aside
from the use of superconducting networks is the potential enhanced use of the DC
distribution network over the conventional AC network. As noted previously, one of
the benefits of this is to allow generators to be used in parallel with no
synchronisation problems [86] while another reason for this switch is to increase

system reliability [19].
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2.9 Example TeDP Network Architectures

The network architecture of a conventional aircraft differs greatly from the expected
TeDP network architectures for propulsion with one of the notable features of the
TeDP concept being the decoupling of generation and propulsion aspects of an
aircraft’s thrust production. This section explores three potential TeDP electrical
propulsion architectures as developed by NASA [16], Airbus [87] and Rolls-Royce
[23] highlighting both the similarities and differences between the three. This section
will also provide an assessment of how it is expected each of the three will perform

with respect to the other two in terms of overall network reliability.
2.9.1 NASA N3-X Architecture

The TeDP network that has been the subject of most of the available literature has
been the NASA and Boeing collaboration’s N3-X aircraft [19]. The N3-X features 16
superconducting thrust producing motors connected so that symmetrical thrust (when
the same force is exerted in the direction of movement from each side of the aircraft)
may be maintained throughout the flight envelope. A DC distribution network
connects these rear located motors, each with an associated propulsor to one of two
wingtip located turbofan engines, each housing two superconducting generator. A

potential architecture for this configuration is shown in Figure 2.15.
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Figure 2.15 16 MF Configuration of a TeDP Network
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Figure 2.15 shows how the motors (M blocks) and propulsors (P blocks) of the
network may be connected via busbars to the aircraft’s generation (G blocks). This
architecture uses a predominantly DC electrical distribution network, allowing a
number of generators to be connected to the same bus without having to be
synchronised. This distribution method also allows the generators and motors to
rotate at their own optimal speed and perform at their optimal design point. One
additional benefit of the propulsion motors connected in this symmetrical manner is
through the use of thrust vectoring to control the roll and yaw moments, the tailplane
of the aircraft and associated redundant flight surfaces may be removed allowing
additional weight savings [11, 16, 19]. This network architecture is intended to
supply at least 22.4 MW of electrical power (30,000 hp in electrical thrust) in order
to achieve safe rolling take-off [19, 43, 49] and is the N+3 equivalent of the B737-
800, capable of carrying 189 passengers. Protection for this architecture is provided
through a number of Superconducting Fault Current Limiters (SCFCL) as well as

both DC and three phase breakers [43, 49].

This network architecture consists of a large number of components to protect
against dangerous fault currents, potentially overcompensating to the detriment of the
overall reliability score. This design does however provide a useful first pass design
allowing analysis to be undertaken and new reliability methods for the analysis of the

propulsion system to be considered; such as the T-R method described by this work.

2.9.2 Airbus and Rolls - Royce E-Thrust Concept

Another TeDP aircraft concept which utilises only a single engine [9] to power six
smaller rated electrical machines to provide the aircraft thrust was conceived by

Airbus and Rolls-Royce. This concept is shown in Figure 2.16.
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Figure 2.16 Rolls - Royce and Airbus TeDP Concept Aircraft [9]

Unlike the network of the N3-X, this concept does not utilise a DC distribution
network, relying fully on an AC architecture to link the engine and the motors and
remove heavy power electronic components. This also introduces a reliability benefit
through the decision to not use additional features within the power network and

hence minimise complexity. This network architecture is shown in Figure 2.17.

Engnel Engne2
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Cryocooler 1 F ?Clyocooler?

Figure 2.17 Electrical Propulsion Architecture of
Rolls - Royce and Airbus TeDP Concept [23]
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The concept architecture of Figure 2.17 is designed to supply a total of 9 MW of
electrical power, where safe rolling take off may occur only if at least one of the two
generators is operating fully. Both the voltage and current that this network will
operate will be determined through future network optimisation studies. This results
in a much smaller aircraft than the N3-X concept identified in section 2.9.1. A novel
feature to this configuration, as mentioned above is the lack of power electronic
devices within the network. Through the removal of power electronics and running
both the generators and motors in synch allows weight savings to be made within the
network however restricts control of motor speeds which run in line with the speed
of the generation. Protection for this network is provided through the use of breakers

or isolators which can be shown to operate to the same standards [23].

Unlike the N3-X configuration this TeDP architecture only has a single protection
network, using only breakers and not superconducting fault current limiters and
therefore does not use as many components to form the network architecture. This, as
well as the fewer number of motors and propulsors plays an important role in
maintaining a reliability level that is as high as possible. Another notable feature of
the network is that even though the fewer components may result in a more
preferable reliability score, the losses incurred through running all machines at the

same frequency may incur greater electrical losses than the TeDP network.

2.9.3 NASA Hybrid AC-DC Configuration

The final considered network and an early concept which was devised for the
purpose of TeDP was a hybrid AC-DC network as proposed by NASA. This network
was further developed and was renamed becoming the N3-X, however the
differences which form this initial concept provides an interesting comparison
network. This network has a similar power requirement to the N3-X network where
each generator is rated to provide 30,000 hp of thrust [16]. The overview of this

network is shown in Figure 2.18.
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Figure 2.18 NASA TeDP Network Components [16]

Figure 2.18 shows the key components of the 2008 concept network. This network
architecture was designed to operate using 16 independent turboelectric motors and
distributed fans along the upper aft of the aircraft and would require 63 MW (84000
hp) of available electrical power at sea-level and 19 MW (25000 hp) at cruise: this
corresponds to roughly 1.1 MW (1500 hp) per fan at cruise [16]. Similarly to the N3-
X, both the power and thrust-producing machines are decoupled allowing each to
rotate to their own optimal speed as well as using the fan thrust for yaw control. This
configuration has no identifiable protection system and likely relies on the quenching
(localised increased current and magnetic field over a set threshold of a local
component returning it to a normal resistance with an increased heat) of

superconducting cables to prevent the flow of fault current [88].

Unlike the other two concepts this network does not feature a dedicated protection
network, meaning only the network quenching properties protect against high levels
of fault current. This would appear to be a somewhat risky option and perhaps would
not be viable from a power system protection perspective, as there are no
components to physically isolate faulted areas of the network and protect the healthy
areas of the network from high levels of fault current. Furthermore, the heat
generated by fault currents in affected areas of the network may cause damage to

otherwise unaffected components. This design does however result in fewer
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components than the other two networks and hence will provide a greater level of
reliability in comparison. This network was however a predecessor to the N3-X
network and should be taken into consideration when considering the network

composition.

The further development of a TeDP system considering all existing conceptual ideas
may further help the evolution of future aircraft meet the more rigorous N+3 targets
through allowing significantly reduced field lengths (the required distance for aircraft
take-off and landing), much quieter operation and dramatically reduced fuel burn

[37].

2.10 N+3 Concept Aircraft Designs Proposed for Subsonic

Commercial Transport in the 2030-35 Timeframe

In response to a 2007 research call from NASA [89], a number of concepts were
proposed to meet the N+3 future subsonic aircraft targets. As well as the N3-X TeDP
concept, there were a number of alternative designs proposed, all with varying
passenger capacities and maximum flying range. Some of the concepts focussed
more heavily on certain targets, for example the GE, Cessna and Georgia Tech
offering, which exploited metroplex (smaller regional airports) aspects, however the
N3-X concept offered progress against all of the targets. All of the proposed concepts
within this section responded to the research call [89] for the N+3 subsonic set of
targets however did not perform as favourably in all four parameters. While the
TeDP concept was chosen through a process of down selection (reducing the number
of considered options for the project) over a number of phases of the project for
further research effort, the remaining options, while promising, were not provided
with additional NASA funding. These will be reviewed in this section to provide a
complete view of all concepts considered by NASA against which the N3-X proved
the strongest as well as providing an overview of some of the technologies which

will help shape the future of the aircraft industry.
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2.10.1Boeing, GE and Georgia Tech Concept Entry

This concept, the result of a project undertaken by Boeing, GE (General Electric) and
Georgia Tech saw the design of a 154 passenger aircraft with a range of 3500 nm and

maximum speed of Mach 0.7. This concept is shown in Figure 2.19.

Figure 2.19 Boeing, GE and Georgia Tech Concept Aircraft [6]

It utilises an electric battery gas turbine electric propulsion system and was found to
exhibit a fuel burn reduction of 70 % on the reference vehicle and a reduced energy
usage of 55 % when utilising the battery. The concept exhibited long wings for
greater lift and reduced drag which could be folded when being serviced at a
conventional airport gate [90]. While the use of battery technology could potentially
see an aircraft concept perform well against the fuel burn, emissions and field length
goals, ultimately it is the same extensive use of battery technology which prevented
NASA continuing with the idea. Unfortunately for the further advancement of the
concept, the projection of how battery technology may advance from the
conventional technology is unclear and could potentially, in a worst case scenario,

prevent the aircraft from being competitive [6].
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2.10.2 SELECT Concept Aircraft Developed by Northrup

Grumman,

The Silent Efficient Low Emissions Commercial Transport, or SELECT, future
aircraft design was conceived by a group led by Northrup Grumman Systems
Corporation [91] with collaboration from Rolls-Royce, Tufts, Sensis and Spirit. The
SELECT concept had a 120 passenger capacity with a maximum range of 1600 nm
and a top speed of Mach 0.75 [63] and a concept design is shown in Figure 2.20.

Figure 2.20 SELECT Aircraft [4]

This aircraft concept is relatively similar to conventional aircraft however novel
features include shape memory alloys, nanotechnology, the use of lightweight
ceramic composites as well as exhibiting Short Take Off and Landing (STOL)
capabilities [4]. The STOL capabilities of the aircraft mean that this aircraft would be
able to utilise smaller airfields as dictated by Table 2.1 and therefore help increase

the capacity of future air transportation networks.
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2.10.3 Cessna Style Concept N+3 Aircraft

The design submitted by the GE, Cessna and Georgia Tech collaboration was the
smallest of the concepts with a private jet style aircraft with a maximum passenger
capacity of only 20. The range of this aircraft was predicted to be approximately 800
nm and with a maximum speed of Mach 0.55 [63]. A conceptualisation of this

aircraft is shown in Figure 2.21.

Figure 2.21 GE Aviation N+3 Subsonic Concept Aircraft [7]

Figure 2.21 shows the small Cessna style aircraft which was developed with the
unique feature of having a ‘self healing’ outer airframe [92]. This airframe exterior
would allow the surface of the aircraft to self repair in the event of exterior impact,
lightning strikes, extreme temperature or electromagnetic interference through the
use of a conducting film used in conjunction with an energy absorbing foam covering
the whole aircraft. An additional benefit to the self healing outer aircraft layer is that
of noise sheilding from exterior noise [8, 92]. Figure 2.22 shows a comparison

between conventional aircraft outer layers and the new self healing concept.
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Figure 2.22 Self-Healing Aircraft Outer Layer Concept [8]

From this figure some idea of how the energy absorbing foam may replace the
several, heavier conventional layers on the aircrafts surface allowing a potential
weight saving [8, 92]. While this aircraft was developed to be lightweight and to
reduce fuel burn the propulsion concepts remained alrgely the same as for moern day

aircraft anad is likely the reason this concept was not chosen for further funding.

2.10.4 MIT, Aurora, P&W and Aerodyne Concept Aircraft

This consortium came up with two similar designs under the N+3 concept study. The
first had a 354 passenger limit with maximum speed of Mach 0.83 and range of 7600
nm [63], and the second, a smaller 180 passenger aircraft with a top speed of Mach

0.74 and a range of 3000 nm [63].

The first of the two concepts put forward by the MIT consortium was the 354
passenger H series blended wing body (BWB) aircraft as show in Figure 2.23 [93].
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Figure 2.23 MIT H Series N+3 Aircraft Concept [3]

Figure 2.23 shows the ‘H’ series concept. This HWB style aircraft was designed for
international travel and as a direct replacement for the current Boeing 777 [93]. The
second of the concepts, the D series ‘double bubble’ 180 passenger aircraft as shown
in Figure 2.24 is another concept based upon the tube and wing design, however

utilising a wide fuselage provides greater lift for the aircraft [94].

Figure 2.24 MIT Double Bubble N+3 Aircraft [3]
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The D series aircraft of Figure 2.24 also makes use of BLI with its’ aft located
engines ingesting the slower moving boundary air to increase the available thrust for
no additional fuel burn [94]. Both of the concepts put forward by this consortium
seem promising, using BLI techniques to make a more efficient use of thrust — in fact
the double bubble concept seems to share many similarities with the Rolls-Royce and
airbus concept mentioned within section 2.9.2. The H series shares many similarities
with the N3A NASA concept which will be described in further detail in section
3.1.1. All of these concepts utilise raised nacelles and a small number of distributed
fans raised above the upper aircraft surface to allow an efficient ingest of boundary

layer air as well as wide bodies to create more efficient lift.

2.10.5 N+3 Concept Aircraft from NASA, Virginia Tech and
Georgia Tech

The final concept aircraft considered was the 305 passenger Mach 0.85 aircraft with

the longest range: 7730 nm [63]. This aircraft is shown in Figure 2.25.

Figure 2.25 Georgia and Virginia Tech Collaborative efficient wing design aircraft [12]

This efficient wing aircraft uses a truss based wing design. The merits associated
with this design mean that the aircraft is not affected by aircraft weight penalties like
in a conventional aircraft which allows the aircraft to exhibit a reduced fuel burn [12]

and hence move towards the future targets of Table 2.2.
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2.10.6 Summary of the Presented N+3 Aircraft Concepts

This section has reviewed the range of alternative future aircraft proposed in
response to a NASA research call that were intended to solve the same problems as
the N3-X TeDP aircraft, which has been promoted as the foremost of the available
options which will be capable of addressing N+3 aircraft efficiency metrics. While
not directly chosen for further research, a number of the principles featured in these
aircraft have featured in other concepts which are still being developed. All of the
noted designs utilise their own novel features allowing the future aircraft goals to
become ever closer to reality. The inclusion of techniques such as novel wing
designs to more effectively manage the airflow both through and over airframes and
battery technology which allows a quieter flight experience for both passengers and
those living in the flight path have shown how both air framers and engineers alike
envisage the future of air travel. Although these concepts vary greatly and in each
case have a different approach to the NASA targets, there have been a number of
trends which have been consistently highlighted between the designs [63]. Most
notably is the frequent use of composite materials from which the airframe is
constructed and wide body or lengthened wing designs. Another feature which
features heavily in a number of designs from the N3-X to the Double Bubble and H-
Series is the increased use of BLI techniques to increase the aerodynamic efficiency

of future aircraft.

2.11 Chapter Summary

The evolution of aircraft towards a MEA or even an AEA and eventually to the
TeDP concept presents a number of challenges, some of which have been presented
in this chapter; this review however is not exhaustive. Despite the challenges which
exist in meeting emissions and efficiency targets for the aircraft electrical systems of
the future, this chapter has highlighted the on-going efforts both in the research
community and in the aerospace industry to address the challenges that these goals

present.
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With a number of architecture designs under consideration and future concepts still
in low TRL’s, this chapter has presented a review of a number of advanced concepts
with potential to help contribute to the aircraft of the future and has highlighted areas
where improvements are essential to ensure that safety and efficiency targets are met.
Some of the research areas featured in this chapter are still in the early concept stages
and the means of optimally integrating these advanced concepts, considering both
entire electrical architectures and individual component performance requirements

are still required.

Through the undertaking of this literature review, a thorough understanding has been
gained of the concepts which underpin the current trend in the aircraft industry of
moving towards more environmentally responsible air travel. These concepts will be
used to form the basis of future technologically advanced aircraft architectures and

with increasing research will in turn form viable more reliable solutions.
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Chapter 3

Overview of Existing TeDP
Research and Applicable Reliability
Methods

The Turboelectric Distributed Propulsion (TeDP) concept was developed as an entry
for a future subsonic aircraft of a project proposal announcement by NASA in 2007
[89] for entrants to share their vision of the future of civil aircraft. To fulfil the needs
of the research call, concepts were required to exhibit a number of technologies that
could be entered into passenger service in the 2030-2035 timeframe [89] to realise a
more environmentally responsible aircraft. The TeDP concept was selected as one of
the three concepts as well as a concept from Lockheed Martin and Northrup
Grumman from those described within section 2.10 for a further 24 months of
funding to further develop the concepts [18, 89]. This chapter reviews the additional
work undertaken on the TeDP concept, specifically the N3-X during this time and
identifies an undeveloped area of work which can be exploited and developed within

this thesis.

3.1 Identification of existing areas of TeDP research

As part of the further studies which were undertaken on the TeDP concept a number
of aspects were investigated such as the aerodynamic properties, laminar flow and

the efficiency of the electrical machines operation within the system. Furthermore, as
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mentioned in Chapter 1 NASA commissioned a number of studies through their
NASA Glenn Research centre relating to network weight and efficiency as well as
general mechanical and electrical network considerations with results published in
[11, 16, 42, 47]. Further extensive studies have been carried out by Rolls-Royce
Liberty Works and the University of Strathclyde on network power and mass trades
as mentioned in Chapter 1 as well as more recent studies on mass and voltage levels.
These more recent studies examined the potential N3-X architecture and varied the
operating voltage to determine the results on system weight and protection
capabilities with findings published in [48, 51, 95]. Other supplementary research
undertaken by the University of Strathclyde has been completed on both
superconducting network behaviours and voltage sensitivities and can be found in
[50, 52]. This work considers the component variations and parameters of potential
future DC networks and how their variation in fault response may impact of future

network protection solutions.

3.1.1 NASA TeDP Research

Most of the initial research into the TeDP concept undertaken by NASA focussed on
the aerodynamic aspects and concepts which aid the efficient and quiet design of the
airframe [11, 16, 47]. A number of variations of the airframe were considered by
NASA before finally proceeding with the N3-X aircraft, including airframes with
large geared turbofans located on the upper aircraft surface as shown in Figure 3.1 as

well as concepts using liquid Hydrogen (LH2) cooling [11].
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Figure 3.1 N3A TeDP Concept [10]

In [11], the N3A shown in Figure 3.1 and the N3-X as shown in Figure 3.2 were
compared to determine which of the aircraft performed best when simulated against a
number of metrics. This study is outlined within this section as it provides a useful
background to the existing TeDP research in areas such as the cooling and airframe
choices. Two versions of the N3-X concept were considered each utilising a different
cooling system: cryo cooled and liquid hydrogen (LH2) cooled [11] as both methods
allow the network components to be cooled such that the critical current densities

required of the superconducting network may be achieved [11].
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Figure 3.2 NASA N3-X Concept [11]

The N3-X concept, as shown in Figure 3.2 makes use of two wingtip located
turbogenerators which although not used as the prime thrust generators do produce a
small net thrust when at cruise speed to avoid any resultant drag [11, 16]. The
turbogenerators are located on the wingtips as opposed to the more familiar under
wing location to simultaneously minimise noise in the cabin, to reduce the bending
moment in the wing and to reduce aircraft drag [11]. The N3A concept of Figure 3.1
however makes use of two geared turbofans mounted on pylons on the upper surface
of the hybrid wing body (HWB) airframe and are used to create the same thrust [11].
The geared turbofan concept and the turbogenerators concepts are both assumed to

have the same efficiencies [11].

The studies conducted within this paper investigated boundary layer ingestion:
determining the optimal boundary layer conditions such as shape and height of the
airframe [11] as well as understanding the thrust requirements for such an aircraft for
the condition of both rolling take-off (RTO) as well as at the aerodynamic design
point (ADP) of 30,000 ft [11]. The thrust requirements at both RTO and ADP can be

seen in Table 3.1.
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Table 3.1 Thrust Requirements for two TeDP Configurations [11]

Uninstalled Thrust 1bf
Configuration Flight Condition
(kN)

RTO 78766 (350.37)
N3A

ADP 25378 (112.89)

RTO 54888 (244.15)
N3-X

ADP 19293 (85.82)

Table 3.1 shows the thrust requirements in both Ibf and kN for the two
configurations of the TeDP aircraft before installation of their retrospective engines;
the TeDP concept required a significantly less thrust due to the drag penalties
encountered by the installation of the geared turbofans of the N3A [11].

Comparisons between the two concept aircrafts’ weight were also conducted within
this study, concluding that the N3-X attributed a lesser weight penalty to the
propulsion system than the N3A [11]. One of the factors contributing to this lower
weight penalty is the specific fuel consumption as exhibited by the N3-X is lesser
than that of the N3A: this leads to a reduced fuel burn over the N3A allowing less
fuel to be carried and the N3-X to be lighter and smaller. This in turn reduced the

thrust requirements of the N3-X engines enabling a smaller overall engine size [11].

Due to a combination of these factors, the N3-X concept could perform far more
favourably than the N3A and hence further studies into TeDP would be conducted
upon the N3-X concept.

3.1.2 Existing Research in the area of TeDP Contingency
Analysis

Extending the work which NASA has completed in the field of TeDP, a research
contract was awarded to Rolls-Royce North American Technologies in Indianapolis
to undertake trade studies on the performance of the N3-X TeDP architecture [19].

During these studies a number of configurations of the propulsion system were
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considered and a high level contingency analysis was performed to determine the
level of reliability with which the network could supply power [19, 49]. The baseline
network used for this study is shown in Figure 3.3.

GL-1 GL-2

57.2% 42.9%%\%

auidu3 sy

Left Engine
i
L

14.3% 14.3% 14.3% 14.3% 14.3% 14.3% 143% 14.3% 14.3% 143% 143% 14.3% 14.3% 14.3%

Left Side

14.3% 18.3% 183

Right Side

Figure 3.3 Baseline TeDP Architecture [19]

Figure 3.3 shows the baseline network architecture for the N3-X which was
developed from the requirements provided for this body of studies. This architecture
employs two sets of two generators (two per engine) rated so that each pair may
supply 30,000 hp or approximately 23 MVA at a voltage yet to be determined. The
motors are connected to the distribution network in groups of 3 or 4 and the solid line
groups them into two sets showing the relative location on the aircraft (also identified
by the L and R positional reference on each). The percentage values located next to

each generator and bus indicates the power distribution of the network and that the
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generator and bus loaded with a larger number of motors and propulsors supplies
57.1 % of the power from each engine while the other generator and bus combination
supplies 42.9 %. The percentage value next to each motor shows which proportion of
the overall aircraft thrust that motor contributes. The network diagram is shown with
energy storage on each bus which could be added to the network architecture

however hasn’t been considered within the case studies of chapter 6.

A contingency analysis was conducted within this body of work to achieve a balance
between redundancy, reliability and unit capacity of power generating units within
the final baseline network. This analysis within [19, 49] made a number of

assumptions to be included:

e The assumption that the failure probability of the TeDP system should be no
greater than 1 failure in 10° hours based upon [96, 97].

e 30,000 hp should be available at sea level for safe execution of a rolling take
off.

e No single point failures should result in any catastrophic consequences.

e The electrical architecture must be able to supply the required thrust to
maintain operation in the event of a unit failure that is suitably isolated from
the unaffected network.

e Individual components exhibit failure probabilities of less than 10™.

e Common cause failures (CCF) were neglected.

The requirement for 30,000 hp of installed thrust resulted in the total available
generation on the aircraft to be rated at 45 MVA. This power is distributed dependant
on the network interconnections, ensuring that even under a single bus failure the
required thrust may be maintained [49]. These assumptions and hence the
contingency analysis can be formally quantified using simple equations for the
probability of the failure of the network to supply some level of thrust and of the
probability of the network being able to supply thrust, these are:

Fi= () Fu, (3.1)

VieS;

where
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Fr(T ) = U F, (3.2)

VjiT,<T,

avail

where Fj is the probability of scenario S; occurring and set S; indicates a group of
simultaneously occurring failures independent of failure F,;,, the failure probability
of unit i. Additionally, equation 3.2 provides the probability of having a certain level
of thrust (7 ,4) available Fr(T4.4;) and is the combination of all the probabilities of

the failure scenarios occurring.

The authors of [19, 49] then used these equations to calculate the probability of loss
of thrust using 28 single point failures and 378 two unit failures (where two units fail
independently of each other either sequentially, simultaneously or as a cascade),
analysing results to consider only the statistically significant failure scenarios. Figure
3.4 shows a graph of this contingency analysis produced by the study and was
populated using Equation 3.1 and Equation 3.2 and the assumption that each of the

considered failures had a probability of failure of less than 10™.
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Figure 3.4 Contingency Scenario Graph [19]

Figure 3.4 shows the outcome of the contingency analysis undertaken on an N3-X

network architecture for a design point of 30,000 hp being provided at a reliability of
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at least 10™. The red dashed line shows the requirement specification for reliability
while the blue solid line shows the results of the performed contingency analysis on
the architecture. While the solid architecture reliability line is below the dashed
reliability requirement line this architecture is meeting the requirements; while it is
above the line it is failing to do so. The two arrows of the graph show the trends
which are desired for the network; as the redundancy is increased, each failure
reduces the total loss of thrust, while increased reliability of the network reduces the
loss probability. These arrows reiterate that while it is desirable to keep any loss of
thrust to a minimum, it is equally desirable to keep the failure probability as low as
possible. Within the study, failures which did not result in a catastrophic loss of
thrust i.e. those which left at least 30,000 hp were permissible within the network at a

loss probability of 1, as these failures would not affect the design point.

Conclusions of the study performed within [19, 49] determined that configurations of
the TeDP architecture which exhibited two generators per engine to provide the same
capacity as a single generator per engine were preferable as the reliability of the
system was enhanced for a similar weight penalty [19]. Additionally it was
concluded that not all potential network connections between power transmission
lines and distribution busses were made in undertaking contingency analysis and that
the resultant network may not represent an ideal solution in terms of both network

complexity and overall weight penalties attributed to the propulsion network.

This thesis will explore the gaps left in the existing contingency analysis,
determining an appropriate method which should be used to determine the reliability
of TeDP style networks. This thesis will then demonstrate this method, performing
reliability and failure rate studies to determine which TeDP architectures provide the
greatest reliability and hence lowest failure rates. The scope of this work and the

identified gaps in existing research will be described in section 3.2.
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3.2 Identification of Gaps in Existing Research in the
area of TeDP Contingency Analysis

Reliability of an aircraft is a key requirement in both military and civil aircraft and
current research in this area with respect to TeDP as mentioned above in section
3.1.2 is limited to mainly aerodynamic aspects, as it is in this area where the biggest
gains can be made over existing aircraft designs. Other limitations exist in terms of
electrical network specifics, such as an optimal nominal operating voltage and
current level as well as a limited body of work relating to safety and reliability
aspects. Most of the available research with regards to the contingency analysis of
the TeDP concept, is based upon assumptions of the network architecture and was
conducted to provide initial generation sizing [19, 49]. There is no evidence to
suggest that a further analysis into the network weak points and optimal network
connectivity with regard to an optimised Thrust-Reliability (T-R) profile was ever
carried out beyond the work reviewed in section 3.1.2. This T-R analysis is an
essential aspect to the development of the TeDP concept as a rapid profiling tool
allows for a number of concept architectures to be compared with minimal cost to

development teams.

The contingency analysis of [19] and subsequently [43, 49] neglected the effects of
common cause failures. As described by [98], ‘Common cause failures often
dominate the unreliability of redundant systems by virtue of defeating the random
coincident failure feature of redundant protection.’. As such to neglect such a failure
could result in significant failure events not being accounted for. An example case
where a common cause failure resulted in the loss of power to a flight control surface
is the case of United Flight 232 where a DC-10 suffered an engine failure which
resulted in shrapnel being thrust through the tail of the aircraft. This debris
simultaneously cut all the hydraulic supplies to the actuator of the tail control surface
resulting in a complete loss of control of that surface. This case also serves as an
example of using differential thrust to control the movement of the aircraft as the
remaining two engines were used to primitively control the movement of the aircraft

and return it to the ground [99].
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The conclusions provided by the studies of [19, 49] on the contingency analysis
conducted used the graph of Figure 3.4 to provide a single outcome profile for loss
probability and percentage loss of thrust. This work showed the profile that arises
from analysing one specific architecture and component sizing combination. While
this is a useful study, there is scope to expand this and to conducting further studies
which produce a number of similar profiles on the same graph to allow variations on
a specific TeDP architecture to be compared. This graph could be used to better
compare a number of failure events and sizing combinations for a set of architectures
or could be used to compare the reliability scores achievable by a network using
different levels of redundancy. Extending this graph not only allows a number of
operating conditions to be examined, however adds the opportunity for a number of
different architectures to be compared. In this manner engineers could determine
which changes could be made to make network architectures more competitive with
alternative designs and airlines could make informed decisions on which aircraft
perform better at different stages of a flight envelope and hence choose the aircraft

most suited to their needs.

Section 3.1.3 of [19] stated that for a system with 14 propulsors, 12 must be able to
support the minimum thrust load. There is potential in a network with a large level of
interconnectivity to provide the required thrust with a lesser number of propulsors
operational, provided that at least the minimal required level of thrust remains. Of
course the impact of CCF would also have to be taken into account with any sizing
exercise to ensure that any events such as shrapnel or bird strike would not result in a

catastrophic loss of thrust.

The previous analysis in [49] only assumed that each unit within the architecture
exhibited a single failure probability. Through conducting a sensitivity analysis
where the failure probability of key components within the network are varied, more
robust findings can be obtained to determine which aspects of the network require a
greater research focus to enhance network reliability. Through the variation of
network failure probabilities the robustness of the network to faults in a given area of

the network could be more thoroughly understood and hence reduced.
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Research undertaken at this stage can aid knowledge about the network and reduce
future costs as modelling can be undertaken at a low TRL level before costly
prototypes are created. Research effort can be focussed on areas and components of
the network which yield the greatest positive change to overall reliability with a
reduction in failure probability. A sensitivity analysis of three identified TeDP

networks is conducted within Chapter 5 to address this requirement.

3.3 Identification of Research Topic

Providing a thorough contingency analysis which simultaneously addresses failure
rates, failure probability and sensitivity of a TeDP network to failures yields a tool
which is of great importance at this relatively early design stage of the TeDP
concept. Addressing the findings of section 3.2, it is apparent that it is a timely
requirement to address this matter and undertake a full contingency analysis of the
TeDP concept. This analysis will determine both weak points within the electrical
network, where failures of certain components may result in a significant loss of
thrust, as well as determining the effects of changing the percentage of operational

propulsion motors on network thrust and reliability.

The work of this thesis considers a number of pre-existing TeDP architectures for
comparison; each architecture will be defined in terms of the propulsion system
components and then analysed in terms of both the reliability and predicted failure
rate. The performance of each network will be measured against the T-R profile as
outlined in section 3.1.2 and detailed further in chapter 4. As well as assessing the
predefined networks, this work will also present a number of redundancy options
added to the network and repeat the analysis to determine the overall effect to the T-
R profile. A number of these options or redundant parallel paths have been presented
in [19, 49]; however a repeat of the contingency analysis of section 3.1 of [19] was
never conducted on the new configurations in subsequent studies. The analysis of
additional redundancy measures will determine how effective the redundant parallel
paths in the network are in terms of reducing failure rates of the network at critical

points. Through considering the impact of CCF’s on the network, more informed

67



architecture decisions may be made. This allows effective decisions to be made
relating to the inclusion and specific levels of electrical redundancy required. To
enhance the presented reliability analysis, due consideration of the network’s
sensitivity to changes in reliability will be made: determining how the network
responds to step improvements in reliability informs network architects on where to

optimally focus engineering effort.

Determining a failure rate profile for any TeDP network is important to both enhance
network understanding and to further the TeDP concept. One method of providing
this profile is through conducting a fault tree (failure) analysis as featured in the SAE
ARP 4761 [100] for all civil aircraft architectures. Through undertaking a thorough
FTA to compliment any reliability analysis additional network intricacies may be
revealed which are more easily identified through observation of the flow diagram
than through the simple use of equations. This thesis provides an analysis of a TeDP
network using the FTA method to highlight how this analysis can be undertaken and
the value to the TeDP concept. This is presented within Chapter 6.

To study the effects of varying both operating voltage and current levels within the
large complex TeDP network would have been impractical before an initial study to
determine if the reliability levels of the concept networks allowed for a feasible civil
aircraft. Additionally intense work on the intricate superconductivity requirements of
such a network when it was initially unclear how the concept would perform in terms
of reliability would be counter intuitive. Since the work of this thesis has been
undertaken, subsequent studies have been undertaken in both voltage considerations

[48, 50, 51, 95] and in terms of superconducting performance [52, 101-103].

Having now determined an area that can be exploited to expand upon the existing
knowledge, and having provided reasoning for the requirements for the study it is
appropriate to determine the means by which analysis must take place. The
application of appropriate models can account for both the reliability of individual
components, sections of network or even the full network, as well as accounting for
both common cause and isolated failures. As well as considering the reliability of
network architectures, models can be used to determine to what magnitude the failure

rate of the system may be and be used to complement reliability studies. Undertaking
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sensitivity studies in conjunction with both failure and reliability models can further
enhance and compliment the knowledge obtained on the TeDP network and how
variations of the network perform in a number of scenarios. These studies can help

identify areas where additional redundancy may be required in future TeDP systems.

3.4 Requirement for a new Analysis Methodology

A key distinguishing factor between current more-electric aircraft (MEA) and TeDP
network architecture designs is the power level at which critical loads must be
supplied [16]. Specifically, the power supply to the high power propulsion motors in
TeDP systems must be of similar reliability to the traditional low power critical
loads, such as the avionics in present day aircraft. In line with the increased power
levels of the aircraft, the voltage levels are expected to rise accordingly. Specifically,
the highest voltages utilised in the present MEA generation of aircraft are £270 VDC
and 230 VAC with current levels in line with these. Although there are no firm
voltage levels for the TeDP concept aircraft yet, these will reflect the anticipated
superconducting system current carrying capabilities [50, 51] and may indeed be
lower than the modern day aircraft due to the high current carrying capabilities of
superconducting cables. Such TeDP concepts place a new and significant reliance on
an aircraft's electrical system for safe and efficient flight. Accordingly, in addition to
providing certainty that supply reliability targets are being met, performing a
contingency analysis to evaluate the probability of component failure within the
electrical network and the impact of that failure upon the available thrust must also
be undertaken for architecture designs. Given that individual electrical components
are unlikely to meet the stringent provision of 30,000 hp [43] at a failure probability
of less than 10~ per flight hour [10], this target is expected to be achieved through an
optimised combination of the overrating of system generation components and
lightweight system redundancy measures. Solutions that meet specified thrust
requirements at a minimum associated weight are desirable as these will likely

achieve the greatest performance against the proposed emissions targets.
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SAE standard, SAE 4761 [100], provides guidelines and methods for performing
safety assessments for the certification of civil aircraft. One such tool as described by
this standard and mentioned in section 3.3 is Fault Tree Analysis (FTA) which uses
probability and logical operators to determine whether candidate network
architectures meet specified parametric requirements [104]. One particular example
of the use of FTA in the aerospace sector is determining the ability of a set network
to meet the Civil Airworthiness Authority (CAA) requirements that catastrophic
failures or those failures leading to the complete loss of an aircraft should occur less
than once in 10° flight hours [105]. Hence the failure rate of components or
combinations of components which would result in this occurrence must be less than
107 per flight hour. While FTA provides a well-known and reliable analysis tool —
the nature of the TeDP network presents a highly complex analysis which expands
rapidly with each additional network path or redundancy feature. Other methods
which could be used to analyse a TeDP network to obtain a Thrust Reliability profile

are detailed within section 3.5, next.

The work of this thesis asserts that both an FTA and a k-out-of-n method [106]
should be used to undertake both a failure rate analysis for the electrical system and
thrust reliability analysis of TeDP aircraft propulsion system architectures. This
approach extends beyond the single failure rate provided by traditional FTA methods
by profiling the reliability and thrust provision of each possible system configuration
as mentioned in section 3.2 (i.e. following the failure of one or more components),
which when combined provides an effective design capability. In addition this
approach provides a rapid profiling tool, removing the requirement to build an
extensive fault tree for each new network and enables quick analysis to be

undertaken when comparing network configurations.

3.5 Reliability Methods and Requirements Considered
for a TeDP Thrust Reliability Profiling Application

Before proceeding with the reliability method which was chosen for the T-R

profiling work of chapter 5, a number of reliability methods were studied during the
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research reported in this thesis. A number of methods were found to be relevant to
this application and a number were found to have merit, yet not be suitable in their
current form to be meaningfully applied to a TeDP network. This section considers a
number of these methods and discusses the reasoning for and against adoption of

each for the purpose of analysing the chosen TeDP network.

In order to determine which reliability methods may be suitable to provide a
thorough analysis and provide new information of the TeDP network, a number of
metrics must be employed to provide a suitable basis for analysis. These main
metrics considered when selecting appropriate analysis methods included:
determining whether the method allowed for complex network analysis — if not, it
was ascertained whether the network could be reconfigured to allow analysis to be
undertaken or indeed for more succinct analysis to be performed. Considerations also
questioned whether the analysis allowed by each method provided new information
on a TeDP architecture and whether the results from the analysis were usable and
could they be presented in an informative manner. The two final metrics which
reliability methods were assessed against were ascertaining if the required data for
the method equations was available (and if not, whether representative figured could
be used) and whether the method was part of a current certification process (such as
ARP 4761 [100]) and could therefore be easily incorporated into current reliability

engineering processes.

Once all the of identified criteria had been assessed, the most appropriate methods
outlined for the purpose of Thrust Reliability (T-R) profiling of a TeDP network
were chosen. The chosen reliability analysis methods provide a robust analysis tool

to enable a thorough reliability and failure rate study for any TeDP network.

3.5.1 k-out-of-n Analysis

K-out-of-n analysis is a reliability technique which uses the binomial probability
distribution [106]. The k-out-of-n analysis method can be used in instances where
there is a requirement within a system for a subset of £ out of a total of » identical

and parallel components to be operational at any point in time and with k < n. An
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example of this is in a conventional two engine civil aircraft where both engines
must be operational to allow for take-off. This can be summarised using the
simplified TeDP network diagrams of Figure 3.7 below where a generator and
section of the distribution network is connected to a bank of 4 parallel MF sections.
In each case the number, k, which are to be operational are rendered blue. Those
which are not required to be operational (n-k) are highlighted in red. In every case
the unparalleled GSC section is required to operate and is not connected in parallel.
For instances where £ = 1 (Figure 3.7 a), the system is in a state of complete
redundancy; for instances where k£ = n (Figure 3.7 c) the system components may be
considered to be connected in series [106]. Figure 3.7 b shows the general case
where k£ < n. In the case of a large, complex network such as that proposed for TeDP
aircraft, the k-out-of-n approach [106] can be applied in several ways but for the
purposes of this thesis it allows the probability of the successful supply of power
from a number of parallel feeders to be determined. This method will subsequently

be used to determine the T-R profiles of a number of TeDP architecture variations.

@:ﬁ@zﬁ@m—

Figure 3.7a k-out-of-n Figure 3.7b k-out-of-n general case Figure 3.7¢ k-out-of-n example

example where k= 1 where k< n showing k=n or complete

redundancy

Key assumptions made in the application of this technique within this thesis are:

e Motor feeders are identical and independent, thereby exhibiting an identical
reliability of supply value which remains constant.

e The failure of one feeder does not increase the probability of another feeder
failing.

e Components in each feeder are identical — exhibiting same specification and
sourced from the same manufacturer.

e Each separate section of the network used for the studies are islanded

(isolated), with no connections to other generators, bus ties or feeders.
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e A failure of a motor feeder is any component failure which prevents the

successful supply of power to the motor

To obtain the probability of successful power provision as exhibited by the network,
a binomial probability distribution [106] is assumed, using the assumption that each
feeder exhibits a reliability R as a constant probability of success. The total number
of propulsors connected in parallel is denoted by n and of these n propulsors, those
that are required to be operational for the successful supply of power are denoted by

k.
Employing these definitions, the binomial probability distribution is given as
P(k) = (BR*(1—R)™* (3.3)

where P(k) is the probability that exactly k out of the total » components will operate
— or in this case that k feeders out-of-n total feeders will successfully supply power to
the loads and that n-k feeders will fail to supply power successfully for a set

architecture. The binomial coefficient is defined as

() = o (34)

and determines the number of ways that k feeders can be successfully transmitting
power from n total feeders. The following relationship can be derived from these

equations
Rs = Y- P(k) (3.5)

to provide the probability of k or more feeders successfully supplying power. Here,
Rg is the probability of x or more feeders successfully supplying power. These
equations can then be combined to show the effect of altering parameters on the
overall probability of successful operation. This is illustrated in the following section
where a simple example is presented showing the effects on overall probability of
successful operation of a simple network by altering the number of available

components as well as the reliability value of a dedicated component.
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3.5.1.1 k-out-of-n Network Architecture Example

A simple network, constructed using illustrative figures is presented, where a single
generator is connected to a bank of six independent motors is constructed as shown
in Figure 3.8. For successful operation of this network, both the green generator
component with reliability R= 0.98 and at least 4 of the 6 purple motor components
with reliability 0.8 must operate as desired for the network to be considered to
operate correctly. The challenge is to determine the reliability with which the

network will successfully operate.

R=0.8

R=0.8

R =098 R=038 —>

R=0.8

R=0.8

R=0.8

Figure 3.8 Example k-out-of-n network

The overall system reliability will require a two stage analysis. Firstly, a calculation
to determine the reliability of the parallel connected purple motor components and
then a calculation with the green generator in series with the resultant of the first

calculation.

Considering the parallel motor section first and substituting into Equation 3.5 yields;
N 6 6 6
Rs = (( 4) 0.8%(1 — 0.8)5~* + (5) 0.85(1 — 0.8)575 + (

0.86(1 — 0.8)°7°)
) )

X

= 0.90112
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This relation shows the probability of either 4 or 5 or 6 of the motor components
operating as desired. The reliability, Rs of this section of network operating
successfully is 0.90112. To complete the example and determine the reliability with
which the whole network will operate successfully, the generator component must
now be analysed; the reliability of the generator is considered in series with the result

of the parallel motors which is solved using the rules of series reliability:
R, =0.98x0.90112 = 0.88310
Therefore the network operates with reliability 0.88310.

This example calculation is used to illustrate the process adopted later in the thesis to

assess TeDP reliability against a thrust constant.
3.5.1.2  Benefits of applying a k-out-of-n Analysis

The use of k-out-of-n analysis in this application delivers a number of benefits. The
most notable benefit of using this method is the simple nature of the resultant
network analysis, where the level of complex equations is kept to a minimum rather
than forming a rapidly expanding calculation with each additional parallel
connection as in the fault tree analysis (3.5.4). Another benefit of the network
analysis method is that it is maintained as a combination of a number of simplified
lumped components allowing the network structure to be easily altered without major
changes to the resuting analysis. This enables calculations to be undertaken quickly

and in a manner which allows transparency of each network configuration.

3.5.2 Bayesian Analysis

The Bayesian Analysis method allows analysis to be undertaken to estimate the
probability of an event occurring where there exists prior knowledge on that event
happening based on another related event [107]. Bayes theorem can also be used to
determine how the probability of operation of a system may be affected due to a new
piece of evidence [108]. Bayes Analysis assumes that events within the sample space

considered are linked and that all events are dependant and are defined using
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conditional probability [109]. The probability of a new event A occurring (P(A))
when it is known that another linked event B (P(B) where P(B # 0)) has occurred is
given by:

P(B|A)P(A)

P(AIB) = "~

(3.6)

This equation allows the probability of event 4 occurring given that event B has
already occurred to be determined. When there exists a number of events which
could occur within the same subset, thatis B;, i = 1, 2, ..., n, the probability of event

A occurring can be shown to be
P(A) = Xiz1 P(AIBYP(B) (3.7)

When event Bi is mutually exclusive and combinations of event A and Bi consist the
entire sample space then both Equation 3.6 and Equation 3.7 can be combined to
give

P(B|Ag)P(Ay)

PUAIB) = o e

(3.8)

which defines Bayes rule for the probability of two mutually exclusive and
collectively exhaustive events within their system [109]. An example using this type

of analysis method is given in the following section.

3.5.2.1 Bayes Rule Example

For this example, a hypothetical TeDP aircraft is considered, which may only take
off if all of its components are operating as desired. This example uses figures set up
for illustrative purposes only and they are not proposed as having any particular
bearing upon reality. An attempt is made to determine the probability that the
available thrust condition is not satisfied and the aircraft cannot take off given that
there is a 5 % probability that there has been a failure in one of the motors and that
there is a 12 % chance that the aircraft may not take off. It has also been previously
determined that 80 % of the events leading to failure of take-off are caused due to a

fault with a propulsion motor.
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Let A be the event that one of the propulsion motors has failed.
Let B be the event that the aircraft cannot take off.

Given the provided information, it can be determined that:
P(A)=0.05,P(B)=0.12, P(B|A) = 0.8

This can then be substituted into Equation 3.6 yielding:

P(B|A)P(4) _ 0.8x0.05

PUIB) = =55y = —o1z

Therefore the probability that the aircraft cannot take off due to the failure of a

propulsor is 0.3.

This example is based upon an example found in [110].

3.5.2.2 Relative Merits of Bayesian Analysis

The most significant benefit that Bayesian Analysis provides on the TeDP network is
the determination of the probability of failure of one section of network based upon
the failure of another identical section of that same network. Early data to populate
these tests could come from Environmental Stress Screening (ESS) of a prototype to
determine where likely weak points exist. This analysis can be used to predict
failures within the network and prevent serious failure within the network.
Conversely, this analysis could prove costly if a number of apparently healthy units
are replaced based on the assumption that if one unit is faulty after x hours then so
must other identical units. Another drawback of this method is the processing power

associated with the calculations required to provide this analysis.

3.5.3 Markov Analysis

Markov analysis is a powerful modelling and analysis tool with time based and load

sharing reliability applications [106]. The analysis assumes that any considered
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network exists in a number of ‘states’ for example all components operating as
desired would be state 1 or one component failure within the network being state 2.
The reliability characteristics of a network can be represented in a state transition
diagram which shows the states in which the network may exist and the failure
transition rates, A, between each state the rate at which the network transitions into
the new state. Markov Analysis also uses repair rates, g, however similarly to
conventional aircraft the failed components of the TeDP electrical network may not
be repaired during flight and as such this analysis has no repair rates [111]. Once the
system has transitioned into a new state with a rate of A it may not then transition
back to the previous state until it has been repaired with rate p or until there has been

an external input into the system to return it to the original state.

To highlight the rate in which the network transitions into each new state a two
component network is considered as detailed in Table 3.2. Component 1 fails with

the rate A1 while component 2 fails with the rate A2.

Table 3.2 Markov Example 2 component, 4 State Network State Table

Network State State Description Transition from Previous State
1 No Failures -
2 Failure of component 1 only Al
3 Failure of component 2 only A2
Failure of both component 1 From State 2 From State 3
‘ and 2 A2 Al

Table 3.2 shows how the network starts off in state 1 with all components unfaulted
and can then transition directly into either state 2 or 3 with a transition rate of Al
should component 1 fail or with a transition rate of A2 with a failure of component 2.
When the network transitions from state 3, the only permissible state into which the
network may transition is into state 4. As previously there was a failure of
component two, the transition into state 4 is with a failure of component 1 and hence

rate of A1.
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The analysis concepts as discussed within this section may be illustrated expanding
on the two component network from this section and is presented in the following

section.

3.5.3.1 Markov Analysis Example

Figure 3.9 shows the state diagram for a simple 2 component network where both
components are identical and can have one of two states — operating as desired or
failed. Therefore for a network with n components there exist 2" network states; in
this case 4 states. This analysis assumes both components operate independently and

only one out of the two needs to operate as desired for the network to remain

operational.

Table 3.3 System State Table

State | Component | Component System
A B operational?
1 Operating Operating Yes
2 Failed Operating Yes
Figure 3.9 Two Component| 3 Operating Failed Yes
Network State Diagram 4 Failed Failed No

Figure 3.9 shows how the network transitions into the different identified states.
With the aid of Table 3.3 and from the principles of the transition rate table of
Section 3.5.3, it can be seen that component A fails with rate A; and that component
B fails with the rate A2. Table 3.3 shows each state for the network of Figure 3.9 and
whether each transition results in a failure of the network to operate as desired.
Figure 3.9 further shows that from state 1 the system may transition into either state
2 with failure rate A; or into state 3 with a failure rate of A,. From state 2 the system
may further transfer into state 4 with a rate of A, or starting from state 3, the system

may transition to state 4 with a rate of A;.
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Due to the specific requirements of the network, three different states allow the
network to remain operational. States 1, 2 and 3 have one component operational and
therefore satisfy the requirement. If however the network transitions into state 4 the

network will transition into a failed state and will no longer remain operational.

This example is based on an example in [112].

3.5.3.2  Relative Merits of the Markov Analysis

Markov analysis provides a powerful tool to provide analysis of a system or system
of systems, showing how the network may transition between states and how
frequently transitions may occur. This information is invaluable to designers of the
network who wish to create the most reliable network whose transitions into a failed
state are minimised. Not only does a thorough Markov analysis provide information
on transitions in an analytical manner, providing state tables and state diagrams helps
to visualise these transitions and quickly identify where design effort may be further
required. More, Markov analysis can be used within standby systems where the
failure rate of the standby system is greatly reduced until that system is required by
the network. A Markov analysis is appropriate in this setting due to the state of the
initial system when the standby system is activated [112]. The drawback of the
Markov analysis however is the manner in which the number of calculations required
in the analysis quickly builds with the number of components constituting the
network. As noted within Section 3.5.3.1, the number of components, n, within the
network dictates the number of states in the relation 2". Therefore for a network with
over 100 individual components the analysis would have to undertake over 2'®
calculations resulting in a slow analysis far more complex than the k-out-of-n

counterpart.

3.5.4 Fault Tree Analysis

Fault Tree Analysis (FTA) is a systematic method through which information on a

system may be obtained [113, 114]. This method makes up one aspect of system
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analysis, which, by definition “is the directed process for the orderly and timely
acquisition and investigation of specific information pertinent to a given decision”
[113]. From this definition it can be determined that the prime motive for carrying
out such analysis is for the acquisition of information on the network and not for
designing a new system architecture [113]. FTA however can additionally be used
within the design process of a network [104] and is hence useful in the application of
determining optimal TeDP architectures. Specifically, when used to analyse an
existing system, FTA can identify points in the network which may cause a bottle-
neck (large, dominating failure rate within the overall failure rate of the network) and
can then help to determine means to mitigate such occurrences. Used in this way
FTA can also be used to diagnose likely causes of specific failures and, further,
determine the potential corrective measures for any specific failure [104]. Unlike
other methods which have been described within this section, such as Bayesian
analysis and k-out-of-n reliability, FTA works in failure space [104] and considers

failure rates and not reliability scores.

FTA is ‘an analytical technique, whereby an undesired state of the system is
specified (usually a state that is critical from a safety or reliability standpoint), and
the system is then analysed in the context of its environment and operation to find all
realistic ways in which the undesired event (top event) can occur’ [104]. FTA is a top
down (or bottom up) technique where analysis starts with a ‘top event’, this analysis
shows the faults or reasons which are likely to cause the fault (or other event) of
interest and each subsequent cause of failure, working systematically through the
network. The analysis provides a methodical evaluation of an aircraft electrical
network and shows how each individual fault in the network impacts upon the failure

rate of the network as a whole.

FTA is mentioned in a number of standards and ARP’s (Aircraft Recommended
Practice), specifically CS-25 [115] and ARP 4761 [100] and therefore this analysis
must be undertaken in order for a network to become certifiable at an acceptable rate

of failure. Specific features of fault tree analysis include [116]:

e Provides an exhaustive analysis of failure causes
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e Provides an extensive risk analysis: this analysis uses scenarios to determine

all possible failure paths and consequences
e Lists of consequences can be easily identified
e Probabilities of consequences can be determined
e Helps the generation of ideas for mitigating consequences of failures

This list of features is by no means exhaustive and further benefits of the FTA may
be found within the works [104, 113, 116]. Through the identified features it is clear
to see why FTA provides such a useful tool for identifying fault causes throughout a
specified network. There are a number of symbols which are used within FTA to
represent a number of different logical operators and mathematical operations. The

symbols which will appear within the case studies section are described below:

Top Event Top Event: the event which provides the focus of the analysis.

Resultant Event: An event which is the result of a combination of

Resulting Event | faylts and is usually displayed as the output of a logic gate.

The AND gate: This gate is used when all inputs must hold true for an
event to occur — that is when all input events have occurred. The failure
rate that results from this gate is the equivalent of the multiplication

mathematical operator.

The OR gate: This gate is used when either of the inputs to the gate
must hold true for an event to happen; that is if either event occurs the
output event will occur. The failure rate resulting from this gate is the

equivalent to the ‘addition’ mathematical operator.
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An Incomplete Event: An event which cannot be further developed
due to lack of knowledge or information on what the causes of the
fault are. Alternatively the event may not have been developed due to

a lack of importance to the overall top event.

Basic Event: An independent basic failure which concludes the

analysis. There are no further events after this event.

The operation of these symbols and their associated functions can be seen in Section
3.5.4.1 where a simple example is presented highlighting how the analysis is

performed.

3.5.4.1 Fault Tree Analysis Example

The fault tree of Figure 3.10 shows the causes of faults for an example network and
which combination of faults provides the cause for the top event. It can be seen that
the top event occurs if both feeder A fails AND feeder B fails. It can also be seen that
for feeder A to fail, either the battery supplying the power to the feeder fails OR the
battery has been previously turned off. The failure of the battery is a basic failure
event while the event of the battery having been turned off is considered incomplete
until it is determined for what reason it has been turned off. In the case of the failure
of feeder B however the two causes of its failure could be either the basic failure
event of the battery failing OR there was a loss of power from the second linked part

of the system OR the connection between the battery and the feeder failed.
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Figure 3.10 Fault Tree Analysis Example

FTA has many applications within aircraft design, a number of which are safety
related to enable the designers to avoid architectures which would likely result in
injury or loss of life [117]. One such application of FTA is in the determination of
the cause of engine failure. An engine failure analysis can determine the events
which are likely to cause such a failure, their relative probability and how each event
is linked [118]. Such an analysis is useful as the most likely causes of failure can be
easily identified, effort in improving this reliability profile can be undertaken and the

time and cost involved in diagnosing engine failure events reduced.

3.5.4.2  Benefits and Drawbacks of FTA

Similarly to the Markov analysis, the FTA provides a clearly laid out visual analysis
which allows network choke points and peaks in failure rate to be easily identified.
Further this analysis allows common cause failures (CCF) to be identified and
mitigating action to be designed into subsequent network build standards. Like the
Markov analysis this analysis also falls down in that analysis complexity builds
rapidly for each additional component added to the network: while complexity is

only minimally affected by the addition of series components each parallel path
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significantly adds to the number of options at any logical operator. This causes large

fault trees to be constructed and can lead to confusing pathways within diagrams.

3.6 Down Selection and Summary of Reviewed Methods

After careful review of all the benefits and drawbacks of the methods considered
within this chapter, it was decided that the methods most suited to analysis of a TeDP
network at this stage were both k-out-of-n analysis and FTA. The lack of field data
for the failure rate methodologies makes a reliability method preferable, as it can be
run with representative figures to reveal informative trends. Additionally, using a
reliability method such as k-out-of-n uses a far lower level of processing power over
other methods such as Bayesian analysis and Markov analysis. The format of the .-
out-of-n method means that reliability trade studies on TeDP networks are relatively
simple to perform and results are quick and easy to interpret, the way in which
analysis is carried out means this method is naturally suited carry out evaluations.
The k-out-of-n method allows for rapid prototyping of networks and changes to be
made to reliability values and component selection with minimal costs to the time or
complexity in outputting results. The k-out-of-n analysis is a valuable method which
allows the T-R profile of a network (mentioned in Section 3.2 and again in Chapter
4) to be determined for both full and partial networks, where the results can be
quickly mapped into graphical form for quick visual analysis. This method will be
used to determine the minimum number of thrust-producing propulsors required to
be operational at the RTO stage of the flight cycle as well as determining the effect
to the reliability of the network of using k-out-of-n redundant feeders at varying
locations throughout the network. This is a useful method for providing information
on the effectiveness of added redundancy and possible provision of additional
propulsors in quantifying the change of overall reliability of the network. The natural
benefits of utilising this method mean that it provides a far superior analysis at an
early prototype stage for this network concept and the benefits of which will be

illustrated within the case studies chapter.

85



FTA is another valuable tool which will be used to provide information using failure
rates for the network. This method graphically allows places where the failure rate
within the network may be significant, and hence dominate over other failures to be
quickly identified as well as enabling the user to quickly identify failures which may
have a greater effect on the system as a whole. This method can also allow the user
to determine the effect to failure rate of additional redundant paths through the

network and the net benefit for any additional redundant pathways.

Using these two methods as well as performing a sensitivity study, the TeDP
network may be comprehensively analysed to obtain information relating to the
reliability of the network and tolerance of the network to failure. The studies

conducted using these methods may be found in chapter 5.

While this review of reliability methods is not exhaustive, it was considered that the
methods detailed within this chapter were the most relevant to the analysis of the
TeDP style network architecture. All considered methods are useful for analysing the
network as a whole or in part, although some perform better when analysing larger
sections of the networks defined within Chapter 5 of this thesis. Other more complex
methods include analysis of a time varying system however at this early stage of
network development the available data is not yet available to conduct a meaningful

analysis.

3.7 Chapter Summary

This chapter has reviewed a number of topics within the subject of TeDP reliability
and has provided information in a number of areas summarised within this section.
The chapter reviewed the research which was pre-existing on the concept, providing
an overview of a number of shape and engine configurations before refining the
research topic to reliability of TeDP. The main contribution of this chapter was to
summarise the research which currently exists in the area of TeDP reliability and
through careful consideration of the available information detecting a niche area to

be exploited and enhance the knowledge which is available. As well as identifying an
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area of TeDP reliability analysis to expand upon, a number of suitable reliability
methods which could be used to analyse this network were also suggested. These
methods were discussed, considering both pros and cons to determine which methods
could provide the most thorough yet concise analysis of a complex TeDP propulsion
network. The final methods chosen for analysis were the k-out-of-n reliability

method and the FTA method.
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Chapter 4

A Method for the Analysis of TeDP

Electrical Propulsion Networks

Such radical new aircraft concepts as TeDP place a new and significant reliance on
an aircraft’s electrical system for safe and efficient flight. Accordingly, in addition to
providing certainty that supply reliability targets are being met, a contingency
analysis evaluating the probability of component failure within the electrical network
and the impact of that failure upon the available thrust must also be undertaken for
each architecture design. Solutions that meet specified thrust and reliability
requirements at a minimum associated weight are desired as these will likely achieve
the greatest performance against the proposed emissions and noise targets [119]. This
chapter presents a contingency analysis based design and analysis approach for thrust

reliability analysis of the electrical propulsion system of TeDP aircraft architectures.

This Thrust-Reliability (T-R) analysis approach extends beyond the single failure
rate provided through traditional FTA methods and, with a more powerful
methodology that is more sympathetic to understanding the complex reliability
practicalities, provides a significant contribution of this work. Through fully
considering the reliability and thrust provision of each possible system configuration
1.e. following the failure of one or more components, as well as the most common
considered faults to the network a number of contingency scenarios can be produced
to allow a greater understanding of the network to be gained. This contingency
analysis method combined with an additional measure of total system weight and

volume provides an effective design capability.
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This chapter presents a case study for an N3-X TeDP design configuration showing
how the Thrust — Reliability (TR) profile of the network may be evaluated and
manipulated using the contingency analysis method and utilising k-out-of-n

reliability analysis as described within Section 3.5.1.

4.1 Introducing a Method through which to Analyse
Thrust Reliability Profiles of TeDP Architectures

Due to the timescale for the long term subsonic future generation of aircraft goals
(new technologies are required to be at TRL 4-6 by 2030), to meet these goals the
potential exists for a wide range of unconventional and novel aircraft concepts to be
considered. In order to meet the N+3 goals as identified in [18], a Blended Wing
Body (BWB) aircraft, powered by Turboelectric Distributed Propulsion (TeDP) is
subject to a detailed study. TeDP is an encouraging design approach which offers a
potentially highly reliable supply of propulsive power, even in the event of a single

engine failure [37].

Power supplied to the high power propulsion motors utilised in TeDP systems must
be of similar reliability to that provided for the traditional low power critical loads
(such as avionics) in present day aircraft [43]. Necessary to achieving supply targets
for current systems is the use of battery backup; however, the provision of reliability
through additional supply for high power loads, either through dedicated generators
or bulk energy storage, is inefficient in terms of weight. A more effective solution
appears to be in the provision of interconnectivity within the electrical system
architecture and to utilise available capacity in the generation mix. The drawbacks of
this approach however include greater system complexity and dependency [16].
Achieving the required reliability targets with minimal ensuing weight penalties and
system complexity in TeDP systems therefore is a significant design challenge,
placing new requirements on previously adequate design approaches (such as FTA
described within Section 3.5.4). The associated optimisation problem should ideally
provide a measure of the effectiveness of system redundancy in maximising available
thrust whilst minimising contributions to overall system weight. More specifically, it

is desirable to evaluate the available thrust provided by an architecture and its
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associated reliability for a broad range of system configurations, (i.e. following
single and combination failures), which combined with a measure of total system

mass and volume provides an effective design and rapid prototyping capability.

4.2 Defining the Case Study Network

Before any analysis may be undertaken, it is important that the network under
consideration is properly defined and there exists a mechanism for identifying
specific components within the network. For this purpose, the baseline TeDP
network utilised in this thesis may be redrawn as shown in Figure 4.1; this clearly
shows the network consisting of 4 identical and parallel subsections where G =
generator, M = motor and P = propulsor (the fan connected to the motor), the next

symbol from the generator represents the AC/DC convertor and the similar symbol

N
B

adjacent to the Motor block represents the AC motor drive as defined within Table
BUS

4.1.

~ BUS BUS . BUS |
o B8 8 E\E%aaaagé
— . ‘

Figure 4.1 N3-X Schematic showing motor connections, not motor placement

Figure 4.1 shows a simplified lumped model showing the physical connections of the
N3-X network, clarifying the schematic view presented elsewhere throughout this
thesis. Presenting the network in this way provides a means to quickly establish all
connections within the network as well as to further define modular sections and to
reference individual aspects of the network as described in the following Subsection

4.2.1.

90



4.2.1 Defining Network Modular Sections to Simplify Analysis

To aid in analysis, it is important that the full network is broken down into smaller
modular sections allowing existing probabilistic methods to be used in analysis. All

components as will be used in the network are shown in Table 4.1.

Table 4.1 Network Components

Symbol Component

@ Generator

EEC EEC

—_— Bus

0oo Three Phase
Breaker

DC Cable

3 Phase Cable

SCFCL

AC-DC Convertor

DC Breaker

DC-AC Motor
Drive

Motor

@B @ |

Propulsor

Table 4.1 shows each component as used in the network in the ‘symbol’ column
(where EEC is the Electronic Engine Controller) with a corresponding component
name in the ‘component’ column. Through careful observation of the network as
presented in the right hand side of Figure 4.2, it can be seen that each identical
subsection can be described by the constituent components as shown in the left hand
image. For the purposes of this analysis, only the propulsion network and not the
cryogenic system which is required to cool the superconducting network is
considered. This is in part due to the undefined nature of such a cooling system and

part due to the low level of understanding of the technology as a whole.
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Figure 4.2 TeDP Network Breakdown and associated network subsection

Figure 4.2 shows how each of the subsections of Figure 4.1 maps to the specific
component layout. Figure 4.2 (above) also shows that the modular subsections can
be further broken down into two further modular sections: the Generator Supply
Channel (GSC) and the Motor Feeder (MF) which have been highlighted in the left
hand schematic of Figure 4.2.

The schematic shows that the GSC extends from the (superconducting) generator
through to the propulsion bus, the bus that both the GSC and MF are connected. The
schematic also shows that each of the MF are identical and thus probabilistic
calculations can be conducted on a number of parallel sections. As such the MF
extends in a series manner from the first component after the bus (in this case a DC
breaker) through to and including the propulsor. A number of MF’s are connected in
parallel to each GSC and a number of these identical network subsections combine to
create the TeDP network. This example shows 4 parallel MF sections and 4 parallel

network sections. The busses of the network are not included within either the MF or
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the GSC and are considered separately, and in series with the other sections for

reasons that will be described in the following section.

4.2.2 System used to define Motor Feeder Positional Reference

To further simplify analysis and network understanding, MF and GSC of the
connection diagram of the reference baseline TeDP network (Figure 4.1) has been
given a positional reference dependent on where it has been connected in to the
network and not where it is positioned on the aft of the aircraft. This referencing is
most useful when undertaking Fault Tree Analysis (FTA) in the chapter 6 where the
failure of specific components are referenced and the consequences are flowed

through the fault tree.

The numbering system works from the left to the right of the network where each
motor feeder MF has a positional term MF; where i indicates a connection to the i
bus from the left of the schematic and j represents the j motor from the left of the
propulsion bus. This numbering system may be clarified in the following example
shown by the network of Figure 4.3, with 5 generators connected to 4 propulsion

busses and each propulsion bus with 4 parallel connected MF.

(G ) W/

BUS BUS BUS

TTTTIT TTTT T

Figure 4.3 TeDP Baseline Network Schematic
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Figure 4.3 shows 4 parallel and differently coloured network sections. Should
reference to the first (orange) MF on the very left of the network be made, this would
have the positional term MF; ; as this is the leftmost MF connected to the leftmost
propulsion bus of the network. However, the (purple) MF located to the immediate
right of MF, ; in Figure 4.3, has the positional term MF,; as, through observation it
can be determined that this is the leftmost MF of the 4th propulsion bus to the left of
the schematic. Similarly for the GSC, for a case where there are no parallel
connections to the propulsion bus (orange, green and purple), the positional reference
remains as GSC;; in keeping with the terminology. If however there is a parallel
connection as in the blue generator case of Figure 4.3, the right hand blue generator
would be assigned the notation GSC,; as it is the ond generator from the left of the

ond propulsion bus from the left of the network.

Thus by introducing the positional notation in this section through the case study
used in Figure 4.3, it is now possible to make reference to any required modular
section of network in a TeDP architecture. Although the notation has been illustrated
with a 4-section example, it can be readily generalised for use within variations of

any TeDP architecture.

4.3 TeDP Design and Analysis Requirements

SAE standard, SAE 4761, provides guidelines and methods for performing safety
assessments for the certifications of civil aircraft [100]. One such tool as described by
this standard is Fault Tree Analysis (FTA) [100] which uses failure rates and logical
operators to determine whether candidate network architectures meet industry
specified parametric requirements [104] such as the critical reliability level of no

faults in 10 hours [105].

One particular example of the use of FTA in the aerospace sector is determining the
ability of a set network to meet the Civil Airworthiness Authority (CAA) requirement
that catastrophic failures (e.g. leading to the complete loss of an aircraft) should occur

less than once in 10° flight hours [105]. Hence the failure rate of components or
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combinations of components which would result in this occurrence must be less than

107 per flight hour.

For TeDP systems, a key reliability requirement is that any failure or series of failures
which leaves the aircraft with less than 30,000 hp of rated thrust (the minimum
required for safe rolling take off for the aircraft size in consideration) [43] should
occur with a rate of less than 10 per flight hour [49]. Given that individual electrical
components are unlikely to meet this specific rate on their own, this target is expected
to be achieved through the overrating of system generation components and provision
of system redundancy. The process of assessing of the effectiveness of these measures
to deliver the required thrust reliability is referred to as contingency analysis in this

thesis. This is explored in further detail in the next section.

4.4 Contingency Analysis in a Land-Based Network
Setting

In a conventional utility grid setting, contingency analysis is used to determine the
potential overloading in a network branch following the outage of a network line,
usually focusing on the power flow before and after a contingency plan has been

implemented [ 120].

Large scale network models as used in contingency analysis for AC distribution
networks are not exact models and only consider whether overloading currents or
voltages actually occur when sections of the network are lost to a fault [121]. In most
cases linear models are employed and super position used where resistances are often
considered negligible to create a purely reactive network [121]. Undertaking analysis
in this manner allows quick determination of new line currents and voltages when
lines are switched on or off or even if a circuit breaker has been put into action and

currents have been redistributed throughout the network [121].
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4.5 Contingency Analysis for TeDP

Similarly when applied to TeDP, the flow of power before and after the contingency
plan has been introduced is considered in addition to weight penalties due to the
weight sensitive nature of aircraft [42] and forms a key part of the Thrust-Reliability
method described within this thesis. Each contingency scenario for the network
architecture should ideally exhibit the minimum possible take-off weight for the
highest possible provision of power under any network outage scenario [44]. The
effectiveness of contingency measures such as the oversizing of components or the
addition of redundant feeders in enabling that particular design to meet the thrust
probability specification are determined. The evaluation of the impact of such
contingency measures on system mass and volume enables the most weight effective
contingency measures or combination of measures to be determined, ultimately
facilitating the optimisation of architecture designs. The following subsections

illustrate an example TeDP contingency analysis.

4.5.1 Network Trade-Offs

One of the key design considerations for TeDP applications is the determination of
the optimum number of generators and propulsors to produce the required propulsive
power and deliver this as thrust [11]. For example, it may be possible to employ two

generators and just six motors in an architecture design (as illustrated in Figure 4.4).

96



T

BUS BUS

o L

Figure 4.4 Two Generator TeDP Network Utilising Six Motors to Provide Thrust

However, unless the reliability of the network components is sufficiently high, it will
be necessary to overrate the generation and thrust providing components such that the
required level of thrust is still delivered even following the failure of a number of key

components.

Owing to the small number of generators and propulsors of the design shown in
Figure 4.4, considerable oversizing may be required to meet this requirement. In any
network blindly oversizing the generators and propulsors to meet the reliability
specifications may achieve a solution but at the expense of significant weight
penalties. Optimal solutions maintain the efficiency provided through using a small
number of generators each exhibiting a large core while including redundancy to
protect against a single engine failure hence the inclusion of a total of four
generators, two per engine [16]. The architecture design sees the number of
propulsors and motors dictated by the requirement for the provision of symmetrical
thrust, one of the major benefits of the TeDP concept. The careful placement of the
large number of motors and propulsors is used to provide symmetrical thrust, even
under fault conditions and enables weight savings to be made through the removal of
the tail plane section [19, 43]. Using a greater number of motors and propulsors
would result in only a minimal impact to thrust in the event of a failure within the

network. and a function of the total width of the aft of the aircraft [16].
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While the configuration shown in Figure 4.4 may be capable of supplying the
required thrust in a scenario with no failures, if the reliability of the components
within this configuration were not significantly high or a failure were to occur within
one of the critical paths, the rating of the generation components would need to be
set so that the network would still be able to provide the required level of thrust. In
this simplified network example, a failure within the GSC section could lead to a 50
% loss of thrust therefore each generator would have to be rated to supply twice the
required power for that section of network to overcome such an event. The
significant over rating of the small number of motors and generators within this

network would lead to significant weight penalty on the network.

4.6 TeDP Baseline Network Considerations

Employing a network architecture which splits the total required power over a
greater number of units to potentially reduce the weight dedicated to each generator
for oversizing could provide a lower probability of failure or failure rate for the
minimum required thrust and a lesser weight penalty for the network [47]. Two
variations of the N3-X baseline network of Figure 4.4 are shown in Figure 4.5 and
Figure 4.6.
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Figure 4.5 16 MF Configuration of a TeDP Network
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Figure 4.6 Baseline TeDP Network (14 MF Configuration)

Both Figure 4.5 and Figure 4.6 show a baseline configuration for the TeDP network.
Both configurations have been used by NASA and Rolls-Royce; the 14 MF
configuration was used from the early concept until late 2013 [Armstrong papers]
when the 16 MF configuration superseded it in order that purely symmetrical thrust
may be, maintained under all motor failure scenarios [51]. Both of these baseline
network configurations have no contingency for failure other than oversizing of the
generators and motors dependant on the probability of failure of the supply of power.
It can be seen from both of these configurations that the motors associated with each
generator have been selectively placed on the network to enable symmetrical thrust
in the event of an engine out scenario. This motor placement allows thrust vectoring
to take place and for the removal of the aircraft control surfaces such as the tailplane
which houses the rudder in a conventional tube and wing aircraft, enabling weight
savings [11, 16]. The pitch, roll and yaw functionality traditionally undertaken by
this section of the plane can then be undertaken through thrust vectoring using the

large number of electric fans [11, 16].

This section has considered options for a baseline TeDP network based upon the
principles of contingency analysis. Through understanding how events such as a
generator failure affects the required overrating of the remaining un-failed
generators, trade-offs can be made in the number included within a network
architecture. Similarly through careful placement and sizing of motors, oversizing of

individual motors may be minimised and symmetrical thrust provision may be
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maintained in the event of a number of failures. These failure scenarios are explored

within section 4.7.

4.7 Failure Scenarios

A key requirement in determining the extent of generation component overrating
within the TeDP network is the evaluation of failure modes within that network,
whether a fault mode may lead to a Common Cause Failure (CCF) and the
probability of each failure event occurrence. First, it is important to understand the
most common causes of failure to provide power within the network; these can be
determined by the relative failure rate of each supply path within the network. These
can be shown in the following series of figures; this will start from the failures
causing the least impact on thrust, running to that which would cause the greatest
perceived loss of thrust. Each failure is represented through that section of the

network being rendered in black.

The first case considered is a loss of thrust resulting from the failure of either a single
propulsor, a single motor or an entire MF path. This case is illustrated in Figure 4.7,

with the equipment section in a failure state identified with black components.

gsus'_ BUS  BUS . BUS
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Figure 4.7 N3-X Network Showing Loss of Propulsive Thrust Due to the failure of a

Figure 4.7 shows that should only a single instance of this failure occur, there would

be a loss of thrust proportional to the number of individual MFs that had failed, in
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this specific case 1/16 or 6.25 % of the total available thrust. Another, slightly more
costly failure event for thrust would be the failure of a propulsion bus or a single

generator as illustrated in Figure 4.8. Again with compents in a failed state are shown
in black.
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Figure 4.8 N3-X Network Exhibiting the Loss or Failure of a Bus or Generator
Causing Loss of Thrust

It can be seen from Figure 4.8 that a loss of this nature is considerably more costly
for the network. In this specific case, the total thrust lost is equal to one quarter or 25
% of the connected thrust and a failure resulting in this level of lost thrust may have
wider implications on take-off or other flight functions. The final major event for
loss of thrust considered would be the failure of an engine as shown in Figure 4.9.

Again with compents in a failed state shown in black.

BUS BUS
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Figure 4.9 Loss of 50 % Thrust due to Failure of an Engine
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Figure 4.9 illustrates that should an engine on the aircraft fail, that is two generators
and their associated connected components, the failure would reduce the available
thrust by at least 50 % and substantially affect the ability to use thrust vectoring for
roll, pitch and yaw manoeuvres. Such a significant loss of thrust would prevent any
take-off event and restrict continued flight based upon the individual aircraft’s

ETOPS certification [122, 123].

This section has shown how different failure scenarios could potentially lead to large
losses in aircraft thrust if suitable preventative measures have not been put in place.
Understanding where the losses may occur and what levels of thrust loss can be

attributed to each failures allows informed decisions to be made in network design.

4.7.1 Implication of Failure Scenarios

The level of component overrating required in each of the highlighted cases is
dependent on the failure mode occurring more frequently than is specified in the
minimum thrust requirements. Currently aircraft are rated to supply twice the
minimum required thrust for take-off at sea level [43]. For example, if it is likely that
an engine will fail more than once in every 10° flight hours, then the architecture
components for a two-engine N3-X TeDP aircraft will need to be rated to supply the
minimum required 30,000 hp for take-off at sea level with only half the propulsion
system available. In order to fully understand the required overrating of components
and the impact of each failure mode, Thrust-Reliability (T-R) trade-offs are

considered in this Chapter and an aircraft specific contingency analysis conducted.

4.7.2 Contingency Scenarios

Contingency measures exhibiting low weight penalties can be readily implemented
to mitigate the effects of component failures with the aim of reducing the level of
overrating required. This section will introduce a number of measures which could

be introduced in order to mitigate the effects of a failure with associated diagrams.
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The first failure effect considered will be the mitigation of a single generator failure.
Previously in the scenario of Figure 4.14 above in Section 0, it was identified that
should this failure occur, then it would result in the loss of thrust from all
downstream motors and propulsors with a direct connection to this generator.
However, a bus tie could be introduced as shown in Figure 4.10 that would provide
an alternative current path. Bus ties create a link between two busses within a
network, linking them with a protection device such as a circuit breaker and provide
a method of isolating a faulty generator from its load bus and re-supplying the bus by

connecting power from another compliant bus.

P S S
%%a&%Wf

Figure 4.10 TeDP Network using Bus Ties to Mitigate the Effects of a Generator Failure

This method is only appropriate in cases where the bus and loading remains un-
faulted and supplementary power can be routed from a fully compliant and un-
faulted adjacent generator to recover power to the MF affected by the failed
generator. Bus ties can be added in this manner between adjacent propulsion busses
provided that the generators were rated to accommodate these at the design stage;
however the ties still add a significant level of complexity to the network. Whereas
each motor may not be able or constantly required to operate at rated levels when
being powered via an alternative generator in this manner, using bus ties would allow
all MF to continue operation and provide thrust for the aircraft at the appropriate
point in time. The results of generator failures can also be eased through the
introduction of parallel feeders. This type of parallel connection is illustrated in

Figure 4.11.
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Figure 4.11 Parallel feeders from Generator to Bus used to Increase Redundancy in a TeDP

Network

Figure 4.11 shows that parallel feeders may be added between the AC/DC converter

and the propulsion bus where there may be n parallel feeders to each bus, where 7 is

the number of busses within the network. This method has an advantage over bus

ties, as the power supplying an adjacent bus is not reliant on another bus being able

to supply the power however adds significantly more weight and complexity to the

network. Similarly to the use of parallel feeders from the generator side of the

network (GSCP), parrallel feeders can be added on the motor and propulsor side of

the network (MFP) as illustrated in Figure 4.12.
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Figure 4.12 Loss or Failure of a Bus causing loss of 4 MF Mitigated through the use of additional
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Figure 4.12 shows that MFP may be added to the network between the propulsion
bus and the AC motor drive. As with the GSCP »n feeders may be paralleled to each
AC motor drive where n, again is the number of busses. This method is beneficial as
it can mitigate the effects of a failure of both a bus and generator (as power may be
routed through to the opposite end of a network) where other methods may only ease

the effects of one or the other.

4.7.3 Power- Reliability Graph

It is possible to display the results of a contingency analysis for a given architecture
graphically using a propulsive T-R plot similar to that shown in [49]. This work
extends the work of [19] through displaying discrete reliability values for each
architecture against the associated provided level of thrust, being able to
accommodate a number of architectures on any one graph. In this manner, the
propulsive thrust provided by every possible configuration design corner of a given
architecture is mapped against the system reliability while in that state or

configuration.

Through mapping the thrust reliability and superimposing an additional trace of that
networks T-R requirements onto the T-R plot produced for the considered
architecture, it is possible to gain a visual assessment of a particular architecture’s
compliance; given the superposition process of mapping thrust and reliability can be
usefully automated a powerful benefit of the plot is seeing at a glance where the

architecture reliability falls short of minimum threshold template levels.

A T-R graph for an example N3-X TeDP network is illustrated in Figure 4.13.
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Figure 4.13 A T-R Graph for an Example N3-X Network

In this figure, the red trace shows the required T-R specification for the minimum
reliability of take-off thrust for an example N3-X network, while the green points
show the T-R profile for that N3-X network architecture under all identified failure
scenarios. Each point represents an individual configuration of the architecture under
consideration, with or without redundancy and potentially under faulted conditions,
where the most probable methods of achieving the desired level of thrust have been
adopted. While this graph has been designed to show potential points of a singular
network the graph is also of great value when comparing the T-R profiles of a number
of networks. The figure shows the thrust levels at which the architecture exceeds the
required reliability levels in its provision of thrust (above or left of the solid red line),
where it is failing to meet the required reliability (located under the red line).
Additionally those points which lie exactly on the vertical red line represent an
architecture which exactly meets only the available thrust requirement and those on
the horizontal red line represent configurations which meet only the reliability
requirement however under achieving the thrust requirement. The ideal location for

the architecture capability on the T-R graph is in the region represented by the black
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cross (top left) of the graph. Here both criteria are being met and thus the aircraft
architecture is meeting the required targets. While some points may not quite meet
either T-R target, through plotting them on the graph, the network architect is able to
readily view the severity of non-conformance with network design requirements.
Furthermore, the plotting of all evaluated network configurations allows the designer
to determine which network configurations would be feasible under alternative
operating requirements or under an alternative design. Extending this graph to include
a weight parameter would additionally allow a number of concept networks to be
compared to determine an optimal design to fulfil contractual or desired requirements.
Where a number of points exist on a single chord of the x-axis, this could represent a
number of architectural solutions all with varying configurations providing the same
level of thrust. Alternatively this scenario may represent a single network where a
number of alternative redundancy measures are being considered, in this case the
additional weight parameter could act as the discriminating factor between two or
more similarly reliable networks. The work to be presented in this thesis will make
use of this graphical T-R representation within the case study presented within this
chapter, as well as the case studies of Chapter 5 to show how configurations of an
architecture perform relative to other configurations of the same network. Chapter 5
also used this network to providing comparison of how different redundancy methods
enhance different network reliability. It should be noted that Figure 4.13 shows no
minimum reliability requirement for thrust power levels above 30,000 hp of rated
thrust; this comes about due to the minimum take-off thrust requirement as specified
by the authors of [19]. As such, the sole design focus in the presented case study in
Section 4.9 would be attaining the required propulsive thrust reliability for at least

30,000 hp of thrust whilst minimising weight and complexity.

Other performance requirements could also be included with this process, for example
those relating to Time Limited Dispatch (TLD), where an aircraft architecture may be
allowed to operate for a specified duration with a fault or faults present within a
redundant section of the network as dictated by SAE ARP 5107B [124]. This is
shown in Figure 4.14, where the compliance of an example architecture’s Thrust-

Reliability capability is assessed against three typical performance requirements for a
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TeDP aircraft network such as those set out by SAE ARP’s for TLD [124] and

airworthiness of engine components [125].

Thrust Reliability Graph Showing Dispatch Criteria and Architecture Profiles for an
N3-X Architecture
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Figure 4.14 T-R Graph Showing a number of Different Performance Requirements

Figure 4.14 shows a number of arbitrary performance requirements for the network.
More, it shows that whereas some configurations may meet a number of the
requirements, only a small number meet all the criteria. This allows a useful tool to
determine the most effective use of redundancy for the network or when there are a
number of separate requirements that an architecture is required to meet. While

multiple requirements are not directly compared within a single T-R graph in this
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thesis, these principles are used when comparing the most effective redundancy

method used within the considered network architectures in Chapter 5.

4.8 TeDP Network Thrust-Reliability Analysis Method

Key to the implementation of a contingency analysis based reliability of thrust study
for any network is the utilisation of appropriate probabilistic methods. In the case of
a large, complex network such as that proposed for TeDP aircraft, a k-out-of-n
approach [106] as discussed in Chapter 3, allows the probability of the successful
supply of power from a number of parallel sections of network to be determined. Key

assumptions made in the application of this technique in this method are:

e Parallel MFs are identical in construction

e Parallel MFs are sufficiently independent of each other that common cause
failures are negligible

e The components within each feeder are identical — using the same
specification and manufacturer

e Should one feeder fail, the probability of another feeder failing remains
unchanged

e The failure of a motor feeder is any event preventing the successful supply of
100 % of available power to the motor

e Analysis is undertaken at a fixed point in time

e A constant rate of failure is applied for each component

These assumptions are required in order that the k-out-of-n results hold true. The
method considers identical parallel paths in the production of results at a set point in
time and these assumptions ensure that the correct criteria are utilised for accurate
analysis. To obtain the probability of successful power provision as exhibited by the
network, a binomial probability distribution [106] is assumed, using the assumption
that each feeder may be in either one of two mutually exclusive states, that is
operational or failed [126], and exhibits a reliability R as a constant probability of
successful supply of power. The binomial probability distribution is further used due
to the probability of either event being independent of any other failure (as

mentioned within the assumptions above) and uses a bell curve distribution which is
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appropriate in the case of fixed probability outcomes [127]. In this example, the total
number of MF sections connected in parallel is denoted by n and of these n MF
sections, those that are required to be operational for the successful supply of power

are denoted by x.

Employing these definitions, the binomial probability distribution is given as:
P(x) = (DR*(1—-R)™™* 4.1)

where P(x) is the probability that exactly x out of the total » components will operate
— or in this case that x feeders out-of-n total feeders will successfully supply power to
the motors and that n-x feeders will not supply power successfully for a set

architecture. The binomial coefficient is defined:

M = == (4.2)

x!(n—x)!

calculating all permutations of x feeders successfully transmitting power from # total
feeders. Based upon equations (4.1) and (4.2), the following relationship can be

derived:

Ry = Yy=k P(x) (4.3)

to provide the probability of £ or more feeders successfully supplying power. Here,
Rs is the probability of x or more feeders successfully supplying power. These
equations can then be combined to show the effect of altering parameters on the

overall probability of successful operation.

This methodology is illustrated within the next section, 4.9 where a case study is
presented showing the effects on overall probability of successful operation by
altering the number of available GSC and MF as well as altering the reliability Ry of
the network. This case study is used to highlight how the k-out-of-n method can be
easily used within the TeDP network setting supporting the contingency analysis to
obtain meaningful T-R information on TeDP network architectures. This study
additionally shows how the network is broken down into modular sections to aid the

speed and ease of the analysis.
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4.9 Case Study Illustrating how the k-out-of-n Method in
used in a TeDP Network Example

To clearly demonstrate the methods used within the T-R profiling and contingency
analysis, a case study is presented in this section. This case study uses a basic
architecture and component configuration as shown in Figure 4.15 based upon the
components described by the ‘Symbol’ and ‘Component’ columns of Table 4.2 and
the reliability values presented within the ‘Normalised Reliability’ column of in
Table 4.2. The values in this column have been normalised with respect to the figures
presented within Table 6.1 of chapter 6 and are presented in a probabilistic form.
While some of the reliability values may appear somewhat counter-intuitive and
unrepresentative, they have been chosen only to populate the example and it is the

resultant trends which are important.
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Table 4.2 Reliability of Network Components

Network Components

Symbeol | Variable Normalised
Component
Reliability
@ Rg Generator 0.94
FEC Rg EEC 0.91
- Rp Bus 0.99
R Three Phase 075
o0 3PHP Breaker '
—_— Repe DC Cable 0.71
—_ Rcac 3 Phase Cable 0.83
» Rsrer SCFCL 0.88
AC-DC
IEI Rcon 0.79
Convertor
o Rpcs DC Breaker 0.8
DC-AC Motor
@ Racp . 0.81
Drive

@ Rum Motor 0.92
- Rp Propulsor 0.98
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Showing Component Configuration

Figure 4.15 shows the components which combine to create the network schematic
as defined in [43, 49] and is configured as any of the individual parallel network
subsections (Figure 4.5) or either of the outer network subsections of Figure 4.6.
Importantly, the reliability values supplied in Table 4.2 for this example network are
arbitrarily specified as to highlight the value of this study lying in the understanding
of the method and how the results are calculated. Further benefit is also derived from
the ratio of the reliability scores from both before and after adding additional
network redundancy. Additionally, the engine controller is not explicitly included as
an icon in Figure 4.15, but is rather incorporated into the reliability icon for the

generator. The reliability of the engine itself is not considered in this case.

The first part of this case study will examine how the probability of successful
provision of propulsive thrust power from 50 % of available MF varies with the total
number of installed MF. Next, a refinement of the case study will show how the
benefits gained from increasing the number of MF are limited by the reliability of
supply of the GSC before relating these results to the total weight penalties these

configurations impose on the network. A thorough understanding of how the
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likelihood of power being available can be managed is crucial to the contingency
analysis so network architectures capable of meeting criteria such as the minimum
take-off T-R profile (no failures resulting in available thrust of less than 30,000 hp in
10° hours) may be designed. Different combinations of Motor Feeders (MF) and
Generator Supply Channels (GSC) will combine to provide similar yet equally valid
provision for failure so it is crucial that not only their T-R profile is understood but
the relative effect each component has upon the network as a whole. This study will
enable designers and other interested parties to understand the level of redundancy
required within the network to attain the T-R criteria such as the minimum required

take-off thrust as described above.

To simplify the evaluation, the TeDP network is considered as a combination of
modular parts formed using the common components as detailed in Figure 4.15. The
specific connection of these parts is determined by the particular architecture
configuration such as that shown in Figure 4.5 and relates directly to the contingency
scenarios under evaluation. When evaluating a network such as that of Figure 4.15,
the GSC extends from the generator to the 15 MVA bus and each MF incorporates

the series connection of components between this bus and the propulsor.

Analysis of the network can be carried out by constructing separate equations for the
GSC and MF sections of the network and combining these with equations (4.1) to
(4.3) according to the network architecture as described by Figure 4.15. Contingency
plans can then be created to determine whether the reliability of supply meets the
required dispatch criteria and it is at this point a T-R graph may be plotted to help

visualise the results of each contingency scenario.

From inspection of the network schematic shown in Figure 4.15, it can be seen that
the reliability of the GSC (from the generator to the component preceding the

propulsion bus) can be expressed as a series reliability calculation:

RGSC = RGRERS%PHBRCACRgFCLRCONRgCBRCDC- (44)

Similarly, the reliability of the MF (the component immediately succeeding the

propulsion bus to the propulsor) can be expressed as

RMF = R%CBRCDCRACDRS’PHBRMRP' (45)
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Using the supplied component values from Table 4.2, the MF and GSC reliability are:
RGSC= 0.11102 and RMF= 0.24888.

The values of Rgsc and Ry can then be substituted into equation (4.3) to determine
Rs, the reliability that the system is successfully operating as per the required criteria
in each case within the study. Alternatively, to find the reliability of a single

subsection of network, Rgs, they may be combined to form:
Rss = RgscxRur (4.6)

Where m is the number of parallel GSC within each subsection and », the number of
parallel MF within each subsection as defined within section 4.2.1. Substituting the

values from above and assuming all components are operating as desired yields:
Rss=0.0004

While this reliability value appears low, it is important to remember that the figures
used were for illustration only. By repeating the calculation process for a single GSC
connected to parallel MFs through a single bus, it is possible to evaluate the
reliability of power provision for this network in any desired combination of
operational GSC and MF. The output of this exercise is detailed in Table 4.3 where
the probability of achieving a minimum of 50 % propulsive power for a single GSC
and a number of MF (based on the normalised values presented in Table 4.2) is given
along with two other cases, the probability that at least 1 MF being operational and
the probability that 100 % of the MF are operational. This assumes that the GSC is
directly connected to a maximum of 16 MF and the GSC must be operating in its
normal un-faulted mode to supply power. At first, the probability of success figures
presented within this table would appear to be probability of failure figures: this is
not the case. In order to produce meaningful trends, the reliability figures were
chosen so that they were significantly different between components and such that
large volumes of results would not be tending towards 1; this required a large range
of values to be used to ensure the trends were visible. As a direct result of the range
of reliability figures used, much lower than expected probabilities of success were

recorded.
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Table 4.3 Enhanced Probability of Success for Additional Motors and a Single GSC

Total no. of Prob. of at least | Prob. of at least | Prob. of 100 %
MF's 1 MF 50 % of MF of MF
Operational Operational Operational

4 0.0749 5.51x107 4.22x10™

8 0.0988 2.94x107 1.62x10°

12 0.1064 1.53x10” 6.21x10”

14 0.1079 1.1x107 3.85x10"°

16 0.1088 8x107™ 2.38x10™""

Table 4.3 shows that the probability of at least one MF operating increases with each
additional MF added to the bus however the incremental benefits diminish with each
addition. Table 4.3 further shows that the probability of at least 50 % and 100 % of
the MF operating at any one time decreases with the number of propulsors connected
to the bus. This reduction in system reliability suggests that rather than for reliability
gains, the key driver behind utilising a larger number of connected MF is to provide
aerodynamic benefits, through the incorporation of smaller physical motors spread
over a large area to maximise boundary layer ingestion (BLI) benefits [16]. BLI is a
method of improving propulsive efficiency through ingesting and re-energising the

wake air which flows over the airframe and directly to the propulsor [47]

Additional MF modules added to the network in this manner will continue to
improve the reliability of supply of power for the system, however the overall
increase will be determined by the reliability of supply from the GSC. As the GSC
and MF are connected in a series manner to the propulsion bus, a low probability of
successful supply from any of the modular sections could pose a significant
reduction in the overall probability of successful supply through the network. In this
particular study, where Rgsc = 0.11102 any benefit resulting from increasing the
number of MF is capped to 0.11102 of the initial increase exhibited by the MF. In
order to achieve the additional reliability benefits gained from the connection of
further MF additional parallel GSC must also be added (as shown in Figure 4.16) to

enhance the attainable benefits to reliability.
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Figure 4.16 Using Additional GSC to Increase TeDP Network Reliability

By resolving expressions for the probability of operation of parallel connected GSC
and MF in the same manner as shown earlier, rapid assessment of the reliability
benefit afforded by increasing the number of these components can be performed.
Accordingly, Table 4.4 shows the probability of successful power delivery from each
of the m GSC to each of the individual » MF connected to the propulsion bus (i.e.
providing 100 % thrust).

Table 4.4 Probability of 100 % Successful Power provision of an n MF, m GSC TeDP Network

No. of Number of Generators (GSC)
MF 1 2 3 4
4 42x10" | 4.68x10° | 5.2x10° | 5.77x107
8 1.6x10° | 1.80x107 | 2x10° | 2.21x10”
12 6.2x107 | 6.89x10"7 | 7.65x107"" | 8.49x107"*
14 | 3.85x10" | 427x10™"" | 4.74x10™"* | 5.26x107"
16 | 2.38x10"" | 2.64x10™"* | 2.94x10"° | 3.26x10™

It is clear from Table 4.4 that as the number of MF and GSC in the network
increases, the probability of the combination of each section all working correctly

decreases. As before, the probability of successful power provision may seem low,
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however the values used in calculation are not representative of true components in
order to amplify and highlight the trends of the analysis. The probability of
successful supply from 16 MF is 17.65x10° times less than when operating with only
1 GSC however is due to the significantly larger number of components required
within the 4 GSC network and the fact that the reliability values have been
deliberately skewed to illustrate the method and key point in reliability following a
rule of diminishing returns. For fixed values of Rgsc and Ryr, increasing the number
of generators connected to the bus should increase the overall reliability of supply.
As this is not clearly demonstrated in Table 4.4, the k-out-of-n method was utilised to
show how the probability of supply of only &=1 for both the GSC and MF was
affected by the increase to the overall respective totals. This can be highlighted in
Table 4.5 where the probability of achieving k =1/-out-of-n is shown.

Table 4.5 Rg for k = 1-out-of-n Feeders Correctly Supplying Power

Probability of Successful Network Operation
No. of MF Number of Connected GSC
1 2 3 4
4 0.075 0.142 0.201 0.253
8 0.099 0.187 0.265 0.334
12 0.106 0.201 0.285 0.360
14 0.108 0.204 0.289 0.365
16 0.109 0.205 0.291 0.368

Table 4.5 provides a greater insight into the additional reliability of the system
gained from increasing the number of GSC and MF. The table shows that as the
number of GSC and MF are increased the probability of only one MF operating as
desired also increases. It can be seen that the largest gains in reliability occur when
there is a lower number of MF connected to the propulsion bus. There is an increase
in Rg 0f 0.0239 or 32 % when the number of MF is increased from 4 to 8 with only 1
associated GSC, however when the number of MF is increased from 8 to 16 this
increase is reduced to only 0.01 or 10 % of the initial Rs. The gains in reliability
diminish in a similar manner for each additional MF for each number of incorporated

GSC. Interestingly, the benefits gained from an additional GSC are far greater than
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for an additional MF. Increasing the number of GSC from 1 to 2 yields an increase
in each of the connected MF cases of around 88 % - 89 % on the Ry exhibited by the
network. Similarly to the MF cases the benefit diminishes with each additional GSC,
with the benefit gained from adding a 4™ GSC yielding an increase of only 26 %.

The values from Table 4.5 can then be displayed in a T-R graph so that the profile of

each configuration of this example may be observed. This is shown in Figure 4.17.

T-R graph for operation of at least a single MF and GSC of the case study network
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Figure 4.17 T-R graph for the case study network

Figure 4.17 shows the results of Table 4.5. For each additional generator added to the
network (on the x axis) the equivalent probability of success is displayed against the
reliability of the y axis. In this case, no minimum power requirement has been
indicated as for this data as the requirement only stipulated 1 out of a possible 4 GSC
had to be operational; the red indicator would not be representative in this case. Table
4.5 not only has a significant bearing on the reliability of the aircraft network, but also
the weight too. Each additional generator added to the network adds a significant
amount of undesired weight to the system and whereas it may be desirable to increase
the number of GSC’s until there is no observable increase to reliability, the weight
penalties of each generator added must be carefully considered. Through the use of a

small number of electrical machines, overrated to provide excess power to the
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network, a better power density could be attainable than through using a larger
number of lower-rated generators [128]. Using a smaller number of machines also
introduce efficiency benefits from using larger bypass ratios and reduced weight from
the minimised duplication of machinery. It is also important to note that the largest
benefits to reliability come through adding additional GSC, as the GSC has the lowest
reliability and dealing with this as a key element brings the biggest gain in reliability.
Significant benefits may also be observed through increasing the initial values of Rgsc
and Ryr — all as expected. This particular sensitivity study of increasing values of

Rgsc and Ryr 1s shown in chapter 6.

4.10 Chapter Summary

The presented k-out-of-n method with T-R graph and Case Study shows how a
contingency analysis may be carried out for a TeDP network architecture using a .-
out-of-n reliability technique in conjunction with a failure analysis. The results of
this Case Study have shown the importance of using such a technique due to the non-
finalised nature of TeDP network architectures and the large number of variables
therein. This investigative contingency analysis and reliability approach also shows
that the addition of feeders will increase the probability of a percentage of power
supplied successfully; however the inclusion of additional parallel generation
enhances reliability to a much greater degree allowing the required probability of
successful supply to be achieved. This chapter has shown how the T-R profile of a
network may be derived and hence displayed on a graph. The graph can then be used

to simultaneously display information on a number of architectures.

The method presented allows a number of further studies to be made and provides a
good start point for any design exercise of a TeDP network. The method provides a
logical and methodical approach as well as a visual aide for assessing how varying
architecture configurations perform against one another as well as against
performance criteria. Further applications of this method can be found within
sensitivity analysis studies, allowing investigations to be made into alterations of

specific component reliability and how this affects the network reliability as a whole.
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This method will hence be used throughout chapter 6 to undertake both reliability
studies and sensitivity studies to allow conclusions to be drawn on the performance

of such network architectures.
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Chapter 5

Case Study Networks Identification

and Development

There have been a number of TeDP networks proposed by NASA [11, 16, 47], Rolls
— Royce [23, 129] and Airbus [87]; each architecture with its own merits and distinct
electrical network design. This Chapter considers the three TeDP network

configurations as identified within Chapter 2, namely

1. The N3-X concept with 4 generators and 16 motors and propulsors

2. The 16 motor electrically interconnected Hybrid AC — AC configuration as
designed by NASA.

3. The Rolls-Royce and Airbus concept consisting two bus — tied generators

with 8 motors and propulsors

A Thrust-Reliability (T-R) analysis is conducted to determine how each network
performs in terms of the thrust available at each achievable reliability level. To
achieve this a k-out-of-n analysis is presented for all three networks to provide T-R
profiles comparing the two metrics and assessing the relative performance of the
network at a number of operating/failed scenarios. The analysis however does not
consider the required cryocooler as part of the electrical propulsion network and
assumes that there is no electrical storage connected as featured in some of the
designs. These features are important but they are not well enough understood across
even basic parameters (e.g. size, weight, technology) to be well enough captured in
the analysis work of this chapter. Including these two aspects within the modelling

will be reconsidered in Chapter 7 as areas of future work. Each of the identified
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networks will be profiled within section 5.1, next before an analysis of each baseline

in Chapter 6.

5.1 Overview of Considered Network Configurations

As a precursor to any analysis within this chapter, the three networks under
investigation will first be described, highlighting both their similarities and
differences and showing a network schematic for each. The components for each

schematic are described by the symbols shown in the Symbol column of Table 5.1.

Table 5.1 Network Components

Symbol Component
@ Generator
EEC EEC

o Bus

ooo Three Phase

Breaker
DC Cable

3 Phase Cable

SCFCL

AC-DC Convertor

DC Breaker

DC-AC Motor
Drive

Motor

t@E o @ |

Propulsor

5.1.1 A Description of the Baseline N3-X TeDP Propulsion
Network

The first of the three considered networks and the most recent of the NASA baseline
architectures is the N3-X TeDP aircraft which is defined and described within [48,
50, 51] (The power ratings for the generators and motors for the network can be

obtained from [19, 49]). A plan view of how the network is configured is shown in
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Figure 5.1 and a clearer view of the motors associated with each generator in Figure

5.3.
BUS B
|

- -
J

jﬂénéwﬁ.ﬁﬁn

Figure 5.1 N3-X Baseline Network

us . BUS |

Figure 5.1 shows there are 4 electrical generators in this network, [19] shows that the
two generators on the left are associated with the left wingtip engine and the two
generators on the right, with the engine on the right aircraft wingtip. Figure 5.1
provides a representation of how the converters motors and propulsors of the

network are placed along the aft of the aircratft.

As described in Chapter 4, in order to determine the reliability of the network, a more
modular approach is adopted that allows it to be analysed more simply through
breaking it down into smaller sections: the sections for the N3-X are shown in Figure

5.2.
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Figure 5.2 TeDP Network Component Configuration

Figure 5.2 shows the N3-X network configuration described with all the relevant
constituent components as presented in Table 5.1, it should be noted however that the
engine controller (EEC block) is not explicitly included as an icon in Figure 5.2, but
is rather incorporated into the icon for the generator. The reliability of the engine
itself is not considered in this thesis. Figure 5.2 shows the network’s two modular
sections; the GSC which extends from the generator up to and including the bus and
the MF which extends from the first component after the bus through to the motor
and propulsor. A number of MF sections may be connected in parallel. Finally Figure
5.2 shows that the modular GSC and associated MF sections can be combined to
create a network subsection (SS). The N3-X consists of 4 SS which can be viewed
clearly in Figure 5.3, which can be resolved in conjunction with the network plan of

Figure 5.1 using the rules of series and parallel reliability and the components
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reliability values listed in Table 6.2 to determine the overall reliability of this

network.

=2
BUS T N BUS
=

pEe

-
ﬂﬂﬂﬂ !

Figure 5.3 N3-X baseline network configuration laid out to illustrate the network’s SS

Figure 5.3 shows the network redrawn to show that the architecture is comprised of 4
identical and parallel SS. In each SS, one generator is connected in series to a bank
of 4 parallel connected MF. In this view it can be easier visualised than in Figure 5.1
how the rules of series and parallel reliability, and in turn how the k-out-of-n method

may be applied.

5.1.2 A Description of the NASA Hybrid AC/DC TeDP Propulsion
Network

Another early design that NASA proposed for a TeDP aircraft was described in [16]
and was the predecessor to the N3-X network. Like the N3-X this concept makes use
of 16 aft located fans on the top of an HWB airframe. This network is shown in

Figure 5.4.
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Figure 5.4 NASA Hybrid Network Baseline Configuration
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Figure 5.4 shows the network architecture layout as alluded to within [16]. The
paper, [16] describes a network which uses a common bus network and like the N3-
X can provide symmetrical thrust in the event of a turbine engine or generator
failure. This aircraft was rated to suply 63 MW of power at sea level and 19 MW at
cruise. There is no mention of a dedicated electrical protection network and as such
protection from the effects of large fault curents is likely to be provided through the
quenching of the superconducting cabling. While the quenching of cabling could
theoretically protect components from the effects of superconducting network faults,
in practicality this may not be effective, the superconductor could be damaged
through sustained operation in “quenched” mode, there could be further widesread
network damage and thus long term solutions should consider some form of
measurement and isolation system to underpin the protection of such networks. The
network described in [16] utilises back to back AC/DC and DC/AC converters which
allows the frequency of the generators and the motors to be decoupled and for each
machine type to rotate at their own optimal speed and hence to enhance network
efficiency. As before the network may be redrawn showing the constituent
components so the modular sections may be determined, this network is shown in

Figure 5.5 and uses the components described within Table 5.1.
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Figure 5.5 NASA Hybrid AC-DC network

Figure 5.5 shows the schematic for this network configuration described with all the
relevant constituent components except for the EEC which similarly to the N3-X
case is included within the generator block. Again, the reliability of the engine itself
is not considered in this case study. As with Figure 5.2, Figure 5.5 also shows the SS
broken down further into the two apparent modular sections: the GSC which
incorporates the generator cabling and bus: and the MF which extends from the first
component after the bus through to the motor and propulsor. As with the N3-X
configuration a number of MF sections may be connected in parallel, in this case
four. Figure 5.6 shows how the network SS may be combined with a further 3

identical SS to create the network of Figure 5.4.
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Figure 5.6 NASA Hybrid network baseline configuration
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Figure 5.6 shows that like the N3-X network architecture, the hybrid network can be
redrawn to show that the architecture is comprised of 4 identical and parallel SS.
These modular network subsections can be resolved in conjunction with the network
plan as in Case Study 6.1.1, using the components’ reliability values as listed in
Table 6.2 to determine the overall reliability of this configuration of the TeDP
network.

5.1.3 A Description of the Airbus and Rolls-Royce Concept TeDP
Aircraft

The third and final of the three considered designs and the smallest of the three
networks with a combined output power from two generators of only 9 MW [23] is
the result of a collaborative effort between Airbus and Rolls-Royce. Unlike the
previous two designs, this concept makes use of only 8 aft located fans on the top of
the airframe and instead of lying flush with the upper airframe the fans are housed in
a raised nacelle [9]. In keeping with the other network concepts, at least half of the
installed number of generators must be operational to provide the required thrust for

take-off. The network architecture for this concept is shown in Figure 5.7.
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Figure 5.7 Rolls - Royce and Airbus baseline TeDP network

Figure 5.7 shows the network architecture layout as described within [23]. This
network is significantly smaller than the other two configurations, and in order to
provide a fair reliability comparison with the others, this network architecture may be
extrapolated as shown in Figure 5.8 to incorporate an additional two generators and 8

motors.

¢ ¢ ¢

BUS
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Figure 5.8 Extrapolated Rolls-Royce and Airbus baseline TeDP network

In an additional deviation from the configurations of the previous NASA neworks,
this configuration also requires a tailplane as the motors and propulsors are not
configured in a way to provide symmetrical thrust in the event of motor or propulsor

failures [23]. The most radical difference from the other two networks, however, is
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the lack of power electronics within the network, resulting in a purely AC
architecture. The lack of power electronic converters and drives means that the
network would have to operate at a relatively low AC frequency to reduce losses and
utilise gearboxes to reduce shaft speeds between the generation and the thrust
producing motors [23]. This architecture also has a specific protection network
inclusive of isolators and breakers to protect from the effects of fault currents.
Similarly to the N3-X and Hybrid networks, the extrapolated Rolls-Royce and
Airbus configuration has four identical SS each consisting of a single GSC and four
parallel MF: the schematic highlighting each section and showing all network

components is shown in Figure 5.9.
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Figure 5.9 Rolls-Royce and Airbus TeDP network architecture [23]

Figure 5.9 shows the schematic for the collaborative Rolls-Royce and Airbus
network described with all the relevant constituent components as described in Table
5.1 and that two identical network subsections are connected through a bus tie
(which is normally open) to create the full network architecture. Again, similar to the
N3-X and the Hybrid network architectures, the reliability of the engine itself is not
considered in this case study. One unique feature to this network is that the initial
design has allowed for only one generator per engine, however this is an assumption

based on the reliability of the individual components [23]. The addition of another
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generator per engine would likely result in a network similar to that of the
extrapolated network of Figure 5.8. Figure 5.9 shows the two network SS broken
down into the two modular sections; the GSC which incorporates the generator
through to the bus and the MF which extends from the first component after the bus
through to the propulsor. As with the other two configurations a number of MF
sections may be connected in parallel. These sections can then be resolved as before
using the rules of series and parallel reliability and the components’ reliability values

as listed in Table 6.2.

5.1.4 A Comparison of the Three Identified TeDP Propulsion
Networks

There are a number of similarities within the three presented networks, most notably
between the N3-X network and the NASA Hybrid AC/DC network. Both operate
using both AC and DC currents and voltages to decouple the rotational speeds of the
motors and generators and in their significantly higher power ratings than the Rolls-
Royce and Airbus equivalent. This is potentially the most notable differences
between the networks as there are no power electronics and hence no decoupling of
generator and motor speeds. There are also similarities in the N3-X and the Rolls —
Royce and Airbus network in that both use dedicated power systems protection
devices to protect against fault voltages and currents and to isolate affected areas of
the network without relying on the superconducting network quenching as in the
NASA Hybrid network. The Rolls-Royce and Airbus network takes the protection
system a step further in the baseline network by including a breaker to link both
halves of the propulsion network. In order to provide fair comparison with the other
networks, this breaker is considered normally open in the baseline study. Other
similarities are also notable within the NASA Hybrid network and the Rolls-Royce
and Airbus network in their significantly reduced number of network components in
comparison with the N3-X, suggesting that these will perform better in terms of
achievable network reliability. The NASA Hybrid network utilises the fewest

number of components within the GSC section and the Rolls-Royce and Airbus

132



architecture uses fewest components within the MF suggesting that their reliability
gains and sensitivities will be greatest within these areas. In order to provide a clear

comparison of all three networks, schematics of all three are shown in Figure 5.10.
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Figure 5.10 Comparison of the three identified TeDP propulsion
architectures
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Figure 5.10 shows the schematics of the N3-X network (image left), NASA Hybrid
AC/DC Network (image centre) and the Rolls-Royce and Airbus network (image
right) to aid the comparison of the three networks. While for the N3-X and NASA
networks these schematics represent only a quarter of the total network composition,
for the Rolls —Royce and Airbus network this is one half of the full propulsion
network. The main differences between these networks architectures are clearly
visible: the Rolls-Royce and Airbus network is relatively simple, only exhibiting
breakers in addition to generation and propulsion components. In contrast the N3-X
is a highly complex architecture exhibiting a number of power electronic components
as well as a number of fault current limiters and breakers. The NASA AC/DC
network however has no dedicated protection system yet has a back to back
convertor/inverter architecture. As well as these differences there are a number of
similarities within the three networks, for example all networks utilise banks of 4
parallel connected MF as well as only a single GSC in each case. A summary of the

main features of each architecture is shown in Table 5.2.
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Table 5.2 Comparison of TeDP propulsion network features

Network Rolls-Royce and
N3-X NASA Hybrid
Feature Airbus
Total Available
44 8 MVA 63 MW 9 MW
Power
Both fault current Quenching of
Protection System limiters and superconducting Breakers
breakers feeders and cables
Distribution
Network Power DC AC AC
Type
Provided through a
Provided through a | Provided through a normally open
large number of large number of busbar and large
Baseline Network
motors and motors and number of motors
Redundancy
propulsors to over- | propulsors to over- | and propulsors to
rate the network rate the network over-rate the
network
Total Number of
Propulsion 16 16 8
Motors

Table 5.2 shows that each network has its own unique features within the scope of a

TeDP network. The most notable of these differences is potentially the much reduced

power rating and lack of power electronic components exhibited by the Rolls-Royce

and Airbus network. Through the combination of all noted differences each network

will perform differently when analysed using the k-out-of-n method as described

within Chapter 4. The analysis which will be undertaken is described within section

5.2, next.
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5.2 Case Studies: Methodology

There are a number of case studies presented within the case studies chapter which
combine to provide the basis for an in depth assessment of both the reliability and
failure rate of the three variations of the TeDP concept architectures as detailed

within section 5.1.

The methodology applied when analysing the baseline network of each proposed
configuration will utilise the k-out-of-n method to explore the T-R properties when

operating under the following three variations:

e  When 100 % of the network components are operating as desired.
e  When at least 50 % of the connected MF are operating as desired.

e Atleast 1 of the MF sections are operating as desired.

Reviewing these T-R profiles for each of the three variations of the TeDP
architecture will allow solid conclusions regarding the most reliable architecture to
be made as well as identifying areas of each network prone to failure and which

should be considered for additional redundancy measures.

Subsequently, each of these architecture variations will be analysed after parallel
connected redundant backup feeders have been added to either then both of the
generation side and the propulsion side of the network. These redundant parallel
feeders will be used to enhance the reliability of the network at the identified
reliability weak spots from the first studies; conclusions have been drawn as to the
effectiveness of the redundant feeders with respect to the improvement in reliability

and the weight penalties they add to the network.

Further to adding redundancy to the network, additional sensitivity studies will be
executed allowing conclusions to be drawn on how sensitive the network is in regard
to specific components. The first of the sensitivity studies will compare the reliability
of the three networks when operating using a common fault current protection
system. This will enable a clear representation of how the concept architectures
perform when all operating using breakers and isolators as suggested by the Rolls-

Royce and Airbus architecture to protect against the effects of fault currents. The
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second of the two sensitivity case studies will use components which exhibit both
greater and lesser initial reliability scores to determine how the reliability of the
network as a whole is affected by these changes and hence how tolerant the network
is to these changes. This study shows how minimal changes to the reliability of even
a single component can have significant benefits to the reliability of both the modular
sections of the network and the network as a whole. Again, this study will be
implemented on all three of the candidate networks to assess how each performs in

comparison.

Finally, an FTA will be undertaken on each of the three TeDP networks. This will
provide an analysis in failure space and will help to aide understanding as to the
faults and failures which lead to the loss of thrust which result in a remaining thrust
level of less than 30,000 hp. The FTA studies will also help to confirm the network
weak spots as identified in the initial k-out-of-n analysis both visually (through the
use of an interconnected fault tree) and numerically through the failure rates

obtained. These case studies will be developed in chapter 6.
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Chapter 6

Case Studies

In order to allow for a true comparison of the network alterations and redundancy
features investigated within this chapter, it is first necessary to undertake the same -
out-of-n analysis on the baseline networks presented in Section 5.1. The results
obtained from the reliability analysis in this Baseline Study will provide a benchmark
to which comparison within subsequent studies will be drawn. The results obtained

from these k-out-of-n studies will be both tabulated as well as presented on a T-R

graph.

All of the case studies within this chapter refer to either Table 6.1 or Table 6.2 for

components used and both reliability values and failure rates.
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Table 6.1 Network Components and Failure Rates

Network Components

Symbol Variable Component Failure Rate
(per hour)
@ A Generator 5x107[17]
EEC Ar EEC 2x10™[17]
I As Bus 1.01x107[27]
Three Phase s
coo Aspup Breaker 2.3x107[28]
— Acpe DC Cable 1.01x10° [28]
= Aeac 3 Phase Cable 1.01x10°[28]
il AsrcL SCFCL 5.82x107 [29]
] Acon | AC-DC Convertor | 2x107°[28]
O AbCB DC Breaker 1.53x10°[28]
DC-AC Motor 5
Aach Drive 2x107° [28]
@ A Motor 1x107 [30]
6
& Ao Propulsor 4.75x107[16,

31]

Table 6.1 provides both a component key and failure rates (A) for all possible
components used within the case studies. The table also includes the failure rate
variable names as used within the equations of the FTA case studies. The table also
provides a reference location for the source of all failure rates. Some of the failure
rates stated within this table are surprising: the extremely low failure rate of the
SCFCL for example was based on an extremely low rate of field returns. It would
also be expected that components with the most number of moving parts would
exhibit the highest failure rates and those network elements with the least switches or
moving parts, the lowest. Sourcing failure rates within the public domain remains
difficult and as such the rates referenced here may not accurately reflect the aircraft
equivalent componentry. The accuracy of these rates does not affect the outcome of
these studies however, the key findings within the case studies of this thesis lies

within the observed trends and network sensitivity to changes which are revealed.
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Table 6.2 Network Components and Reliability Values

Network Components

Symbol Variable Component Reliability
@ R¢ Generator 0.75
EEC Rr EEC 0.78
—_— Rp Bus 0.98
0oo0 Rspup Three Phase Breaker 0.8
_— Repe DC Cable 0.92
= Reyc 3 Phase Cable 0.92
" Rsrer SCFCL 0.96
@ Rcon AC-DC Convertor 0.83
O Rpep DC Breaker 0.84
Rip | DC-AC Motor Drive 0.83
@ Ry Motor 0.86
=3 Rp Propulsor 0.9

Similarly, Table 6.2 provides a key for components used within the case studies as
well as the reliability variable symbols and constants as used within the equations of
the presented case studies. The reliability values as presented within the Reliability
column are directly related to the failure rates of Table 6.1, in that components with
the most frequently occurring failure rates have a correspondingly lower reliability
value from those with a lesser rate of failure. The values of Table 6.1 were
normalised to a probability based upon the sourced rates over a true representative
figure revealing figures which appear low for a reliability value. As stressed above, it
is not the figures which form the integral part of the analysis, it is the trends and

ratios which are formed from the analysis on which emphasis must be placed.

The first part of this case study will examine the probability of successful provision
of thrust from 100 % of available MF and how it varies with the total number of
installed MFs. Additionally the probability of successful provision of thrust from 50
% of the installed MF will be investigated: this analysis is included as it is assumed
that the aircraft should be able to perform safe rolling take-off with only 50 % of the
total installed power available [16, 19, 23]. A thorough understanding of reliability of
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power is crucial to the contingency analysis, so network architectures capable of
meeting the minimum dispatch criteria (in this case the provision of 30000 hp) may
be designed. Different combinations of MFs and GSC will combine to provide
similar yet equally valid provision for mitigation of failure so it is crucial that not
only their T-R profile is understood but the relative effect each component has upon

the network as a whole.

6.1 Case Study 1: Calculating the Reliability of the

Baseline Networks using k-out-of-n Analysis

6.1.1 N3-X Baseline Case Study

As shown in Chapter 4, analysis of the network is carried out through constructing
separate equations for the GSC, MF and SS sections of the network and combining
these with equations (4.1) to (4.3) according to the network architecture. In this case
described in Figure 5.2 and repeated for clarity in Figure 6.1 below. The results of
this study can then be used to determine the relative benefits gained through adding
redundancy methods as in case studies 6.3 and 6.4 and used to create a T-R graph to

help visualise the results of each contingency scenario.
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Figure 6.1 TeDP network component configuration

From inspection of the network schematic shown in Figure 6.1, it can be seen that the
reliability of the GSC section can be expressed as a series reliability calculation of all

the constituent components from the generator to the bus:
Rgsc = RRrR3pypReacRErciRconREcRepc R (6.1)

Similarly, the reliability of the MF section of network can be expressed as the series
combination of all those components within a single modular MF section from the

first component after the bus to the propulsor:
Rur = RjcgRepcRacpRapusRuRp- (6.2)

Finally through observation it can be determined that the reliability of each of the 4

network subsections can be described as:

Rgs = RGSCRIL\L/IF (6.3)
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Using the component values from Table 6.2, the specific SS, MF and GSC reliability

values (assuming all components are operating as desired) can be shown to be:
Resc=0.167616 Rur=0.333623 Rss=0.002077

The values of Rgsc and Ry can then be used in equation (4.3) to determine Rg the
reliability of the entire network. It is obvious that in this case the reliability of the SS
is significantly adversely affected by the poor reliability score of the GSC. In addition
these values will be used as reference to compare new values after the introduction of

redundancy measures and within sensitivity studies.

By repeating the calculation process for a single GSC connected through a bus to an
increasing number of parallel MF, it is possible to evaluate the reliability of power
provision for a network SS and hence the full N3-X network. The results of this
exercise are detailed in Table 6.3 for the case where 100 % successful operation is
required and in Table 6.4 for the case where at least 50 % propulsive power is
required. A further study is presented and detailed in Table 6.5 to show how the

reliability changes as more components are added to the network.

The following results show how the reliability of the network changes as extra GSC
with associated MF are added to a network. The network is built up from a single
GSC and associated MF to 4 GSC all with 4 associated and parallel connected MF as
in the baseline design. In this example, for 100 % operation, k~=n and n is increased

incrementally from 1 to 4 as indicated in the table.

Table 6.3 Probability of 100 % operation of the N3-X baseline network

Number of MF Number of GSC
per GSC 1 2 3 4
1 0.055921 0.0031271 0.0001749 9.7789x10°
2 0.018656 0.0003481 6.4936x10° 1.2115x107
3 0.006224 3.87406x10° 2.4113x107 1.5008x10”
4 0.002077 4.31198x10° 8.954x10” 1.859x10™"

Table 6.3 shows the probability of achieving 100 % successful supply of power from

the network. Due to the low reliability figures used the numbers within the table are
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small, however the statistics used make the identified trends clearer than when using
larger component reliability figures, where the differences between options may
appear marginal. It is clear from Table 6.3 that, as expected, as the number of MF
and GSC in the network increases, the probability of the combination of each
working correctly decreases, given the larger number of components which could
fail. The probability of successful supply from one MF and one GSC is 3x10’ times
greater than the case where the network is operating with four GSCs and a combined
total of 16 MFs. Additionally it is clear that with each additional MF per GSC the
reliability of the system drops significantly: around one or two orders of magnitude
for the addition of the 2™ feeder and around six orders of magnitude smaller for the
addition of the 4" parallel feeder. The overall reliability value of the network, while
very small is not the prime concern within this evaluation the most important factor
to consider is the ratios and overall effect to reliability of adding the parallel sections.
As noted within section 6, these reliability scores are related to the failure rates of the

components and do not reflect those of specific ‘in service’ components.

The follow-on evaluation examines network probability of successfully supplying at
least 50 % of the installed power, the level required for safe rolling take-off. The first
part of the evaluation shown in Table 6.4 assumes that all GSC must be operational
and studies the effect of failed MF in the successful supply of power. For the case
where there are 3 MF connected to a single GSC the required number of MF has
been rounded up to supply at least 66.6 % power, that is k£ = 2-out-of-n, as in the case
that part of the MF fails no power will be available in that feeder. This analysis
assumes that each GSC is directly connected to a maximum of 4 MF and that there

are up to 4 parallel SS as in the considered baseline network.

Table 6.4 Probability of 50 % operation of the MF in the N3-X baseline network

Number of MF Number of GSC
per GSC 1 2 3 4
2 0.093185 0.008683 0.000809 7.54109x107
3 0.043521 0.001894 8.2431x107 3.5875x10°
4 0.068374 0.004675 0.0003197 2.1856x10”
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Table 6.4 shows the probability of successful operation of all GSC and at least 50 %
of the installed MFs. It shows, as expected, that in all cases the network can supply a
minimum of 50 % of the available power with a higher reliability than it can supply
100 % power. In the case of 1 GSC and 2 associated MF the power can be supplied
4.99 times more reliably than in the 100 % successful supply case, however more
importantly in the case of 4 GSC each with 4 associated MF the network can provide
the minimum level of power with a reliability which is greater by 1.1757x10° when
only 50 % of the MF are required to supply power than 100 % of the MF. This 6
orders of magnitude increase in reliability demonstrates that the enhanced number of
propulsion motors and fans provides a significant level of inherent back-up against a

partial loss of power.

In addition to considering the effect of only failed MF on the ability of the network
to supply at least 50 % power, the network can be analysed in a different manner to
incorporate the potential failure of GSC. In this alternative analysis, at least k=2out-
of-4 SS have to be successfully operational in order for the network to successfully
supply the required power. In this evaluation, using the reliability for Rgg (0.002077)
from above, the probability that the network can successfully supply at least the 50 %
required power is 2.5812x10” and 1.18 times the reliability of the network operating
with four GSCs and four MFs and only considering failed MF. The probability of
successfully supplying at least 50 % propulsive power in this case is 1.18 times
greater than that when only considering MF failures, showing that allowing for a

different failure type allows the probability of network failure to be reduced.

For the final analysis of this case study, the reliability of the system is determined
when only a single MF is required to be successfully supplying power. Table 6.3 and
Table 6.4 show that the probability of at least 50 % and 100 % of the MFs operating
at any one time decreases with the number of propulsors connected to the bus. This
reduction in system reliability suggests that rather than for reliability gains, the key
driver behind utilising larger numbers of connected MF is to provide aerodynamic
benefits, through the incorporation of smaller physical motors spread over a large
area to maximise boundary layer ingestion (BLI) benefits [16]. In this last section of

the N3-X baseline study, the reliability of the network when k>/-out-of-n 1is
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investigated. For fixed values of Rgsc and Ry, increasing the number of MFs
connected to the bus should increase the overall reliability of supply. As this is not
clearly demonstrated in either Table 6.3 or Table 6.4, the k-out-of-n method was
utilised to show how the probability of supply for the scenario where 1<k<n for the
MF section can be affected by the increase to the overall total number of MF
connected. This study is highlighted within Table 6.5 where the probability of

achieving at least k =/-out-of-n for the MF section is shown.

Table 6.5 Probability of at least one operational MF per GSC in the N3-X baseline network

Number of MF Number of GSC
per GSC 1 2 3 4
2 0.093185 0.008683 0.0008092 7.5402x107
3 0.118017 0.013928 0.0016437 0.00019399
4 0.134564 0.018108 0.0024366 0.0003279

Table 6.5 shows that the probability of at least one MF operating increases with each
additional MF added to each of the buses within the network, however the
incremental benefits diminish with each addition. Additional MF added to the
network in this manner will continue to improve the reliability of a supply of power
for the system; however the overall increase will be limited by the reliability of
supply from the GSC. As the GSC and MF are connected in a series manner to the
propulsion bus, a low probability of successful supply from either could pose a
significant reduction in the overall probability of successful supply through the
network. In this particular study, where Rgsc = 0.167616 any benefit resulting from
increasing the number of MFs is limited by 0.167616 of the initial increase exhibited
by the MF. In order to achieve the additional reliability benefits gained from the
connection of further MF additional parallel GSC must also be added (as shown in

case study 6.4.1) to enhance the attainable benefits to reliability.

Once all the reliability data has been gathered and tabulated for each contingency
scenario, T-R diagrams can hence be created, illustratively showing how reliability
and power may be traded and how the reliability changes with each set of operational

constraints placed upon the network.
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Probability of achieving 100 % operation of the N3-X baseline network
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Figure 6.2 Baseline N3-X T-R graph for 100 % network operation

Figure 6.2 shows each of the MF and GSC combinations detailed within Table 6.3.
While Table 6.3 showed that the reliability of the network decreased with each
additional component, displaying the same results in graph form, Error! Reference
source not found., the results can be illustrated far more clearly. The graph of Figure
6.2 shows the large, order of magnitude difference incurred with the additional
modular GSC or MF sections of network. This graph shows that the reliability is far
greater at lower power availability levels (more power is available with each added
GSC) decreasing dramatically for each additional MF or GSC added to the network.
Higher reliability levels are obtainable with fewer connected MF per GSC as
displayed in Table 6.3. it can also be seen more clearly from the T-R plot that the
highest achievable reliability for the n+/ generator case is significantly lower than

the highest achievable reliability for the n generator case.

Again this same trend can be seen in Figure 6.3 for the probability of achieving at

least 50 % propulsive power.
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Probability of at least 50 % operation of MF in baseline N3-X network
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Figure 6.3 Probability of achieving at least 50% propulsive power for the N3-X network

The T-R graph of Figure 6.3 shows the data provided within Table 6.4. In the case
for supplying only 50 % of installed power, the reliability of the baseline network
increases due to the lesser number of individual components and which are required
to be operational for the network to operate successfully. Also of note is that there
exists a discernibly different reliability level between each individual analysis point,

with the difference becoming larger with each additional GSC or MF.

To conclude the analysis on the N3-X Base Case, Figure 6.4 shows the T-R graph of
the case where only one MF per GSC or SS need be operational for the network to

operate as desired.
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Probability of at least 1 MF operating per GSC in the N3-X baseline network
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Figure 6.4 T-R Graph for the N3-X Single operational MF case

Figure 6.4 shows the T-R graph of Table 6.5 and indicates how the network
reliability has significantly increased as the criteria for the required number of
operational components has decreased. Again the reliability value achievable by each
T-R profile is increasingly spread and each profile becomes more distinct except for
the case when there are 4 SS to the network as the reliability of these profiles is still

much smaller in comparison to the single SS profile.

This analysis has provided a number of useful baseline figures to which subsequent
studies may be compared. Significantly the cases with 4 SS each including 1 GSC
and 4 MF and their associated network reliability value will be used to compare
against the further N3-X studies in sections 6.3 and 6.4, using additional redundancy
and enhanced individual reliability values to observe the effects on reliability within

this chapter.

6.1.2 Case Study Determining the Reliability of the Baseline
NASA Hybrid AC-DC Network

The analysis of this case study is used to provide the baseline reliability for the

NASA Hybrid network under three separate operating conditions. The three
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conditions examined are the same 100 % operation, 50 % operation and the operation
of a single MF per SS as examined in Case Study 6.1.1 and the results of this study
will be used to compare the results of the redundancy scenarios and sensitivity
studies presented in sections 6.3, 6.4 and 6.7 and be used to determine the relative
benefits gained. T-R graphs are plotted to help visualise the results of each

contingency scenario.

The analysis for this study is again that of Chapter 4, using the k-out-of-n method
illustrated within the example case study of section 4.9. This Study of the NASA
Hybrid baseline is carried out in the same manner as in the Case Study of 6.1.1
through constructing separate equations for the GSC, MF and SS sections of the
network. These equations are then combined with equations (4.1) to (4.3) according
to the network architecture described in Figure 5.5. This network schematic is shown

again in Figure 6.5 for clarity.
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Figure 6.5 NASA Hybrid AC/DC network schematic

From inspection of the network schematic shown in Figure 6.5, it can be seen that the

reliability of the GSC section can be expressed as a series reliability calculation:
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Rgsc = RgRpRcacRp. (6.4)

Additionally, as in the N3-X case, the engine controller component is assumed as
part of the generator symbol. Similarly, the reliability of the MF section of network

can be expressed as:

RMF = RCACRCONRACDRMRP- (65)

Finally, through observation it can be determined that as with the N3-X design that

the reliability of each of the 4 network subsections can be described as:
Rss = RgscRir (6.6)

Using the component values from Table 6.2, the specific SS, MF and GSC reliability

values (assuming all components are operating as desired) can be shown to be:
Rgsc=0.527436 Ryr=0.490552 Rss=0.030543

The values of Rgsc and Ry can then be used in conjunction with equation (4.3)
Rg = Y=k P(%) (4.3)

where P(x) is the probability of successful operation of the whole network operating

with the indicated connected components, to determine the network reliability, Rj.

By repeating the calculation process for a single GSC connected to an increasing
number of parallel connected MF, it is possible to evaluate the reliability of power
provision for the network SS and hence the overall network. The output of this
exercise 1s detailed in Table 6.6 for the case where 100 % successful operation is
required and in Table 6.7 for the case where at least 50 % propulsive power is
required. A further case is presented and detailed in Table 6.8 to show how the

reliability changes when only a single MF per network SS is required to operate.

This first section of the analysis shows how the reliability of the network (where 100
% operation is desired) changes as the network is built up. The network is built up
from a single GSC and single associated MF to four GSCs all with four associated
and parallel connected MFs as in the baseline design. In this example, where

successful operation is obtained when 100 % of the network components are
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operational, £ = n.in the case of the GSC n is fixed at one while for the MF, n is

increased incrementally from one to four as indicated in Table 6.6.

Table 6.6 Probability of 100 % operation for baseline NASA Hybrid network

Number of GSC
Number of MF per GSC
1 2 3 4
1 0.258735 | 0.066944 | 0.017321 | 0.004481
2 0.126923 | 0.016109 | 0.002045 | 0.000260
3 0.062262 | 0.003877 | 0.000241 | 1.503x107
4 0.030543 | 0.000933 | 2.85x107 | 8.702x107’

The results in Table 6.6 agree with the N3-X baseline configuration that the
probability of the combination of each working correctly decreases as the number of
MFs and GSCs in the network increases. It is also apparent when comparing Table
6.6 with Table 6.3 that for every corresponding network configuration that the
Hybrid Network can operate at a greater reliability than the baseline N3-X
configuration. This is due to the fact that, through a fewer number of components
used to create the network, the reliability of both the GSC, MF and hence SS are
significantly higher. The probability of successful supply from one MF and one GSC
is 2.97x10° times greater than the case where the network is operating with four GSC
in four individual SS and a combined total of 16 MF, four in each SS. Should the
network consist of only two GSC and a total of eight MFs, the reliability in this case
would be 0.000933 a total of 1.07x10’ times more reliable than the four GSCs and 16
MFs case. This two GSCs, 8 MFs configuration would be able to supply the minimal
power for safe rolling take-off and would therefore be preferable in reliability terms.
This configuration however would have no contingency plan in the case of any
propulsion network failure. Additionally it is clear that with each additional MF per

GSC the reliability of the system drops significantly: around one or two orders of
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magnitude for the addition of the second MF and around six orders of magnitude

smaller for the addition of the 4™ parallel MF.

The second evaluation within this case study examines the probability of the network
being able to supply at least 50 % of the installed power successfully, the level of
power required for safe rolling take-off. The first set of results is shown in Table 6.7
and assumes that all GSC must be operational and studies the effect of failed MF in
the successful supply of power. In the case where there are three MFs connected to a
single GSC, at least two of the three must be operational to supply at least 50 % of
the installed power and so k = 2-out-of-n. This analysis assumes that each GSC is
directly connected to a maximum of four MFs and that there are up to four parallel

SS as in the considered baseline network.

Table 6.7 Probability of 50 % operation for baseline NASA Hybrid network

Number of GSC
Number of MF per GSC
1 2 3 4
2 0.390547 | 0.152527 | 0.059569 | 0.023264
3 0.256244 | 0.065661 | 0.016825 | 0.004361
4 0.355068 | 0.126073 | 0.044764 | 0.015894

Table 6.7 shows the probability of successful supply of power from at least 50 % of
the connected network MFs. Table 6.7 also shows, as expected, that in all cases the
network can supply a minimum of 50 % of the available power with a higher
reliability than it can supply 100 % power and again at a greater reliability than the
N3-X due to the significantly reduced number of components within the network. It
is instructive to compare the extremes of these probability ratios for 50% to 100 %
power using the calculated results in Table 6.6 and Table 6.7. In the case of one GSC
and 2 associated MF the power can be supplied 1.51 times more reliably, however
more importantly in the case of four GSC each with four associated MFs the network
can provide the minimum level of power with a reliability which is greater by

18.2648x10° (or four orders of magnitude).
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In addition to considering the effect of only failed MF on the ability of the network
to supply at least 50 % power, the network can be analysed in a different manner to
incorporate the potential failure of GSC. In this study, at least k~=2out-of-4 SS (at
least two out of the total 4 SS) have to be successfully operational in order for the
network to successfully supply the required power. In this specific study the
probability that the network can successfully supply at least the 50 % required power
is 0.005372 (based on the value of Rgs above) and 208.12 times greater than the
equivalent operating criteria for the same study in the N3-X network. The probability
of successfully supplying at least 50 % propulsive power in this case is 0.338 times
that of only considering MF failures, showing that in this case the most reliable way
of providing 50 % power is with all GSCs supplying power and only half of the

network MFs available.

For the final case of this study, the reliability of the system is determined when only
a single MF is required to be successfully supplying power. In addition to showing
the ability of the network to successfully transmit power, Table 6.6 and Table 6.7
further show that the probability of at least 50 % and 100 % of the MF operating at
any one time decreases as an increasing number are connected to the bus. This
reduction in system reliability suggests that rather than for reliability gains, as in the
N3-X case, the key driver behind utilising larger numbers of connected MFs is to
provide aerodynamic benefits through the incorporation of smaller physical motors

spread over a large area to maximise BLI benefits [16].

To highlight the benefits of using a greater number of total connected propulsors, the
final item of consideration in the study of the Hybrid network, investigates the
reliability of the network when k>/-out-of-n (k is greater than or equal to 1). For
fixed values of Rgsc and Ry, increasing the number of MFs connected to the bus
should (at least) increase the overall reliability of supply. As this is not clearly
demonstrated in either Table 6.6 or Table 6.7, the k-out-of-n method was utilised as
before to show how the probability of supply for the scenario where 1<k<n for the
MF section can be affected by the increase to the overall total number of MF
connected. The results are tabulated within Table 6.8 where the probability of

achieving at least k =/-out-of-n for the MF section is shown.
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Table 6.8 Probability of at least one MF per GSC operating for the baseline Hybrid network

Number of MF Number of GSC
per GSC 1 2 3 4
2 0.390547 0.152527 0.059569 0.023264
3 0.457698 0.209487 0.095882 0.043885
4 0.491908 0.241974 0.119029 0.058551

Table 6.8 shows that the probability of at least one MF operating increases with each
additional MF added to each of the buses within the network. As with the N3-X case
of Table 6.5 however the incremental benefits diminish with each addition.
Additional MF added to the network in this manner will continue to improve the
reliability of a supply of power for the system; however the overall reliability
increase will be limited by the reliability of supply from the GSC. This could be
remedied through adding parallel GSCs in the same manner as the MF with the
requirement that for successful operation k£ >1. As the GSCs and MFs are connected
in a series manner to the propulsion bus, a low probability of successful supply from
either could pose a significant reduction in the overall probability of successful
supply through the network. In this particular part of the study, where Rgsc =
0.527436 any benefit resulting from increasing the number of MF is scaled by this

value.

After all the reliability data has been gathered and tabulated for each of the Hybrid
network contingency scenarios, T-R diagrams are generated. These illustratively
show (as before) how reliability and power may be traded and how the reliability
changes as a consequence of each set of operational constraints placed upon the

network.

The T-R graph of Figure 6.6 corresponds to the results shown in Table 6.6. This
graph shows that the reliability is greater when fewer GSC and hence SS are present
within the network and decreases dramatically for each additional MF or GSC added.
Higher reliability levels are obtainable with fewer connected MFs per GSC as
displayed in Table 6.6.
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Probability of 100 % operation of the baseline NASA Hybrid AC/DC network
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Figure 6.6 T-R Graph for probability of 100 % operation of baseline NASA Hybrid TeDP network

Figure 6.6 also shows how the reliability values for this case have a far greater
variation in reliability than the 100 % operation case of the N3-X. The graph also
shows that the NASA Hybrid network has greater reliability values at all equivalent
evaluated points with a smaller distribution between each point. Again this same
trend can be seen in Figure 6.7 for the probability of the network being able to supply

at least 50 % propulsive power.
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Figure 6.7 T-R graph for at least 50 % operation of the baseline NASA Hybrid TeDP network

The T-R graph of Figure 6.7 shows the data provided within Table 6.7. In the case
for supplying only 50 % of installed power, the reliability of the baseline NASA
AC/DC network increases at each evaluated point due to the lesser number of
individual components and hence fewer number which are required to be operational
for the network to operate successfully. The family of points for every GSC section
shows a significant reduction in reliability for every parallel MF section added to the
GSC’s bus where each individual point exhibits a greater change in reliability than in
either the equivalent N3-X case or the 100 % NASA hybrid operation case. The
highest achievable reliability value for any of the network configurations in the 50 %

case is an additional 0.3 more than in the equivalent N3-X baseline case.

Finally Figure 6.8 shows the T-R graph of the final NASA Hybrid AC/DC network
base case (presented in Table 6.8 where only one MF per GSC or SS need be

operational for the network to operate as desired.
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Probability of at least 1 MF operational per GSC in the NASA Hybrid AC/DC network
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Figure 6.8 T-R Graph for single operational MF case of the baseline NASA Hybrid TeDP network

Figure 6.8 shows the T-R graph of the results shown in Table 6.8. It shows how the
network reliability has significantly increased as the criteria for the required number
of operational components has decreased. Again the distinction between adjacent T-
R profiles is significantly increased with greater differences in reliability for each

additional MF added to a SS.

This analysis has again provided a number of useful baseline reliability figures to
which subsequent studies may be compared. Significantly the reliability results from
the network cases with four SS each including one GSC and four MFs will be used to
compare against the further NASA Hybrid network studies within this chapter.

6.1.3 Case Study to Determine the Reliability of the Rolls-Royce

and Airbus Baseline Network

This case study is based upon the Rolls-Royce and Airbus network of Figure 5.7 and

repeated for clarity in Figure 6.9.
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Figure 6.9 Rolls-Royce and Airbus TeDP network architecture [23]

This analysis assumes that the bus tie linking the two halves of the baseline network
shown in Figure 6.9 remains normally open. As this network has been extended to
include four parallel SS to provide fair comparison with the four parallel SS of the
other networks, the analysis for this network with address both the original network

configuration and the extrapolated four SS network.

The analysis of Chapter 4 is carried out in the same manner as in Case Studies 6.1.1
and 6.1.2 through constructing separate equations for the GSC, MF and SS sections

and then, as before, combining these with equations

P(x) = (JR*(1-R)"™~ (4.1)
(Z) - x!(rrllix)! (4'2)
Ry = Y=k P(x) (4.3)

according to the network architecture described in Figure 6.9. The results of this
study can then be used to determine the relative benefits gained through adding
redundancy methods as presented in case studies 2 and 3 within sections 6.3 and 6.4.
As in previous studies, a T-R graph may be plotted to help visualise the results of

each contingency scenario.
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From inspection of the network schematic shown in Figure 6.9, it can be seen that the

reliability of the GSC section can be expressed as a series reliability calculation:
Rgsc = RgRrR3py RcacRp. (6.7)

Similarly, to the NASA Hybrid network, the inclusion of the AC cable term is
dependent on the location of the generator with regards to the bus. All studies within
this thesis however will include this term. Additionally, the reliability of the MF

section of network can be expressed as:

Ryr = ReacRspusRuRp. (6.8)

Finally through observation it can be determined that as with the other two designs

that the reliability of each of the 4 network subsections can be described as:
Rss = RGSCRIA\L/IF (6.9)

Using the component values from Table 6.2, the specific SS, MF and GSC reliability

values (assuming all components are operating as desired) can be shown to be:
Rgsc=0.421949 Ruyr=0.569664 Rss=0.044436

Through repeating the calculation process for a single GSC connected to an
increasing number of n parallel connected MFs, it is possible to evaluate the
reliability of power provision for a single SS and hence the full network operating at
both full and partial power. The output of this exercise is detailed in Table 6.9 for the
case where 100 % successful operation is desired and in Table 6.10 for the case
where at least 50 % propulsive power is desirable. The results of a further study are
presented within Table 6.11 to show how the reliability of the network changes as

more components are added.

In this first study to evaluate the reliability for 100 % operation, the network is built
up from a single GSC and single associated MF to 4 GSC all with four associated
and parallel connected MF as in the baseline design of Figure 6.9. The number, £,
MFs, required to operate in each case is given by k=n and n is increased
incrementally from one to four. In the case of the GSC n is fixed at 1 for each SS.

The results of this analysis are shown in Table 6.9.
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Table 6.9 Probability of 100 % operation of the Rolls Royce and Airbus concept aircraft

Number of MF Number of GSC
per GSC 1 2 3 4
1 0.240369 0.057777 0.013888 0.003338
2 0.13693 0.01875 0.002567 0.000352
3 0.078004 0.006085 0.000475 3.7022x107
4 0.044436 0.001975 8.77x10” 3.8989x10°

Table 6.9 shows that, as in the previous baseline configurations, as the number of MF
and GSC in the network increases the probability of all operating correctly decreases.
Comparing Table 6.9 to both Table 6.3 and Table 6.6 also shows that this is the most
reliable network of the three, operating 4.48 times more reliably than the next most
reliable network, the NASA Hybrid network, when operating with 4 SS and 4
connected MF in each. The Rolls-Royce and Airbus network reliability is not as high
as the Hybrid network for the case where there is only a single MF connected in each
of the network SS. The probability of successful supply from one MF and one GSC
is only 92.9 % that of the corresponding case in the NASA Hybrid network,
decreasing to only 74.4 % of the reliability for the case of four SS each with one MF.
In every other configuration, where there is two or more MF per SS, this network is
the most reliable of the three. Additionally it is clear from the data that as with the
other two configurations that with each additional MF per SS the reliability of the
system drops significantly. This decrease is between 0.5 - 1 order of magnitude for
the addition of the 2™ feeder and up to around 3 orders of magnitude for the addition

of the fourth feeder (in the case of four parallel SS).

The next data to be calculated from this part of this case study example is the
probability of the network being able to supply at least 50 % of the installed power
successfully, the level of power required for safe rolling take-off. The first part of the
analysis is shown in Table 6.10, and assumes that all GSCs must be operational and
studies only the effect of failed MFs in the successful supply of power. In the case
where there are 3 MF connected to a single GSC this study rounds the required

number of operational MF up, that is k=2-out-of-n. This analysis assumes that each
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GSC is directly connected to a maximum of four MFs and that the network has again

been extrapolated to four parallel SS to allow the results to be directly compared.

Table 6.10 Probability of Operation of at least 50 % of the Airbus and Rolls-Royce network

Number of GSC
Number of MF per GSC
1 2 3 4
2 0.206879 | 0.042799 | 0.008854 | 0.001832
3 0.254781 | 0.064913 | 0.016539 | 0.004214
4 0.330855 | 0.109465 | 0.036217 | 0.011983

Table 6.10 shows, as expected, that in all cases the network can supply a minimum
of 50 % of the available power with a significantly higher reliability than it can
supply 100 % power and also significantly, in all cases at a lesser reliability than the
Hybrid network. In the 50 % power case and a network configuration of one GSC
and tow associated MFs the power can be supplied 1.43 times more reliably than the
100 % operation case. More importantly however, in the configuration of four GSC
each with four associated MF the network can provide at least the minimum level of
power for a safe rolling take off with a reliability which is greater than the 100 %

power case by over 3000 times.

The second part of the supply of at least 50 % power study considers the effect of not
only failed MF but of the potential failure of GSC on the ability of the network to
supply at least 50 % power. In this study, at least k = 2-out-of-4 SS have to be
successfully operational in order for the network to supply the required power. The
probability of the network operating to these criteria is 0.011157 (based on the Rgs
value above), 432.24 times greater than the value for the equivalent operating criteria
for the N3-X and 2.08 times greater than the NASA Hybrid network. The probability
of successfully supplying at least 50 % propulsive power in this case is 0.93 times
that of only considering MF failures from Table 6.10, showing that in this case the
most reliable way of providing 50 % power is with all GSC supplying power and
only half of the network MF available.
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For the final case of this study, the reliability of the system when at least one MF per
GSC or SS is required to operate is examined. In addition to showing the ability of
the network to successfully transmit power, Table 6.9 and Table 6.10 further show
that the probability of at least 50 % and 100 % of the MF operating at any one time
decreases with an increasing number connected to each SS as in the previous two

cases.

Again to highlight the benefits of using a greater number of total connected
propulsors, the final Rolls-Royce and Airbus baseline network study investigates the
reliability of the network when, for the MF section, £~ 1 (the number of MFs
required to operate must be at least one). For fixed values of Rgsc and Ry,
increasing the number of MF connected to the bus should increase the overall
reliability of supply. As this is not clearly demonstrated in either Table 6.9 or Table
6.10, the k-out-of-n method is utilised to show how the probability of supply for the
scenario where 1<k<n for the MF section can be affected by the increase in the total
number of connected MFs. The results of this study are presented in Table 6.11
where the probability of achieving at least k =/-out-of-n for the MF section is shown,

again, with the results for the extrapolated network.

Table 6.11 Probability of at least one MF per GSC operating for the Airbus and Rolls-Royce network

Number of MF Number of GSC
per GSC 1 2 3 4
2 0.343808 0.118204 0.04064 0.013972
3 0.388322 0.150794 0.058557 0.022739
4 0.407478 0.166038 0.067657 0.027569

As with the corresponding study undertaken for both the N3-X and the Hybrid
network Table 6.11 shows that the probability of at least one MF operating increases
with every additional MF added to each bus. Further. in line with the results of the
previous two architectures the incremental benefits diminish with each addition and
will continue to improve the reliability of power supply for the system but will be
limited by the reliability of the GSC unless additional parallel GSC are added in the

same manner as the MF. As the GSC and bank of MF are connected in a series
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manner, a low reliability value from either could pose a significant reduction in the
overall probability of successful supply through the network. In this particular study,
where Rgsc = 0.421949 any benefit resulting from increasing the number of MF, in

keeping with the results of the two previous architectures, is scaled by this value.

Once the reliability data has been tabulated for each of the network operation
scenarios, T-R diagrams can hence be created, illustratively showing the reliability
and power trades and how these change with each set of operational constraints
placed upon the network. The T-R graph of Figure 6.10 corresponds to the results
shown in Table 6.9. This graph shows that the reliability is greatest when fewer SS
are present within the network and decreases dramatically for each additional MF or
GSC added. Higher reliability levels are obtainable with fewer connected MF per
GSC as shown by the data in Table 6.9.

Probability of achieving 100 % operation of the Rolls-Royce and Airbus network
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Figure 6.10 T-R Graph showing the probability of 100 % operation of Rolls-Royce and Airbus
TeDP network

Figure 6.10 shows how the reliability values for this case have a far greater
magnitude at all points and hence comparable network configurations than in the N3-
X case. However in terms of the NASA Hybrid case while the worst case reliability
for each connected GSC is a greater value, the best case for each GSC is

approximately the same. Similarly to the NASA Hybrid case, the reduction in
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reliability with each additional MF per GSC increases with the number of GSC and
hence SS within the network. This trend can also be seen in Figure 6.11 for the

probability of the network being able to supply at least 50 % of installed propulsive

power.
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Figure 6.11 T-R Graph Showing the Probability of at least 50 % Operation of Rolls-Royce and Airbus
TeDP Network

The T-R graph of Figure 6.11 illustrates the data provided within Table 6.10. In the
case for supplying only 50 % of installed power, the reliability of the baseline
network increases due to the lesser number of individual components which are
required to be operational for the operating criteria to be fulfilled. Similar to the other
networks, the decrease in reliability with each additional MF increases and in this
network this decrease in reliability is not as severe as in the NASA Hybrid or the N3-
X equivalent network. In comparison with the T-R profile for 100 % operation of this
network, the worst case reliability for this 50 % case is visibly greater than the 100 %

operation.

Figure 6.12 shows the T-R graph of the final part of the core Rolls-Royce and Airbus
architecture analysis, presented in Table 6.11 where only one MF per GSC or SS

need be operational for the network operating criteria to be fulfilled.
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Probability of at least 1 MF operational per GSC in the Rolls-Royce and Airbus baseline network
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Figure 6.12 T-R graph showing the probability of at least one operational MF on the Rolls-Royce and
Airbus TeDP network

Figure 6.12 shows the network reliability increases as the criteria for the required
number of operational components decreases. As with the other networks the
reliability value achievable by each T-R profile is increased through each additional
MF with a worst case achievable reliability in the four GSC four MF case similar to
results possible with only tree GSC in the 50 % operation case. This is significant as
it shows a net improvement effect in the network reliability when increasing the
number of network components required to construct the baseline network providing

enough power for take-off.

This analysis has provided the baseline figures which will be used for the subsequent
studies for comparison. As with the other networks the configuration with 4 SS each
exhibiting one GSC and four MF and their associated network reliability value will
be used to compare against the further network studies in sections 6.3, 6.4 and 6.7,
where additional redundancy and enhanced individual reliability values will be

examined.
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6.2 Summary of the Baseline Studies

Through observation of the data gathered within the tables presented in section 6.1,
conclusions can be drawn over which of the network architectures yield the greatest
baseline reliability. The network configuration of the most interest is that where the
network consists of 4 SS, 4 GSC and 16 MF as in the reviewed N3-X and NASA
Hybrid baseline configurations and the extrapolated Rolls-Royce and Airbus baseline
configuration. In terms of network reliability when operating with all installed
components functioning as desired, the Rolls- Royce and Airbus network performs
best with the greatest level of observed reliability 4.47 times greater than the Hybrid
network and 2.1x10° times greater than the N3-X. When considering the network’s
ability to provide at least 50 % of the installed power, the Hybrid network performs
the best exhibiting a reliability 1.34 times greater than the Rolls — Royce and Airbus
network and 727.21 times greater than the N3-X architecture. It should be noted that
due to the considerably fewer components present on the Rolls-Royce and Airbus
original network design this network compares the most favourably of all the
considered networks. This has a reliability which is greater by 506.55 times over the
extrapolated Rolls — Royce and Airbus network in the 100 % operation case, 6.89
times greater than the NASA Hybrid network in the 50 % case and when only one
MF is required to operate, performs over 500 times greater in reliability terms than

the N3-X network.

The results show that more reliable, partial operation can be achieved with larger
numbers of GSCs and MFs, however with a significant weight penalty attached.
Each additional generator or other component, especially power electronic devices
[23] added to the network results in a significant amount of undesired weight to the
system. Whereas it may be desirable to increase the number of additional GSC’s or
MF’s until there is no observable change to reliability, the weight penalties of each
additional section must be carefully considered, in a separate, additional study.
Through the use of a small number of electrical machines, overrated to provide
excess power to the network, a better power density could be attainable than through

using a larger number of lower rated generators [128].
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The results of the three baseline studies are compared in the T-R graph of Figure
6.13. This graph displays results for the three networks for the case where each
network consists of a total 4 SS and 16 MF. Each separate level of power provision

has an individual marker as outlined within the legend.
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Figure 6.13 Comparison of Three Baseline TeDP Networks

Figure 6.13 confirms the results of the case studies and would show that the Rolls —
Royce and Airbus network can supply 100 % of installed power at the greatest
reliability, however the Hybrid Network exhibits the greatest reliability for provision
of 50 % of installed power. The graph illustrates with consummate clarity, that after
all analysis has been undertaken, that of the three considered networks that the N3-X
configuration clearly provides all considered power levels at the lowest reliability of
all the networks.

The subsequent studies within this chapter will investigate the effect to the baseline
values derived within this section through using a number of redundancy features
and through altering individual reliability values of select components. Additional,
parallel connected additional feeders will be added in the GSC as well as the MF
sections of network and bus ties will be considered to allow power to be routed from

one GSC to the MF of another SS. The new reliability values will be recorded and
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comparisons made to determine which redundancy method offers the greatest

increase in network reliability for all three networks.

6.3 Case Study 2: Examining the Effect of Adding Bus
Ties to a TeDP Network to enhance Reliability

Bus ties may be used within a TeDP network to enhance reliability through linking
adjacent SS through their bus and allowing power generated in the generator of one
SS to be routed to the MF of another SS. Each bus tie consists of either an AC or DC
breaker (as described by Table 6.2) depending on the network architecture and links
the bus of adjacent network SS. Through linking network SS in such a manner, the
effects of generator failures may be mitigated as described within the Contingency

Scenarios section 4.7.2 in Chapter 4.

This study will look at the effects to network reliability through adding bus ties
between each bus and the bus directly adjacent. In the case where there are two
busses at opposite ends of the network an additional tie will be added to link these
busses creating a ring type network. The study will consider the use of four ties for
each network except for the original, non-extrapolated Rolls — Royce and Airbus
network where only a single tie is considered, tabulating the results in Table 6.12.
This case study is completed with a round-up of the results determining which
network performs the best in terms of reliability using this redundancy method. A T-
R graph showing a performance comparison between all three networks will be
provided for visual analysis. These results are then compared with the respective
baseline equivalents to determine the benefit to reliability of this reliability

enhancement method.

This study will examine the ability of each of the networks to provide at least 50 %
of total installed electrical power. In this case that requires k> 2-out-of-4 GSC to be
operational as well as at least 8-out-of-16 installed MF. Additionally to this at least
3-out-of-4 of the 4 installed bus ties must be operational combined with 4-out-of-4

electrical busses. When operating under these explicit outlined conditions, the bus
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and bus tie section becomes a single modular section resulting in a singular network
SS. The parallel connected GSC sections may be considered a singular modular
section connected in series to the Bus and tie section which is in turn connected in

series to a singular modular MF section.

In order to conduct the study, the equations for the GSC are altered slightly from the
baseline equations presented in section 6.1. In each case the bus component is
removed from the GSC equation as regardless of the operating status of the rest of
the GSC, if there is a fault or a failure within the bus then the power cannot be routed
through the tie. For each of the three considered networks in this section a new Rgsc
term will be derived based on the removal of the bus term. A separate term for the

bus tie Rpr, inclusive of the bus will also be derived.

In the case of the N3-X network, the bus ties may be added in the manner as shown

in Figure 6.14.
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Figure 6.14 N3-X architecture with added bus ties

Figure 6.14 shows that the bus ties are added into the DC distribution section of the
network and therefore the bus tie will be comprised of a DC breaker. The GSC

equation as presented in equation 6.1 becomes:

RGSC = RGRFRZ:%PHBRCACRSZ‘FCLRCONRLZDCBRCDC (610)

This equation remains otherwise unaltered compared with 6.1 after the removal of

the bus term. The bus tie equation becomes:

Rpr = RpRpcp (6.11)
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The DC breaker of each tie exhibits a reliability value as shown in Table 6.2 for
component Rpcp. The second of the considered networks, the NASA Hybrid network

with the added bus ties is shown in Figure 6.15.
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Figure 6.15 NASA Hybrid network with bus tie redundancy

3

0
L
PUR

For this network it can be seen that the bus ties exist in the AC side of the network
and as such the ties will consist of an AC breaker. Removing the bus term from

equation 6.4 provides a new equation for the GSC:
Rgsc = RgRrRcac (6.12)

Equation 6.12 now contains only the first four terms of equation 6.4 and is otherwise

unchanged apart from the removal of the bus term.
Rpr = RpR3py (6.13)

As mentioned, the bus ties exist in the AC section of the network and as such the AC
breaker will take the reliability value defined in Table 6.2. As in the baseline studies,
the Rolls-Royce and Airbus network is analysed twice — once as the network was
intended and again with the additional analysis to provide a comparison with the
other two networks. The bus tie in conjunction with the baseline two SS network is

shown in Figure 6.16.
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Figure 6.16 Rolls-Royce and Airbus two SS TeDP network

Figure 6.16 shows how the two halves of the network may be joined through the use
of a bus tie. This is the concept which was presented in [23], however for the
purposes of fair comparison is analysed next to the other two networks when
considering added bus tie redundancy. When extrapolated as in the baseline

considerations, the network is shown in Figure 6.17.
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Figure 6.17 Rolls-Royce and Airbus TeDP network extended to 4 SS

As can be seen in Figure 6.17, when the network is extrapolated to include four buses
it can also accommodate up to four bus ties. Removing the bus term from equation

6.7 to incorporate the use of bus ties yields:
Rgsc = RgRrRspupRcac (6.14)

The bus ties, similar to the NASA Hybris Network, connect on the AC side and
therefore the reliability for the bus tie in this network is considered as the reliability

of the AC breaker or R3pyg component:

Rpr = RgR3pup (6.15)
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Once equations 6.10 to 6.15 have been derived, analysis of each of the three
networks using the component reliability values presented in Table 6.2 yields the

values presented within Table 6.12.

Table 6.12 Network reliability when using bus tie redundancy

Baseline
Network Reliability Improvement
Reliability Factor
N3-X 0.01419036 2.18562x10” 649.260
NASA Hybrid 0.318810 0.015894 20.059
Rolls-Royce Airbus
0.411041 0.109465 3.755
2SS '
Rolls-Royce Airbus
0.345753 0.011983
4SS 28.854

Table 6.12 shows the probability of successful supply of power from at least 50 % of
the connected network MFs. Table 6.12 shows that through using four bus ties within
the network to link the SS, the exhibited reliability can be grossly enhanced from the
baseline values. The network which sees the greatest improvement over the baseline
network is the N3-X where the reliability has improved by 649.26 times. Conversely,
the network that sees the smallest increase in reliability is the 2 SS Airbus and Rolls-
Royce network however of the 4 SS networks the smallest increase in reliability is
attributed to the NASA hybrid network with only a 20.06 times improvement. Unlike
the results presented within the baseline studies, the network which can provide at
least 50 % of the installed power with the greatest reliability is now the Rolls-Royce
and Airbus network which exhibits a reliability of 0.345753 and is 1.08 times greater
than the next most reliable network, the NASA hybrid network. While the 2 SS
Rolls-Royce and Airbus network is on face the most reliable of the networks, this is
only supplying half the power of the other three. As the initial reliability of the bus
tie was large the overall increase in network reliability was high; selecting a lower
initial reliability value for the bus tie would reduce the benefits of this redundancy

method proportional to the decrease in initial reliability.
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6.3.1 Conclusions From Bus Tie Study

From this study it can be seen that the reliability of all networks significantly
increases through the use of bus ties. This redundancy method provides the greatest
increase of reliability to the N3-X network where the new reliability is 649026 times
larger than that of the baseline. Conversely, the network where this redundancy
method has the least impact is in the original Rolls-Royce and Airbus network where
reliability is only increased by a still welcome 3.755 times. Although the reliability
of the N3-X network is increased the most, the overall reliability is still 0.041042
times that of the Rolls-Royce and Airbus network and only 0.04451 times that of the
Hybrid network. This information was then synthesised to create the T-R graph

shown in Figure 6.18.
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Figure 6.18 T-R graph of three Analysed networks using additional Bus Ties

The graph of Figure 6.18 shows like as before, the reliability of the N3-X
architecture is significantly lower than in the other cases. Out of the three 4 parallel
SS networks, the Rolls-Royce and airbus network can now achieve a greater

reliability than the Hybrid network when supplying at least 50 % of the installed
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power and that all of the networks can now supply this level of power at a much

improved reliability.

6.4 Case Study 3: Using Parallel Redundant Feeders to
Enhance Network Reliability

In addition to using bus ties to increase network reliability, redundant parallel feeders
may also be used. The additional feeders make use of the existing generation
capabilities within the network, enabling faulted areas to be isolated and power to be
rerouted around these areas and delivered to un-faulted areas without the need for
additional heavy generators or motors. This network redundancy method does not
introduce additional power electronic devices and as such keeps additional weight
penalties to a minimum; isolators and breakers introduce the biggest weight
penalties. Superconducting tapes are likely to be thin and lightweight and hence are

not expected to make a significant increase to the overall weight of the aircraft.

The case studies in this section build upon the baseline networks as before and take
three separate parts: the first will examine the effect to network reliability of adding
in parallel feeders in the MF section (MFP). The second case will determine what
effect the addition of parallel GSCs (GSCP) has to the network and the final study
will determine the effect to reliability of adding both sets of parallel feeders at once.
In this study, each propulsion bus is directly connected to each of the motors and
propulsors, resulting in a total of 64 parallel feeders in the MF section alone. The
network of Figure 6.19 for example only shows two connections from each of the
bus ports, mainly for schematic clarity; however there will be four connections from
each port in the case study analysis, totalling 64 connections for the 4 busses. While
these additional interconnections help to increase the reliability of the individual
networks, they also increase the network complexity, potentially resulting in

undesirable effects, especially for network fault detection and isolation.

In order to conduct the study, the equations for the GSC and MF are altered from

those presented in Case Study 1 for the baseline networks. An additional bus term is
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added to the MF equation section to allow for de-multiplexed connections from
multiple parallel connected feeders, MFP. This is done in the same manner as in [49].
The original MF term is replaced with two new terms, MF1 and MFP. The MF1 term
contains those components which do not form a parallel feeder (such as the motor)
and the MFP term which represents the de-multiplexed connections from all the

other busses, consisting of a number of cables and breakers.

Similarly for the GSC section of the networks, the GSC equation is split into two
parts: GSC1, the section which is not multiplexed into redundant feeders and the
GSCP section, constituting the redundant parallel feeders. As with the MF and MFP
the GSCP is connected to the GSCI1 through a connection bus which is included
within the GSC1 equation.

This study will examine the ability of each of the networks to provide at least 50 %
of total installed electrical power with the relevant parallel feeders in place. In this
case that requires all GSC1 to be operational as well as at least 8-out-of-16 installed
MF1. Additionally to this at least 1-out-of-4 of the GSCP and MFP must be
operational for the network to satisfactorily supply the 50 % of installed thrust. This
study could alternatively be conducted in the same manner however considering the
case for only 2-out-of-4 operational GSC1 supplying the minimum required 50 %

power to a subset of connected MF1.

This section will conclude with a roundup of results including a T-R graph where the
reliability of the architectures after the addition of the parallel feeders will be

compared between networks.

6.4.1 Using MFP to Increase the Baseline Network Reliability

The first of the considered cases analyses network reliability when a combination of
MFP and MF1 are connected within the original MF section. In the case of the N3-X
the parallel feeders are added between the bus and the DC to AC motor drive; the

network diagram of Figure 6.19 shows how these connections may be made.
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Figure 6.19 N3-X Using redundant parallel feeders in MF section to increase reliability

Figure 6.19 is a simplified network diagram showing the principle of how the MFP
may be connected to the network to improve reliability. The diagram shows the
original connection as in the baseline study (solid line) and additional connections to a
second set of motors through the system of parallel feeders (dotted lines), the diagram
also shows how the network complexity quickly builds up as the number of parallel
feeders increases. The summarised diagram only shows 2 connections per bus port
connecting to the MF1 however each port can have a maximum of four such
connections. Using the data provided in Table 6.2 the equation for the N3-X parallel

feeder section can be defined as:

EIT\I/IFP = RIZJCB'RCDC (6.16)

Where # is indicative of the number of parallel feeders from the available SS and in
this case n=4. Each of the parallel feeders is then connected to the motor through a
second bus [49] and a number of components (MF1) which do not form part of the

parallel connection. This section of the network can be described by:
RMF S RB'RACD'R3PHB'RM'RP (617)

These two equations can then be resolved (multiplied) together in the same manner as
was used within section 6.1.1 for the baseline N3-X study to determine the reliability

of'a 4 SS network providing 50 % of installed power.
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Similarly for the NASA Hybrid Network the equations are based on the principles of

the connections used in the summarised network diagram of Figure 6.20
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Figure 6.20 NASA Hybrid network using only parallel MF feeders to increase reliability

It can be seen from Figure 6.20 that the MFP sections begin at the bus and are then
joined to the MF1 section at the DC/AC convertor. The new equation for the MFP

section therefore becomes:
(6.18)

DN —
RMFP - RCAC

Where again n=4. The new equation for the network MF1section includes a bus to

allow the de-multiplexed connection of the parallel feeders and becomes

Ryr1 = Rp-Rcon-Racp-Ru-Rp (6.19)

Finally, the network diagram for the extrapolated four SS Rolls-Royce and Airbus

Network is presented in Figure 6.21:
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Figure 6.21 Rolls - Royce and Airbus network using additional parallel MF to increase reliability

Again the diagram only shows two out of the total four parallel feeders which are
considered in this study. As this network has no power electronics sections, the
parallel aspect of the feeder only consists of an AC cable and breaker. The new

equation for the parallel MFP becomes:

Elr\l/IFP = Rcac-R3pup (6.20)
And the MF1 equation becomes:

Ryr = Rg.Ry.Rp (6.21)

Through substitution of #=4 and the values presented in Table 6.2 into equations 6.16
to 6.21 and resolving each of the equations using a four SS network with 16 MF1
(where k>8) and each MF1 has 4 associated MFP Table 6.13 is produced for the
provision of at least 50 % installed power. In the case of the original two SS Rolls-
Royce and Airbus network, there are only eight MF1 sections and each has only two
MFP of which £ >1 to supply at least 50 % installed power. Table 6.13 is shown

below.
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Table 6.13 Network reliability when using four parallel MFP per MF1 and supplying at least 50 %

power
Baseline I
pere mprovement
Network Reliability for | pejiability (50
AMFP perSS | o, power) Factor
N3-X 0.000170 2.18562x107 7.778
NASA Hybrid 0.020855 0.015894 1.312
Rolls-Royce
0.150861 0.109465 1.378
and Airbus 2 SS
Rolls Royce and
. 0.026025 0.011983 2.172
Airbus 4 SS

Table 6.13 shows that the biggest increase to reliability is exhibited within the N3-X
network is 7.778 times greater than in the baseline study. It is also apparent that as
before the NASA Hybrid Network is least affected in terms of reliability by the
inclusion of parallel feeders. The increase in reliability over the baseline for this
network is 1.312 times. Finally, the table also shows that the most reliable of the
three four SS networks is once again the Rolls-Royce and Airbus network where the
reliability is 2.172 times greater than the baseline and 1.248 times greater than the
next most reliable network, the NASA Hybrid network.

Not only may parallel feeders be added in the MF side of the network, they may also
be added within the GSC side of the network as well. This analysis is shown in

section 6.4.2.
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6.4.2 Redundant Feeders in the GSC side of the Network

Again the same analysis can be undertaken within the generator side of the network.
In the case of the N3-X network the parallel feeders are added in after the AC/DC

convertor and extend to the bus as shown in Figure 6.22.
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Figure 6.22 N3-X network utilising additional parallel GSCP to enhance reliability

Figure 6.22 shows how the GSCP sections are added in to the network and how each
bus is linked to each generator and GSC1 section. It can also be seen that when the
maximum number of these connections are made there are only % of the number of
additional MFP connections which could be made resulting in a lesser penalty in

terms of network complexity. The GSCP equation can be expressed as:

ﬁcr;lscp = RSFCLRI%CBRCDC (6.22)
And the new GSC1 can be expressed as:
Resc1 = RgRpR3pusRcacRsreLRconRE  (6.23)

The same analysis can be undertaken on the NASA Hybrid network where the
parallel feeders are added at the connection to the generator and EEC unit as shown

in Figure 6.23.
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Figure 6.23 NASA Hybrid network using GSCP for enhanced reliability

Figure 6.23 shows how a three phase connection is made from the generator to the

three phase network bus. This results in a GSCP term which is inclusive of only a

three phase cable. The GSCP equation can therefore be stated as:

DN —
RGSCP - RCAC

(6.24)

As in the MFP study, n is equal to the number of parallel feeders in each SS and in

this case n=4. The new GSCI1 can be expressed as:

Reser = RGRFRL%?

(6.25)

Finally the Rolls — Royce and Airbus network may be redrawn as shown in Figure

6.24:
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Figure 6.24 Rolls - Royce and Airbus network utilising redundant parallel GSCP

In this case the GSCP are added like in the NASA Hybrid network only with the
addition of a three phase breaker. The GSCP equation can be shown to be:

ﬁgsc = RpceReac (6.26)

As this network will be analysed twice — once for the original network of [23] and
again for the extrapolated network, n will take on two values: for the two SS network

n=2 and for the four SS network n=4. The equation for GSC1 can be expressed as:
Rgsc1 = RGRFRé (6.27)

Undertaking analysis for a four SS network utilising four GSCP per SS and where for
the GSCP section k>1 must be operational and using the original MF equations from
the baseline networks yields Table 6.14. Through substitution of n=4 and the values
presented in Table 6.2 into equations 6.22 to 6.27 and resolving each of the equations
using a 4 SS network with 16 MF (where k>8) and each GSC1 has 4 associated GSCP
Table 6.14 is produced for the provision of at least 50 % installed power. In the case
of the original two SS Rolls-Royce and Airbus network, there are only eight GSC1
sections and each has only two GSCP of which & >1 to supply at least 50 % installed

power. Table 6.14 is shown below.
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Table 6.14 Network reliability using 4 parallel GSCP sections

Baseline I
R . mprovement
Network Reliability Using 4 | Rejiapility (50 % -
Redundant GSCP Power) Ratio
N3-X 0.000123 2.18562x107 5.628
NASA Hybrid 0.020461 0.015894 1.287
Rolls-Royce and
. 0.167966 0.109465 1.534
Airbus 2 SS
Rolls-Royce and
0.036939 0.011983 3.083
Airbus 4 SS

The results of Table 6.14 show both the reliability achievable for each network
through using parallel GSCP sections as well as the associated baseline value for that
network in order to meet 50 % power requirements. For clarity an additional column
is added to the table showing the improvement to reliability over the baseline value.
From the resultant values it can be seen that the biggest increase in reliability still
occurs in the N3-X network where the reliability with the GSCP sections is now
5.627 times greater than the baseline. Similarly the network which is least effected
by the addition of GSCP is again the NASA Hybrid network where the reliability is
only 1.287 times greater than the baseline value. The table also shows that the most
reliable of the three 4 SS networks is once again the Rolls-Royce and Airbus network
where the reliability is 1.81 times greater than the next most reliable, the NASA
Hybrid network.

As a result of the way each of the networks are constructed, both the N3-X and the
NASA Hybrid network have a greater increase in reliability when using only MFP
sections compared to the reliability using the GSCP sections 0.7247 and 0.9811
times that of the MFP analysis respectively. The Rolls-Royce and Airbus

configuration however experiences a greater increase to reliability when only using
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GSCP sections with an increase of 1.11 times for the 4 SS network. In order to
determine the advantages of using both parallel MFP and GSCP sections within the
network, the analysis of sections 6.4.1 and 6.4.2 is repeated within a single network

and is shown in 6.4.3.

6.4.3 Parallel Feeders Case Study Using both GSCP and MFP

This part of the study uses the equations as derived within the first two sections of
this case study (6.4.1 and 6.4.2) however considers the use of both of the additional

redundant pathways within the same network.

The network diagram for the N3-X network using both sets of parallel feeders is

shown in Figure 6.25.
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Figure 6.25 N3-X network utilising both parallel GSCP and MFP

<

Figure 6.25 is used in conjunction with equations 6.16 and 6.17 for the MF1 and
MFP as well as equations 6.22 and 6.23 for the GSCP and GSCI1. Again for this
analysis: n in both cases is set to equal four. The network diagram for the NASA

Hybrid network using the same parallel feeders is shown in Figure 6.26:
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Figure 6.26 NASA Hybrid network using both MFP and GSCP redundant

sections

Equations 6.18 and 6.19 for the MFP and MF1 as well as 6.24 and 6.25 for the GSCP
and GSCI1 are used in conjunction with Figure 6.26 with a value for n of 4. The
Rolls-Royce and Airbus network is shown in Figure 6.27.

Figure 6.27 Rolls-Royce and Airbus Network Using both MFP and GSCP

Finally Figure 6.27 was used in conjunction with equations 6.20 and 6.21 for the
MFP and MF1 as well as 6.26 and 6.27 for the GSCP and GSCI1. Again for this
analysis n=4. This study is undertaken for the networks as in the two previous
sections: for the four SS networks each exhibiting four MFP and four GSC per
corresponding MF1 and GSC1 within each SS. The results of this study are shown in
Table 6.15.
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Table 6.15 Network reliability when using both 4 GSCP and 4 MFP

Baseline I
R . mprovement
Network Reliability Using | peliability (50 % .
GSCP and MFP Power) Ratio
N3-X 0.00096 2.18562x107 43.923
NASA Hybrid 0.026847 0.015894 1.689
Rolls-Royce and
. 0.227903 0.109465 2.082
Airbus 2 SS
Rolls-Royce and
0.080229 0.011983 6.695
Airbus 4 SS

The results of Table 6.15 show both the reliability achievable for each network
through using parallel GSCP and MFP sections as well as the associated baseline
value for that network. The table also provides the ratio of the associated increase.
From the resultant values it can be seen that the biggest increase in reliability still
occurs in the N3-X network where the reliability with both parallel feeder types is
now 43.92 times greater than the baseline, approximately the product of the
individual gains in reliability. Similarly the network reliability which is least effected
by the addition of both sets of parallel feeders is again the NASA Hybrid network
where the reliability is only 1.689 times greater than the baseline value. The table
also shows that the most reliable of the three four SS networks is once again the
Rolls-Royce and Airbus network where the reliability is 2.988 times greater than the
next most reliable, the NASA Hybrid network for this study.
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6.4.4 Summary of the Parallel Redundant Feeders Case Study

From this study it can be seen that the reliability of all networks is increased through
using parallel feeders with gains enhanced through using both feeder types to achieve
an even greater reliability value for each network. These studies have shown that the
parallel feeder type that affects the reliability of the network most is different
between the networks: for the N3-X and the NASA Hybrid network, the MFP
implementation is the most successful at enhancing reliability and for the Rolls-

Royce networks the GSCP approach is the most effective.

This redundancy method again provides the greatest increase of reliability to the N3-
X network where the new reliability is 43.92 times larger than that of the baseline.
Conversely, the network where this redundancy method has the least impact is in the
NASA Hybrid network where reliability has only increased by 1.689 times. Although
the reliability of the N3-X network is increased the most, the overall reliability when
using both sets of feeders is still only 0.03576 times that of the Rolls-Royce and
Airbus network and only 0.011966 times that of the Hybrid network. This

information is used to create the T-R graph shown in Figure 6.28.

Reliability Comparison when using Parallel Feeders and supplying at least 50 % Power
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Figure 6.28 T-R graph for parallel feeders studies
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The graph of Figure 6.28 shows like as before, the reliability of the N3-X
architecture is significantly lower than in the other cases. Out of the three 4 parallel
SS networks, the Rolls-Royce and airbus network can now achieve a significantly
greater reliability than the Hybrid network when supplying at least 50 % of the
installed power and that all of the networks can now supply this level of power at a
much improved reliability. The T-R graph also verifies that significant reliability
enhancements can be made through using a combination of both types of parallel

feeder within the same network.

6.5 Summary of Added Redundancy Case Study
Findings

Through undertaking a number of Case Studies the following observations can be
made about the three considered networks, the N3-X, NASA AC/DC Hybrid and the
Rolls-Royce and Airbus Network as well as the redundancy methods employed to
enhance network reliability. Of the three considered networks, the N3-X has the
lowest observed reliability score at both the baseline and in every additional
redundancy configuration due to the greatest number of components which combine
to create the network. In terms of baseline network reliability when operating with all
installed components functioning as desired, the extrapolated 4 SS Rolls- Royce and
Airbus network performs with the greatest level of observed reliability, 4.47 times
greater than the NASA Hybrid network and 2.1x10° times greater than the N3-X.
Conversely, when considering the networks ability to provide at least 50 % of the
installed power, the NASA Hybrid network performs the best exhibiting a reliability
1.34 times greater than the Rolls-Royce and Airbus network and 727.21 times greater
than the N3-X architecture.

When considering the added redundancy methods, the method which affords the
greatest level of reliability when the operating constraint is to provide at least 50 %
of installed power is the bus tie method. This is shown in the T-R graph of Error!
Reference source not found. which shows all the redundancy methods considered
within Case Studies 1, 2 and 3. Additionally, the network with the largest percentage

increase from baseline 50 % provision of power case is the N3-X. This observation
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holds true for all considered redundancy methods. When considering the parallel
feeder redundancy, the N3-X and NASA Hybrid networks both have a greater
increase to reliability when operating using the MFP sections; the Rolls-Royce and
Airbus variant performs better using the GSCP and is the most reliable of all the

networks considered in these parallel feeder case studies.

A comparison of all the results from case studies examining the ability of all
considered networks to provide at least 50 % installed thrust is presented in the T-R
graph of Figure 6.29 below. This graph compares network operation of the Baseline
configuration as well as when operating with bus ties, MFP, GSCP and finally when
using both MFP and GSCP.

Comparison of network baseline reliability and reliability when using the different presented redundancy measures
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Figure 6.29 Comparison of redundancy methods when supplying at least 50 % of installed power

Figure 6.29 shows the reliability performance for all the four SS networks as well as
the 2 SS Rolls — Royce and Airbus network. The T-R graph shows that in all cases
the bus tie redundancy method clearly increases reliability more than any parallel
feeder method. It also shows that in the case of the NASA Hybrid network all
parallel feeder methods afford a similar level of increase to reliability from the
baseline which in turn does not provide a significant increase over the baseline
network. It should be seriously considered if increases to network reliability when

using this redundancy method outweigh the significant weight penalties incurred.
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6.6 Case Study 4: Investigating the Effects to Reliability

of a Common Protection System

The reliability analysis conducted within sections 6.1 to 6.5 showed that the N3-X
network results were systematically the least reliable of the three networks, due in
part to the large number of additional components over the other two architectures.
Using the baseline results and comparing to the far more reliable performance of the
joint Rolls-Royce and Airbus network and the NASA Hybrid network, one of the key
differences between these network architectures lies in the approach each group has
taken towards protecting against the effects of large electrical fault currents within
their architecture. While the Rolls-Royce and Airbus network uses isolators, the N3-
X uses both isolators and SCFCL’s yet in the hybrid network there is no dedicated
protection system. All networks however use self-quenching properties, i.e. the cable
resistance dramatically increases if the cable current surpasses a critical level and
thereby is a self-current limit of the superconducting cables to provide a level of
power system protection. The significance in the differing protection methodologies
lies in the number of additional components and hence reduction in overall network
reliability which the more complex system used by the N3-X affords. Should the
single isolation method used in conjunction with the cable quenching properties
prove sufficient for the N3-X network, the reliability of the architecture will be
significantly increased. Repeating the analysis of the baseline studies using a
common approach to the protection system of all networks provides a valuable study
to both industry and to further enhance the knowledge of the performance of each

network under a more controlled set of operating criteria.

This case study investigates the reliability of the three TeDP networks when using a
single, common approach to electrical fault current protection. This study proposes
the use of the isolator and breaker method proposed by the Rolls-Royce and Airbus
network architecture as well as making use of the superconducting cable quenching
properties of all networks as before. This protection network method removes the

SCFCL components introduced within the N3-X network as well as a number of
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cables and breakers linking the fault current limiters and adds additional components
to the NASA Hybrid Network where no dedicated protection system previously
existed. New network diagrams are constructed for the three networks, shown in
Figure 6.30 illustrating one interpretation of how the N3-X and NASA Hybrid
networks may be redrawn when considering a single common protection system

using a network of breakers and isolators.
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Figure 6.30 N3-X (left), NASA Hybrid network (centre) and Rolls-Royce and

Airbus network (right) architectures using a common protection scheme

To enable consistency between the networks, the second of two DC breakers is
removed from the GSC in the N3-X network as is the second set of AC breakers and
the DC cable in the same section of this network as these components become
surplus to requirement in the new architecture configuration. The NASA Hybrid
Network is also altered from the original baseline configuration. A set of AC
breakers are placed within each GSC as well as two sets of AC breakers within each
of the MF sections. The Rolls-Royce and Airbus network remains unaltered from the

baseline configuration.

Based upon the architecture defined within Figure 6.30 for the N3-X, the new GSC

equation becomes:

RGSC = RGRFR3PHBRCONRDCBRCDCRB (628)

While the new equation for the MF becomes
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Rur = RjcsRepcRacpRspsRMRp (6.29)
Meanwhile the GSC for the NASA Hybrid is

Rgsc = RGRFRCACRgPHBRB (6.30)
and its corresponding MF becomes

Rur = ReacRconRacoR3pusRuRp - (6.31)

The corresponding equations for the joint Rolls-Royce and Airbus network however

remain unchanged.

Undertaking analysis on a 4 SS network with a total of 4 GSC and 16 MF per
network while providing at least 50 % installed power yields the results of Table

6.16.

Table 6.16 Network reliability when using a common protection system configuration

- . Baseline
Reliability Using o . Improvement
Network Common Reliability (50 % Ratio
Protection Network Power)
N3-X 0.000207 2.18562x107 9.4886
NASA Hybrid 0.000191 0.015894 0.012022
Rolls-Royce and
0.109465 0.109465 -
Airbus 2 SS
Rolls-Royce and
0.011983 0.011983 -
Airbus 4 SS

Table 6.16 shows that through the removal of a number of additional components to
rearrange the baseline architecture into the format stipulated by this case study, the
N3-X network now exhibits a reliability score far greater than previously achievable.

The improvement factor shown in Table 6.16 shows that the new score of 0.000207
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1s 9.4886 times greater than that of the baseline configuration. The reliability score is
now not the lowest of the 4 SS networks and is now more reliable than the NASA
hybrid network (when considering the corresponding alterations made to the NASA
Hybrid network). This decrease in reliability of the NASA Hybrid Network is
directly due to the number of additional components required to be added to ensure
the correct protection network is employed. The most reliable of the three networks
is still the Rolls-Royce and Airbus configuration, however this increase over the
other two considered networks is now only due to the lack of power electronic
components featured by the other networks to enable decoupled motor and generator
shaft speeds. These components form a vital part of the network and as such cannot
reasonably be considered in a separate sensitivity study. In undertaking alterations to
the network architectures, the reliability score of the NASA Hybrid architecture has
decreased and is now only 0.0120 that of the baseline score and only 92.14 % that of
the NASA N3-X network. This suggests that when considering a common approach
to fault current protection, the N3-X no longer performs as poorly in contrast to the
other two networks as when operating with an additional protection network. The
N3-X however still exhibits a reliability 548.3 times smaller than the Rolls-Royce
and Airbus network architecture directly resulting from the additional power
electronics of the N3-X network so additional engineering effort to increase the

reliability of these components is required.

6.7 Case Study 5: Network Reliability Sensitivity to

changes in Component Reliability

In addition to showing the benefits to network reliability from additional parallel
feeders (Case Study 6.4) and bus ties (Case Study 6.3) the k-out-of-n T-R profiling
method can also facilitate a sensitivity analysis around the individual components to
be conducted. Thus, by varying the reliability of individual components and modular
sections within the network a better understanding of the interdependences between
network elements can be gained. Furthermore, those network components that will

require research and engineering investment to improve their reliability to acceptable
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improvements within a realistic development budget can be revealed and explored.
Additionally the merits of a sensitivity analysis can be extended to rule out expensive
development costs on component reliability where no significant improvement in network
reliability materialises; this shows itself as limiting effort in a law of diminishing returns or,
conversely, setting design targets on component reliability so as to meet network reliability

targets.

The case studies to be described in this section identify how known data may be
handled to find the reliability of the network Rg, and then subsequently used to assess
the effect of variations in the individual component values, R on network reliability.
This case study will use the equations derived for each of the baseline networks in
section 5.2 and will consider the ability of the network to supply at least 50 % of the

installed power within the network.

This process can be realised by utilising a fixed number of MF and GSC, nyr and
ngsc within the baseline networks, while varying the reliability of select components
and hence Rgs. As in previous studies, the reliability of all three architectures will be
analysed however only the extrapolated Rolls-Royce and Airbus network will be
adopted for the sensitivity analysis. There is not a specific target value for Ry which
must be attained by the architectures as it is the effect that changing individual
component reliability values which is the focus of this study. For each of the
architectures considered, the effect of increasing the reliability values of individual
components which occur either frequently, seldom and/or in both modular sections
are investigated through first implementing a 10 % then 20 % increase in each case.
All the considered components for each of the three architectures are then combined
in the same network in a final comparison. The sensitivity of each case is then
compared within a scatter graph to show how each network responds to each change
and how different starting reliability values, the modular section the component
occurs in and frequency of occurrence of individual components impacts network

reliability Rgs. This illustrates a practical implementation of the sensitivity analysis.
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6.7.1 Sensitivity Study of the N3-X Architecture

The baseline network described within Section 5.1.1 is used as the network within

the N3-X study and is shown in Figure 6.31.
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Figure 6.31 Baseline N3-X TeDP propulsion network

The study uses the baseline equations (6.1), (6.2) and (6.3) as defined in Case Study
6.1.1 (and repeated below) for the reliability of the GSC (Rgsc), MF (Ryr) and SS

(Rss) these equations are subsequently combined in the same manner as before to

obtain Rg.
Rese = RGRFR?%PHBRCACRSZ‘FCLRCONR[Z)CBRCDCRB' (6.1)
Ryr = RIZJCBRCDCRACDRSPHBRMRP- (6.2)
Rgs = RGSCRI?/IF (6.3)

Based upon equations (6.1) and (6.2), three components which have varying effects
on the network reliability are the Three Phase Breaker Rspyp, DC Breaker Rpcg and
the converter Rcon with reliability scores of 0.8, 0.84 and 0.83 respectively. This
study is based on the ability of the network to supply at least 50 % of the installed

propulsive power from the MF.

Through observation it can be seen that the three phase breaker and the DC breaker
appear in both modular sections of the network, however the reliability score
associated with the three phase breaker is significantly lower than (95 % of) that of
the DC breaker. The convertor by comparison only appears in the GSC and has an
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initial reliability score which is more similar to the DC breaker. All three of these

component values are increased as described within section 6.6 above with the results

of the increase to network reliability Rg from these changes tabulated in Table 6.17.

Table 6.17 N3-X sensitivity analysis system reliability

Rg All
Component Rg (R3PHB) Rg (RC()N) Rg (RDCB)
Components
Rg Baseline | 2.19x10° | 2.19x10° | 2.19x10-5 2.19x10°
R +10 % 8.05x10° | 3.2x107 0.000135 0.000685
R+20 % 0.000259 | 4.532x10” | 0.0005534 0.010575

The data of Table 6.17 should be read top to bottom and shows how the reliability of

the network Rysis affected by the indicated increase in the individual reliability, R, of

the indicated component within the network. The final column show how the

reliability is affected when all noted component have been increased by first 10 % and

then 20 %. The tabulated data can be displayed in the graph of Figure 6.32 to

highlight the highly non-linear reaction of the network to the implemented changes.
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Figure 6.32 N3-X Baseline Network Sensitivity Analysis
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It can be seen from Figure 6.32 that the component which provides the single biggest
individual effect to the network reliability is the DC breaker — the component with the
greatest individual reliability score as well as the component which occurs most
frequently within the network. Conversely the converter has the lowest individual
impact on the network and only occurs within the GSC however has a reliability score
similar to that of the DC breaker illustrating how the location within the network has
just as much significance as the individual reliability score for a component. For both
the 10 % increase and 20 %increase case, when all components are combined, the
compounded impact on reliability is far more significant than any individual increase
in reliability for this network. As the two types of breaker appear multiple times in
both the GSC and the MF the combined increase for these two components has a
significant bearing in the overall increase in reliability that when combined with the
new convertor value which =1 provides the marked improvement to the overall

reliability score Rg.
6.7.2 Sensitivity Analysis of the Hybrid Network Architecture

Again for the Hybrid architecture the network considered is the baseline network as
in section 5.1.2 and shown in Figure 5.4, the network is shown again in Figure 6.33

for clarity.
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Figure 6.33 NASA Hybrid network baseline propulsion network configuration
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The study uses the baseline equations (6.4), (6.5) and (6.6) as defined in Case Study
6.1.2 for the hybrid network for the Rgsc, Ryr and Rgg terms; these equations are

subsequently combined in the same manner as in previous studies to obtain Rg (4.2).

The equations for the network are repeated for reference and clarity:

Resc = RgRpRcacRp. (6.4)
Ryr = RcacRconRacoRuRp. (6.5)
Rgs = RGSCRI%/IF (6.6)

Examination of equations (6.4), (6.5) and (6.6) shows that the three phase cable and
convertor play differing roles within the network: the three phase cable occurs in
both modular sections with a reliability score of 0.92 and the convertor, only occurs
in the MF, exhibiting a reliability score of 0.83. As in the N3-X case the two
component values are first increased by 10 % then 20 % and substituted into the
relevant equations to determine Rg. In this study only two separate components are
considered due to the fact a far fewer number of component types are used to

construct the network. The results of this exercise are shown in Table 6.18.

Table 6.18 Hybrid network sensitivity analysis system reliability

Rs Rs RS (All
Component
(Rcac) | (Rcon) Components)
R Baseline | 0.015894 | 0.015894 0.015894
R+10% | 0.031628 | 0.023768 0.045349
R+20 % | 0.031628 | 0.032903 0.060091

Table 6.18 is read in the same manner as Table 6.17 and shows that when a
component is initially assigned a higher reliability score, the gains experienced by
the network when increasing the component reliability towards 1 are minimal. As a
reliability score cannot increase beyond 1, the percentage increase is bounded by
maximum reliability instead of the true percentage value, in this case resulting in Rg

= 0.031628 being the maximum upper limit in the AC cable case. The results of
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Table 6.18 are illustrated in Figure 6.34 showing the full extent of the sensitivity
study results graphically.
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Figure 6.34 Hybrid Network Sensitivity Study

Figure 6.34 shows how the increase to the convertor reliability score in this study has
the greater impact of the two components to system reliability as although it only
appears in a single modular network section (the MF), this component has a lower
start score and can hence be increased to the full 120 % of the baseline value. It can
also be seen the network reliability increases with that of the converter reliability and
as such the graph would become useful to find the point where overall network
reliability gradient reduces — indicating further improvements in converter reliability
are pointless on their own in improving network reliability further. The impact is also
significant as the component occurs in each of the MF sections and the benefits are

compounded through the significantly greater number of MF over the GSC sections.
6.7.3 Sensitivity of the Airbus and Rolls-Royce Architecture

For the final sensitivity study, the extrapolated 4 SS Rolls —Royce and Airbus
network is considered. The baseline network was described within section 5.1.3 is

repeated for clarity in Figure 6.35.
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Figure 6.35 Rolls-Royce and Airbus concept baseline architecture

The baseline equations that were generated for this network in equations (6.7), (6.8)

and (6.9) are repeated below for reference.

Rgsc = RgRpR3pupRcacRp- (6.7)
Ryr = ReacR3pupRuRp. (6.8)
Rgs = RGSCRIA\}/IF (6.9)

Observation of the baseline components for this architecture reveals that the three
phase cable is a component with a high reliability score and occurs frequently
throughout the network - in both the MF and GSC modular sections. As noted within
Case Study 6.7.2, the baseline reliability for this component is initially high and so
the increases to this component are limited by the maximum obtainable reliability
limit. The three phase breaker occurs with the same regularity as the three phase
cable within the network however the baseline reliability of this component is much
lower at only 0.8. Together with the cable and three phase breaker the final component
considered for this study is the EEC. This component only occurs once in the GSC
and has the lowest considered baseline reliability of 0.78. The analysis will be carried

out as described within section 6.6 with the results displayed in Table 6.19.
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Table 6.19 Rolls-Royce and Airbus sensitivity analysis system reliability

Rs Rs Rs Rs (All
Component
(Rcac) | (Rspus) | (Reec) | Components)
R Baseline | 0.011983 | 0.011983 | 0.011983 0.011983
R+10% | 0.022262 | 0.024238 | 0.017544 0.062595
R+20 % 0.022262 | 0.043774 | 0.024847 0.151864

Table 6.19 shows how, similarly to the Hybrid network the reliability of the network
in the Three Phase Cable case is capped (in this case at 0.022262) due to the initial
high Rcac value reaching the limit of 1 before the full increase of 20 %. It can also
be seen that the component alteration which yields the highest resulting system
reliability Ry is the three phase breaker. The results can be more clearly observed

within the graph of Figure 6.36.

Rolls-Royce and Airbus Sensitivity Study
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Figure 6.36 Sensitivity analysis of the Rolls-Royce and Airbus TeDP network

Figure 6.36 shows how that due to the already high level of the reliability of the three
phase cable, the increases to Rg are minimal and the alteration has the least effect on

network reliability Rs. Additionally Figure 6.36 shows how a 20 % increase to the
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baseline value of the EEC brings network reliability to approximately the same level
as with a 10 % increase in both of the other components. When compared with the
sensitivity studies shown in the graphs of Figure 6.32 and Figure 6.34 where a
component only occurs within the MF side of the network it can be seen that the
location of the single occurring EEC in the GSC side makes no difference to the

degree of increase of network reliability which remains constant at 2.07.
6.7.4 Sensitivity Study Summary

Should the network architectures be standardised and redesigned to incorporate only
a single fault current and voltage protection method, it is apparent that the design of
the NASA Hybrid network performs less favourably than either of the two other
considered concepts. Altering the network equations for this architecture to
incorporate the common protection network results in an MF section with a far
reduced reliability score from the baseline network and hence results in significantly
reduced network reliability. Additionally, it can be seen that the poor reliability
performance of the N3-X can be mitigated through the removal of the additional
protection provided by the fault current limiters to a score more in line with the other

two concepts.

If the network architecture were to be altered to provide a greater reliability through
the reliability improvements of components, it is apparent that the components which
appear multiple times within each area of the network are those which would provide
the largest improvement to reliability and are those which should be initially
concentrated on. Additional observations reveal that upgrading components with an
initially high reliability score provides little benefit to overall network reliability as
their score tends towards 1. In order to extract the highest gains from increasing
component reliability, those components which occur frequently and with the lowest
reliability such as the three phase breaker should be focussed on. It can be seen that
the greatest overall increase in reliability and hence the most sensitive to component
alterations was exhibited by the N3-X network which, when all increased
components are included in the same network is 483.86 times greater than the
baseline: the network with the smallest increase to reliability was the hybrid network

with an increase of only 3.78 times however a fewer number of components were
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altered in this variation. As ever to keep the network reliability high the design

should be kept simple with as few components as possible.

6.8 FTA of two Variations of the N3-X Network

Not only may the reliability of a TeDP network be analysed through using the k-out-
of-n method, the FTA method as described within Chapter 3 may also be used to
determine the corresponding failure rate. The first part of the study will utilise FTA
as described within Chapter 3 on the N3-X baseline network of Figure 5.1 to
determine the network failure rate. FTA will then be undertaken in the second part of
the Study on the network utilising both GSCP and MFP using the same component
configuration as in the final part of the Parallel Feeders study (6.4).

This Case Study will specifically evaluate the rate at which the loss of thrust from
one single propulsor would occur as well as the rate at which the network fails to
supply the specified 30,000 hp required for a safe rolling take-off. To determine how
effective the combination of redundant feeders is in reducing the failure rate and
minimising the effect of common cause failures, the analysis is then repeated on the
networks based on that of Figure 6.25 for both the failure of MF,, and for the

provision of 30,000 hp.

6.8.1 FTA on Baseline N3-X Network

As stated within Section 6.8 the object of the first part of the case study is to

determine the failure rate of MF;, as shown in Figure 6.37.
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Figure 6.37 TeDP Network schematic showing motor connections and failed MF

highlighted in black

The network diagram of Figure 6.37 shows the physical connections of the network.
As noted in Section 5.1.1 presenting the network in this way provides a means to
quickly establish all connections within the network as well as to further reference

individual aspects of the network as described above.

In this case, the loss of thrust from propulsor P,» (using the positional referencing
derived in Chapter 3) as indicated in Figure 6.37 with the black fill, is the top event.
The case study determines the rate at which this event will occur. This study
evaluates only the primary power component failures of the TeDP network
contributing to this top event. Hence, while a control system failure may occur
causing a failure of the propulsion system, this failure type is not considered in this
study. The rate of failure for both the GSC and MF of the network can be defined
using a representative equation for each as shown in equations (6.25) and (6.26)
respectively. Each equation is based upon the individual failure rate of each

component within each section of network.

Each GSC is connected in a series manner and therefore a failure of any of these
components will cause a GSC failure, as such all of these components would fall
under a single OR gate within the FTA methodology and the rate at which the GSC

fails to transmit power may be summed as shown by equation (6.32).

Agsc = 2Ahzpup + Acac + 2AspcL + Acont2Apeg + Acpc + A (6.32)
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Similarly as each MF is connected in a series manner, the rate with which a single

MF will fail to transmit power is given by equation (6.33).

Amr = 2Apc + Acpe + Aacp + AzpuB (6.33)
Resolving equations (6.32) and (6.33) yields:
AGsc = 9.9784x107 failures per hour and Ay = 7.461x107 failures per hour.

The values obtained for the rate of failure of both the GSC and MF (AGSC and AMF)
can now be used within this case study. The fault tree for this event and network is

shown in Figure 6.38
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Figure 6.38 FTA of N3-X baseline propulsion network

The FTA presented in Figure 6.38 shows that the rate of failure of propulsor P, in
producing thrust is 8.8925x10™ failures per hour. More importantly than the loss of
only a single bus or propulsor however, is the consideration of one of the main
design points of this particular concept aircraft which is to provide at least 30,000 hp

of thrust at take-off [19]. This design requirement determines the acceptable rate at
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which any failure or combination of failures leaving the aircraft with less than 30,000
hp of thrust can occur. [49]. In [19] it is assumed that two generators are required to
provide 30,000 hp and as such a loss of three generators would result in failure to
supply the required 30,000 hp. The rate of failure for such an event is 5.118x10"°
((7.999x107)%) per flight hour. This is based upon two propulsion busses failing to
supply upstream power and then a third experiencing a failure event. This indicates
that the architecture in its baseline form does indeed meet the modern requirement
for a catastrophic loss of thrust. This ability to meet the required target determines
that the baseline network architecture would be appropriate for operations.
Additional redundancy within the network, or a decrease of individual failure rates of
components could ensure that the ability to meet the targets are enhanced or enable

reductions in the oversizing of motors within the MF.

As well as indicating any shortfall of a network in terms of failure rate, the FTA can
also be used to identify areas of the network where component or common cause
failures (CCF) may dominate the rate of failure. The conducted FTA shows that the
loss of supply to the bus (specifically due to a failure of the generator) and the failure
of the propulsor itself are the most likely failure events which will contribute to the
loss of thrust from propulsor P,,. In order to reduce the failure rate of such a
network, based upon these observations, either a more reliable composite generator
design with associated controller should be utilised or the tolerance of the network to

such failure events should be increased.

It is desirable to utilise methods of reducing the existing failure rate which also result
in a minimal weight penalty. As the generators are the largest, heaviest network
components [42] installing further generators to the wingtip to increase reliability of
thrust is undesirable in terms of weight and volume and so increasing reliability
through lighter means if possible is preferred. This aspect is explored in further detail

in the subsequent case study.

207



6.8.2 FTA on N3-X Network Utilising Redundant Parallel

Feeders

In order to achieve a lesser failure rate for minimum take-off thrust than is possible
in the baseline network, yet utilise the existing generation capabilities, a number of
redundant feeders can be added to provide interconnections within the network to
reduce the effect of the identified dominant failure mechanisms. This is described in
detail in Case Study 2, Section 6.4. These additional parallel feeders are illustrated in

Figure 6.39.

DC
Distribution
Network

Figure 6.39 N3-X network with parallel GSC and MF

Figure 6.39 shows how additional redundant feeders can be added to both the GSC
and the MF side of the network, increasing the tolerance of the network to failures in
these areas and specifically reducing the likelihood that the supply of power to the bus
will be lost. Each bus can potentially have a connection to each motor through a
number of parallel feeders, where each additional parallel feeder MFP is joined to the
network at the propulsion bus. With the introduction of the additional redundant
paths, new system equations must be derived based on the system’s composition and

can be described (using the components in Table 6.1) by:
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Amrp = 2Apc + Acpe - (6.27)

Additionally the GSC, through the addition of parallel feeders has the potential to
connect to every other propulsion bus through a parallel feeder (GSCP) after the
AC/DC converter and via a connection bus [49] to another of the propulsion busses.
Again, the bus remains as a separate entity for ease of analysis and the series
connection of the network architecture stipulates an OR logical function. The failure

rate equation for the parallel feeder section, GSCP, becomes:
Agscp = AsrcL t+ 2Apce + Acpe (6.28)

where the original equations for GSC and MF failure rates (equations (6.1) and (6.2))
become equation (6.29) and (6.30) respectively:

Agsc = 2AzpuB + Acac t AsrcrL + Acon (6.29)
AMr = Aacp t Aspus - (6.30)

Using the failure rate figures as provided in Table 6.1, these new equations can be

resolved as:
AGsc = 6.7592x107 failures per hour Ay = 4.3x107 failures per hour
AGscp = 7.999x10™ failures per hour Aypp = 3. 161x107 failures per hour

It can be seen from Figure 6.39 that the supply of power to the MF sections will only
be lost if both GSCP and both MFP sections fail. Similarly for a system with x
number GSCP or MFP feeders, all x feeders must fail to cause a failure of that GSC
or MF section. To determine how effective the redundant feeders are in reducing the
failure rate, an FTA (which is illustrated in Figure 6.40) is undertaken. The analysis

uses the failure rate values and components as presented in Table 6.1.
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Figure 6.40 FTA of N3-X network utilising both GSCP and MFP

From the FTA presented in Figure 6.40 it can be seen that the rate at which there is
a loss of thrust from the propulsor P, is 5.79x107 per flight hour, which is notably
less than that of the baseline network (8.8925x10™). It can also be seen that the rate
of failure of all propulsors associated with a single network SS in this case would
occur if each individual propulsor or motor were to fail and is is in the region of
1.124x10™"® per hour. Through increasing the number of available flow paths for
power to reach the motor from the bus, the failure rate has decreased from 8.745x10™
per flight hour to 4.310x107 per flight hour. Similarly the rate of failure attributed to
the supply of power to the propulsion bus (from the GSC) in the base case was
previously 7.998x10™ per flight hour, dramatically decreasing to 4.093x10" per
flight hour through the utilisation of additional GSCP. This also shows that
dominance of the generator failure rate in shaping the top event failure rate has been

successfully negated.

211



Additionally, it can be determined that the rate at which propulsive power is lost to
all propulsors is approximately equal to the rate at which all generation is expected to
fail. This occurs at a rate greater than any other combination of failures that would
produce the same result. By evaluating the failure of all generation it can be seen that
this failure occurs 2.401x10™" times per flight hour. This is only 58.6 % of the

equivalent failure rate of calculated for the base case.

Finally, the ability of the aircraft network to supply the 30,000 hp required for take-
off is determined by the failure of three generators and their EEC units. This occurs
3.43x10™" times per flight hour (7x10™ cubed). Not only is this rate of failure
significantly less than that of the base case (5.118x10™" failures per flight hour), it
also satisfies the critical failure rate for modern civil aircraft. This significant
reduction in failure rate for the propulsion network indicates that an effective means

of redundancy is provided to the network by adding redundant parallel feeders.

6.8.3 FTA Summary

This Case Study has undertaken a thorough FTA based failure rate analysis for both
the baseline N3-X TeDP network and the same network utilizing additional parallel
feeders. This has shown that the significant factors contributing to the rate of thrust
loss in a propulsor are the GSC successfully supplying power to the propulsion bus
and the failure rate of the propulsor itself. To enhance reliability it is advantageous to
include a number of GSCP to increase the system tolerance to any faults or failures
in this section of network. Adding a number of parallel paths in this manner also
significantly reduces the failure rate for the minimum required thrust for take-off on
the N3-X aircraft network studied from 5.118X10™'° failures per flight hour to
3.43x107" failures per flight hour.
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Chapter 7

Conclusions and Further Work

In recent years there has been a shift in aircraft research resulting in an increased
focus on electrical concepts and features to be adopted within aircraft architectures.
The evolution of this research and continued utilisation of increasingly electrical
architectures is likely to see the adoption of architectures far removed from today’s
conventional tube and wing designs. One such design which has resulted from an
increased electrification ideology is TeDP. This work has analysed three pre-
proposed TeDP architectures for their ability to provide at least the minimum
required thrust for a safe rolling take off, in the case of this work that level is half the
installed thrust. The work has additionally analysed the networks for comparable
performance when operating with additional bus ties to enhance network reliability
as well as when utilising additional parallel feeders in both the generation and
propulsion halves of each network. Each of the networks has been analysed in terms
of how sensitive it is to a change in reliability of a number of constituent components
before an FTA was completed on one network (the N3-X) to highlight how analysis

may alternatively be undertaken.

Drawing upon the knowledge gained through research of the area and of the TeDP
aircraft concept as well as from the analysis of each network, a number of
conclusions can be made and are presented within this Chapter. Following the
conclusions a recommendation for future work is provided in addition to some

closing remarks.
7.1 Summary of Key Findings from k-out-of-n Analysis

Through undertaking a k-out-of-n analysis on the N3-X, NASA AC/DC Hybrid and

the Rolls-Royce and Airbus Network, the following observations can be made about
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the three considered networks baseline reliability as well as the reliability when using
a number of redundancy methods. The N3-X network consistently exhibited the
lowest reliability score at all the considered baseline configurations and in every
additional redundancy configuration due to the greatest number of components
which combine to create the network. In terms of baseline network reliability when
successfully providing 100 % of installed power, the extrapolated 4 SS Rolls- Royce
and Airbus network exhibits the greatest level of observed reliability, 4.47 times
greater than the NASA Hybrid network and 2.1x10° times greater than the N3-X.
Conversely, the NASA Hybrid network exhibits the highest reliability score when
the requirement is to provide at least 50 % of installed power or greater. This is
provided at a reliability of 1.34 times greater than the Rolls-Royce and Airbus
network and 727.21 times greater than the N3-X architecture.

When considering the added redundancy methods, the bus tie method was shown to
allow the greatest increase to reliability in each of the three networks. The network
with the largest percentage increase resulting from the introduction of bus ties
between all network SS was the N3-X. This observation holds true for all considered
redundancy methods: the N3-X has the largest percentage increase in reliability.
When considering the parallel feeder redundancy, the N3-X and NASA Hybrid
networks both have a greater increase to reliability when operating using the MFP
sections; the Rolls-Royce and Airbus variant performs better using the GSCP
sections and is the most reliable of all the networks considered in these parallel

feeder case studies.

The studies conducted in chapter 6 showed that in the case of the NASA Hybrid
network all parallel feeder methods afford a similar level of increase to reliability
from the baseline which in turn does not provide a significant increase over the
baseline network. It should be seriously considered if increases to network reliability
when using this redundancy method outweigh the significant weight penalties and
increased complexity incurred through using a large number of additional

components.

The sensitivity studies for the networks revealed that should the network

architectures be standardised and redesigned to incorporate a standardised fault
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current and voltage protection method, the design of the NASA Hybrid network
performs the least favourably of all three considered concepts. Additionally, it can be
seen that the poor reliability performance of the N3-X can be mitigated through the
removal of the additional protection provided by the fault current limiters to a score

more in line with the other two concepts.

If the network architecture were to be altered to provide a greater reliability through
the reliability improvements of components, it is apparent that the components which
appear multiple times within each area of the network are those which would provide
the largest improvement to reliability and are those which should be initially
concentrated on. Additional observations reveal that upgrading components with an
initially high reliability score provides little benefit to overall network reliability as

their score tends towards 1.

Based upon the observations of the case studies presented in chapter 6, a number of
suggestions can be made regarding optimal TeDP network design. The case studies
consider using parallel feeders in both the GSC and MF side of all networks however
do not consider the benefits to reliability in using parallel connections from the motor
or generator windings to the power electronics components. Using parallel
connections in this area would eliminate the dominating failure rate and hence
increase overall network reliability for a minimal added weight penalty. Keeping the
use of heavy power electronic components minimised should also be a key design
consideration unless significant reductions in their mass and volume can be made.
Any TeDP network should have bus ties utilised between all major busses in the SS,
however could also be considered between the busses at the point where the GSCP
and MFP join reducing the risk of failure in these areas too. Finally based upon the
findings of the studies, an alternative 5 bus design using only 4 generators and
additional GSC to supply the additional, central bus could be developed. The
network MF could then be redistributed to allow power to be evenly distributed to
the motors however introducing an additional point which would have to fail before a

significant loss of power was observed.
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7.2 Review of Chapter Summaries

This work provides a comprehensive reliability evaluation tool which is of great use
to a number of interested parties during the design and development stage of new
TeDP network architectures. In the first instance it is of importance to system
engineers developing new TeDP network architectures allowing decisions to be
made on optimal inclusion of network components and redundancy methods, not
only for propulsion but potentially in load sharing network branches. Other interested
parties would include safety engineers who require a means to provide assurances to
both a customer and to industrial partners that a network can achieve a set reliability
while providing a guaranteed level of thrust. The presented k-out-of-n method allows
rapid profiling of a number of network scenarios to be undertaken allowing clear
representation of the profiles in a T-R graph. The graph is used to not only provide
information on network performance relative to a set of metrics, however is also used
to display design criteria and requirements that a network must adhere to, for
example minimum thrust provision. This is a feature usually carried out through the
completion of a FTA, through adopting the k-out-of-n analysis, a simpler yet equally
valid analysis may be provided to clients assuring them of the aircraft’s safety and
reliability. Due to the modular nature of this analysis, it may also help reduce costs
over an FTA as sections of the analysis may be reused between networks mitigating
the need to redraw a new fault tree for small network changes. This method is not
limited to the TeDP concept however and may be adopted in a number of network
settings where identical, parallel network sections exist such as in a low voltage

distribution network or on shipboard networks.

Research into TeDP has identified that a gap within the existing research existed in
the area of network reliability and that there was significant scope for identifying an
appropriate method for analysis of these new network configurations. The work of
this thesis has presented a method which improves upon existing analysis to provide
a thorough capability to not only determine the reliability of any TeDP architecture
but to graphically represent this data in a meaningful fashion. The method allows
analysis of the network in a modular fashion, reducing the large complex network

into sections which are easier to analyse and then undertakes a k-out-of-n
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methodology to determine the reliability of the modular sections before recombining
into the original network. A positional referencing structure is identified for referring
to each modular section within the network and can be used both when the network
is presented in schematic form or in a plan view. Once a k-out-of-n analysis has been
undertaken, the results can be displayed on a T-R graph highlighting how each level

of power achievable by the network maps to a specific reliability score.

While a number of TeDP architectures have been proposed and networks described
in some level of detail, there has previously been no comparison of how the networks
are likely to perform with respect to their expected reliability scores. Through
undertaking the research for this thesis, three TeDP architectures of interest have
been considered and through utilisation of the above method analysed in terms of the
level of reliability that each can provide at least 50 % of their installed thrust (the

stipulated requirement for safe rolling take off).

Through thorough analysis conducted via the k-out-of-n analysis, it was determined
that the network jointly proposed by Rolls-Royce and Airbus consistently provided
the greatest reliability score in all but the base case. This was the only network of the
three not to feature generation and thrust electrically decoupled through a series of
power electronic devices however exhibits a series of gearboxes to reduce shaft
speeds. The architecture also features a dedicated protection network. The network
which proved consistently least reliable was the N3-X which featured both a
dedicated protection network as well as a DC distribution system, decoupling the
shaft speeds of the electrical machines. Whereas the N3-X network continually
exhibited the lowest rate of reliability in all scenarios, it also exhibited the greatest

percentage increase when analysed with all redundancy measures.

Using redundancy methods throughout the network resulted in significant gains to
reliability in all cases. Notably however was the case of the parallel feeders, where
the Rolls-Royce and Airbus network performed slightly better when utilising parallel
GSC sections while the N3-X and NASA Hybrid network performed better while
using MFP sections. While this result is in part due to the network architecture and
part due to the individual component reliability scores, in all cases the gains

experienced through using both sets of parallel feeders in the same network provide
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far greater network reliability. In the case of the N3-X where this is most apparent,
the benefit from using MFP is an increase of network reliability of 7.778 times that
of the baseline, through using both sets of parallel feeders, the gains are in the order
of 43.9 times greater. The gains experienced by parallel feeders though are almost
insignificant when compared to those of the bus tie. In all cases the gains afforded
through using a much lighter redundancy method are at least three orders of
magnitude greater than the baseline network making this redundancy method the

preferred option to increase network reliability.

A complementary failure rate analysis has also been carried out to show how analysis
may be alternatively undertaken using a FTA. This method verifies that should the
future N3-X network be constructed using components equivalent to today’s state of
the art, that it would indeed meet the current critical failure rate target of no failures
in 10° hours. Using this method however results in a far lengthier analysis process
than the k-out-of-n method suggested within this work. The work indicates areas of
the network were specific component failure rates dominate the rate for the network
and where these identified points can be reduced through the inclusion of additional
redundancy. The most critical area where failure rates could be improved is the rate
of failure of the supply of power to the bus which links the GSC and MF modular
sections, through adding additional parallel feeders into the network this failure rate

can be reduced by 9 orders of magnitude.

Finally, it should be noted that both analysis methods undertaken within Chapter 6
are complimentary and combine to create a detailed picture of TeDP network thrust
reliability performance. The k-out-of-n analysis provides a thorough understanding
of network reliability and an understanding of the sensitivity of TeDP networks to
sensitivities and statistical tolerances in individual component reliability as well as
providing the means to create the T-R graph. Additionally the FTA method allows
less succinct analysis however clearly illustrates both reliability weak spots as well
as areas of CCF of the reviewed network architectures. These individual merits
combined with the FTA status of being a current certified analysis method ensures
that the application of one technique compliments the other to provide a powerful

and informative analysis tool.
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7.3 Key Areas of Future Work

A critical area of future work which will see this concept aircraft advance is intense
study into providing highly reliable superconducting machines, capable of producing
power densities far in excess of those available today. In order to produce greater
power densities than are currently achievable, it is likely that both super conducting
rotors and stators will be developed for machines allowing large currents to be
created. The complete cooling of the propulsion network must also be considered to
allow a fully superconducting network to exist. To complement the development of
power dense machines and network, a large number of hours must be dedicated to
proving the reliability of such a system. As the technology is far from mature,
assurances must be made as to the reliability of this new network proposal if it is to
replace a well understood propulsion network. This study however was far out with

the scope of this project.

One area of further work which is critical to advancing the TeDP concept however
out with the direct scope of this thesis is in addressing the reliability, functionality,
location and dynamics of future technologies such as cryocoolers and energy storage.
The superconducting nature of the TeDP network requires a light, reliable cooling
system of which further effort should be made to enhance the currently available
technology while maintaining a non-prohibitive cost for the concept. Similarly a
lightweight and reliable energy storage system could complement the existing
propulsion network through providing a backup to the generators or in replace of a
percentage of the thrust output of the network. Additional extensive research into the
reliable performance of battery technology for extended durations as part of a wider

network would allow this to represent a meaningful alternative to a turbofan.

Another interesting further study which could have been completed had time
permitted takes the results of the FTA and addresses the larger failure rates within
the network which were not addressed through the addition of parallel feeders. These
specific areas have been identified as the connection point of the GSC1 to the GSCP
and the MFP to the MF1 sections within all networks. These specific failures could
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be reduced through connecting a number of MF1 and GSCI1 sections in parallel to
increase the tolerance of the network to failure and specifically reducing the
likelihood that the supply of power to the bus (in the GSC side) and from the bus (in
the MF side) will be lost. Introducing parallel connections from the inverter to the
motor could allow a lesser failure rate to be achieved — the magnitude of which
determined by the further study. In addition the AC Motor Drive or the AC/DC
convertor would then form the new point at which the failure rate of the network was
at a maximum and as such engineering effort should be made on this network
component to enable greater gains to be made from the additional parallel network

connections.

One area which could also benefit from further study is the reliability of the networks
under varying voltage and current magnitudes. The studies presented within this
thesis assume that the networks have a reliability score which remains constant with
differing power requirements however in practice this may not be the case. The N3-
X and Hybrid networks are designed to operate at a much higher power level than the
Rolls-Royce and Airbus network and in order that the theoretical results be validated
an assessment how the reliability of comparable network elements perform at the
differing voltage and current inputs (and power levels) must be made. Of additional
interest, however outwith the scope of this work, an evaluation whereby reliability
scores are weighted to take into account the effect of atmospheric conditions such as
altitude on a TeDP network should be conducted. Due to the reduced dielectric
strength of air at high altitudes, and the potentially higher voltage levels used within
TeDP aircraft careful design practices must be used to prevent electrical arcing of
voltages between network components. Additionally, a means of determining
appropriate reliability scores attributed to network components to account for the
increased stressed which extremes of temperature and altitude may present would

form a valuable additional design and analysis capability.

A further adaption for the T-R graph would see it being used in a quality control
setting to both quantify and qualify engineering improvements made to a network. In
this application, additional system specifications such as weight can be mapped

against the T-R profiles in each of the configurations analysed before adding
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redundancy or reliability boosting over-ratings. A different coloured set of points
could show the outcome of a fix where a single configuration point is bolstered and
maybe causes another configuration to fail simulations. Finally a last set of points
superimposed on the chart in a more dominant colour would show the results from
all those configurations which pass all corners of the propulsion system spec. At the
end of an architecture’s design stage this chart would be the stamp of system quality
tracking showing, if required, the areas investigated, the sensitivity effects of a
reliability fix somewhere being a liability elsewhere within the system and the final
document proving architecture worthiness for service. The benefits of a T-R graph

should not be limited to only an aircraft setting.

The scope could easily be extended beyond the scope of the TeDP analysis to
consider applications such as smart-grids where storage in future networks is an
important consideration. The T-R graph in this setting could display both the lifetime
and reliability of different components and use types such as smart cities and in turn
future critical infrastructure. Design of such infrastructure requires an in-depth and
informed planning stage and through mapping parameters such as expected
reliability and storage capacity which can be provided by the k-out-of-n and hence T-
R style graph. The graph can also display important usage metrics and lifespan
information and can therefore help in planning retrofits of networks and successor

programs to replace systems as they become obsolete.

Finally, looking beyond the next stage of analysis, undertaking Reliability Growth
Trials (RGT’s) on individual components to obtain crucial reliability data for more
accurate and less generalised results is required. These trials seek to grow the
achievable reliability exhibited by individual components or Line Replaceable Units
(LRU’s) (such as the motor drive) through subjecting them to continuous cycles of
rigorous climactic stresses. These RGT’s would provide more specific and reliable
data which is more fine tuned to the future concept and not based upon current day
alternative components. This work should be used in conjunction with a Duane
reliability parametric model for predicting reliability growth to allow an accelerated
programme to be undertaken. RGT’s should, in the first instance be undertaken on

prototypes and concept architectures and would be most effective in determining a
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realistic reliability figure for each network and verifying the theoretical results

presented within this thesis.

7.4  Concluding Remarks

The work of this thesis has presented a thorough reliability analysis of three potential
future aircraft architectures and has indicated that if the N3-X architecture were to be
implemented using modern day components that it could certainly meet present day
failure rate targets for civil aircraft. Through analysing the anticipated network
architectures as well as highlighting how reliability may be altered through the
addition of redundancy features, this research will prove a valuable tool in the
eventual implementation of TeDP networks. Implementing the noted additional
studies to determine how the concept may benefit from additional research effort into
power electronic sections and a standardised power level and protection approach
will further solidify the feasibility of the concept and push TeDP concepts closer to
civil aviation. It should be noted however that the TeDP concept remains at the early
concept stage and is subject to a number of design iterations before full scale
prototypes are investigated. Next steps should consider the suggestions made within
this thesis — specifically the standardised approaches to protection as mentioned in
Chapter 6 to ensure fault currents are handles appropriately and for a minimised
penalty to overall network reliability. Furthermore, adopting the bus tie redundancy
method allows the preferable low-weight, high reliability benefit characteristics to be

achieved by all TeDP network architectures going forward.
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