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Abstract

The commercial aviation industry is growing at a substantial rate, with demand dou-
bling every 15 years and this trend is set to continue well into the 215¢ Century. At
the same time regulatory pressures are being exerted on the industry as governments
around the world seek to reduce their greenhouse gas emissions in an effort to contain
global temperature rise to 2°C' . Combined with existing infrastructure challenges,
these issues are forcing air-framers to develop new, novel designs that support sus-
tainable approaches to future aviation to meet environmental, social and economic
demands. The pathway to decarbonisation of aviation will involve a combination of
fuel, technology and operational measures. Many of the proposed technologies, such
as electrical propulsion, are inherently disruptive and require changes to supply-chains,
ground operations, maintenance standards and procedures, and pilot training. Such
disruption is unavoidable given the scale of the challenge of electrical propulsion: a
typical widebody jet engine for passenger aircraft can output over 22 MW fully loaded;
an equivalent electrical system must be able to generate, distribute, and produce same
amount of thrust with equal or greater reliability than the existing drivetrain that has
been perfected over the course of the last century. Turbo-electric Distributed Propul-
sion (TeDP) is an approach for the electrification of propulsion systems on aircraft that
aims to do this. Instead of large turbofan engines used to generate thrust, power in
the engines is converted to electricity using electrical generators, and then distributed
electrically through a network to propulsion motors placed in aerodynamically advan-
tageous locations, significant fuel savings and performance benefits may be realised.
Electrification of the propulsion system comes with large weight penalties. It is crit-

ical that the weight of the electrical power system does not mitigate the benefits of
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electrification. Superconducting electrical machines have been proposed as a route to
lightweighting the electrical power system due to their promising high power densities
compared to conventional electrical machines. It is proposed that the rest of the elec-
trical power system be superconducting as far as technically possible to minimise heat
sinks within the system.

Integration of superconducting materials into the most safety critical aspects of
commercial aviation raises multiple research questions regarding the design of resilient
systems and how appropriate electrical protection strategies can be designed given the
strict electric, magnetic, and thermal operating requirements that these components
have. All electrical systems experience faults. This Thesis investigates how these faults
manifest within a compact, power-electronically interfaced, superconducting network.
The research presented in this thesis captures electrical protection requirements through
modelling, simulation, and experimentation to develop requirements for TeDP feeder
cables. By building on these requirements this thesis will then show how cable design
can be optimised to withstand faults and present a control method which enables
maximising throughput of cables during temperature rise events. This knowledge aims
to improve availability, in terms of reducing the amount of superconducting network
de-rating required, and power provision of superconducting feeder cables during adverse

conditions encountered by superconducting TeDP aircraft.
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Chapter 1

Introduction

1.1 Project Description

1.1.1 Challenges Facing Commercial Aviation

It is expected that by 2030, 32,600 new aircraft will be required to replace ageing
existing fleets and support the anticipated growth in demand for air travel [1]. Much
of this demand growth stems from a growing requirement for air transit in emerging
economies for both freight and passenger travel [1]. While this growth in air transport
presents an opportunity for aircraft manufacturers and operators to increase capital
gains, it also places immense logistical pressures on the aviation industry at a time
when regulatory oversight is becoming more pronounced due to the harmful emissions
produced by flight [2].

Following the Paris Agreement at the 21st Conference of the Parties of the United
Nations Framework Convention on Climate Change (UNFCCC), it was agreed that
governments around the world would aim to keep the increase of global temperatures
significantly below 2° C to prevent the worst effects of climate change, with a long-
term goal of limiting the increase to 1.5° C [2]. It is proposed that this will be achieved
by reducing emissions of green house gas (GHG) emissions. The aviation industry
represents one of the fastest growing sources of GHG [2]. As of 2018 the amount
of CO;2 produced by international aviation reached 895 million tonnes and at current

passenger growth rates could, by 2050, consume 25 % of the worlds carbon budget for
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Figure 1.1: ATAG Community Vision for Reducing Aircraft Emissions [4]

maintaining global temperatures less than 1.5° C above pre-industrial levels [3].

To tackle the challenge of reducing GHG emissions from the aviation industry, a
number of government bodies have, in recent years, begun to implement policies that
seek to reduce the emissions of commercial aviation. For instance, since 2012 the Eu-
ropean Union (EU) airlines have been included in the EU emissions trading system
(EU ETS). This requires that airlines to monitor and report their emissions while also
capping total emissions using a tradeable allowance system [5]. This only affects flights
that operate wholly within the EU [5]. To address emissions globally the International
Civil Aviation Organization (ICAO) introduced the Carbon Offsetting and Reduction
Scheme for International Aviation (CORSIA) in 2021. This aims to promote carbon
neutral growth that will keep emissions at 2019 levels while passenger growth contin-
ues [6]. CORSIA aims to force airlines to offset any increases in civil aviation emissions
through carbon reduction activities or carbon trading schemes such as the EU ETS [6].
One criticism of these approaches is that airlines can buy emissions allowances and
transfer the cost to the consumer, rather than focus on reducing emissions through
using clean fuels [7].However, as GHG allowance caps are reduced over time, greater

investment in new solutions will become an imperative. Figure 1.1, from the Air Trans-
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Technology Benefits

Near Term (2015-2025)

Mid Term (2025-2035)

Far Term (Beyond 2035)

Noise

22-35 dB

32-42 dB

42-52 dB

LTO NOyx Emissions 70-75 % 80 % >80 %
Cruise NOx Emissions 65-70 % 80 % >80 %
Aircraft Fuel/Energy Consumption 40-50 % 50-60 % 60-80 %

Table 1.1: NASA Targets for Future Aircraft

port Action Group (ATAG), illustrates the view of the aviation community of the steps
required for carbon neutral growth to be achieved. These include improvements in fuel
types, operations and technology.

To address the challenges facing the aviation industry, government bodies such as
NASA [4] have set performance and emissions targets that future aircraft will need to
meet if the aviation industry is to meet growing demand while fulfilling its environmen-
tal obligations. Table 1.1 shows the NASA targets for future aircraft. Meeting these
ambitious targets will require significant and radical technological advances across a
range of disciplines [8].

As shown in the first row of Table 1.1, GHG are not the only emissions aircraft
produce that need to be addressed: acoustic noise plays a considerable role in the
determination of when and where planes are allowed to fly [9]. Aircraft noise, which
can reach 140 dB, can have a significant impact on human health and can significantly
affect cardiovascular health, sleep quality and increase psychological effects such as
stress and anxiety [9]. Noise is primarily dependent on the the volume of flights, air-
craft types and flight path and due to these adverse effects aircraft capacity within a
given airspace can be limited or restricted certain times of the day. This can result in
reduced throughput at important international hubs such as London Heathrow Inter-
national Airport (LHR) which has limited night time flying [10]. To accommodate the
increased demand in air transit, air craft must be made quieter or new hub airports
will be needed to ensure noise restrictions are not exceeded in existing busy air spaces.
Even if noise reductions are able to lighten the restrictions around flying at certain
airports and increase airspace capacity, expanding existing airports through additional
runways, terminals and supporting transport links to final destination can be extremely

challenging, costly, and damaging to the local environment [11]. To cope with future
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demand other alternatives may be needed such as greater use of regional airports.
Currently many regional airports are operating at reduced capacity. This can be due
to a number of reasons such as distance from final destination, lack of connecting flights,
and weaker ground transport links, but can also be due to lacking long enough runways
for which commercial aircraft can safely land on and take-off from [12]. One example of
this in London City Airport (LCY), which had a runway field length of only 1080 m until
it was extended to 1500 m in 1992 [13]. The short runway restricts the types of aircraft
that can land, despite the airports proximity to the cities major financial districts.
To ensure that future demand can be met using existing infrastructure, runway field-
length performance needs to be improved, in other words, future aircraft must improve
short-take-off-and-landing (STOL) capability, if they are to allow for greater use of
currently under-capacity regional airports [12]. Electrical propulsion can help achieve
this by enabling concept designs that can improve aerodynamic design through optimal

placement of propulsion fans and greater effective bypass ratio.

1.1.2 Aircraft Electrification

The rapid development of hydraulic power and bleed air systems following the end of
World War 2 led to the majority of commercial aircraft secondary functions, such as
actuation and de-icing, being supported by these methods [8]. The use of electricity
on-board aircraft was limited to cabin lighting and utility for critical electronic equip-
ment, owing to the greater simplicity and maturity of the other competing systems [8].
However, multiple oil crisis in the 1970s, led aircraft designers to seek alternative solu-
tions to increase aircraft fuel burn efficiency which consequently revived interest in the
use of electrical power for auxiliary systems [8]. The application of electrical power to
loads traditionally powered through hydraulics, pneumatic, and mechanical systems, is
now commonly refereed to as the More Electric Aircraft (MEA) concept. Figure 1.2
shows a modern conventional aircraft engine power flow while Figure 1.3 shows that of
a MEA.

MEA is an evolutionary step in aircraft design that seeks to power non-propulsive

based subsystems using electricity, a concept which has been enabled by continued
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improvements in electrical components power density and efficiency [15]. Over the
preceding decades, demands for electrical power on-board aircraft have grown signifi-
cantly and continue to do so. Much of the early growth in this area is the result of an
increased demand for in flight entertainment services and flight control systems such
as the fly-by-wire system introduced in the Airbus A320 family [16]. More recently
however, this growth has been due to the reallocation of functionality to use electrical
power, for example the Boeing 787 Dreamliner which presented a major step-change in
on-board electrical generation [17].

The Boeing 787 Dreamliner is the first commercial aircraft to have an onboard
electrical generation capacity greater than 1 MW [17]. A major change in this aircraft
is the introduction of a bleedless system. Bleed air, a resource that is traditionally
responsible for wing anti-icing and cabin environmental control, was removed for the
787 model, instead being replaced by a system of electro-thermal plates and compressor
pumps powered by the generators [18]. This reduces the amount of power needed to
be extracted from the engine by as much as 35 % compared to a bleed air system [18].
Mechanical complexity is reduced by replacing hydraulic systems (e.g. engine start
and braking) with electrical systems. Relative to a B767, mechanical complexity has
been reduced by more than 50 % due to these changes which can have the knock-on
effect of reducing maintenance costs [19]. As well as a more extensive electrical system
the aircraft also more than 50 % of the aircraft structure is made from carbon fibre
reinforced composites, reducing its weight and therefore fuel burn requirements [20].
Figure 1.4 compares the fuel efficiency of different aircraft to the industry average. The
impact of these technological improvements is to significantly improve fuel efficiency
compared to other, large passenger aircraft, as shown in Figure 1.4.

While MEA, alongside other technological innovations in air-frame materials can
have a significant impact on fuel-economy of commercial aviation, in order to reach
the targets outlined by NASA, even more radical changes will be needed [22]. These
will need to target the aircraft propulsion system which is, by orders of magnitude,
the largest source of power consumption on board aircraft. To meaningfully decrease

the energy required per payload there exists four main avenues: reduce aircraft empty
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2016 [21]

weight, reduce aerodynamic drag, increase the bypass-ratio of the turbofan engines,

drive-train efficiency improvements.

1.1.3 Turbo-electric Distributed Propulsion

Turbo-electric distributed propulsion (TeDP) is proposed as a concept to meet future
emissions targets for aircraft. In a TeDP aircraft the large gas turbine engines are re-
placed with turbine generators which will then transmit power electrically to propulsion
motors [22]. This type of architecture opens up a wide range of design freedom in the
number, and placement, of propulsion motors, allowing for designers to place motors in
aerodynamically advantageous positions to take advantage of effects such as boundary
layer ingestion (BLI) while increasing the effective bypass-ratio (BPR) of the propul-
sion system [22]. Figure 1.5 shows the NASA N3-X aircraft concept which combines
hybrid wing body (HWB) with TeDP in an attempt to achieve the goals outlined in
Table 1.1.

The use of distributed electrical propulsion can have a number of positive effects

8
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Figure 1.5: NASA N3-X Aircraft Concept [23]

on the overall aircraft system [22] [23] [24]. One of these benefits is the enabling of
a very high effective BPR through the use of multiple small fans while ensuring that
the efficiency of large turbine generators is maintained through the electrical isolation
of generation and propulsion [25]. This electrical decoupling enables the distribution
system to act as a variable speed gearbox, allowing the fans and generators to operate
at different speeds. This provides further gains in efficiency as shaft speed can be
optimised without needing to consider maximum fan tip speed [26]. This can also
allow for yaw control [27] through varying of motor speed as well as greater amounts
of redundancy and control due to the large number of fans.

A significant challenge for TeDP is ensuring that the weight of the electrical power
system does not mitigate the benefits of electrification [28]. The high electrical power
requirements for the aircraft, expected to be up to 25 MW at take-off, results in chal-
lenging power densities for the electrical equipment to address this challenge. As dis-
cussed in Chapter 2, different architectures and rated system parameters (e.g. voltage)
can be used to reduce system weight. Superconducting electrical machines have been
proposed as a route to meeting high power densities required for these electrical power
systems. To minimise electrical losses and weight of the cabling it is proposed that
as much of the electrical power system as possible is superconducting including the
generators, distribution cables, and propulsion motors [29].

The safety critical nature of the aircraft application, necessitates that the super-
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conducting electrical power system has an appropriate electrical protection system. To
implement this, the unique electrical characteristics and thermal requirements of su-
perconducting components needs to be understood within the context of a power elec-
tronics interfaced electrical power system, such as those proposed for TeDP aircraft,
under fault conditions. Critical to the design of the protection system is determining
the impact faults have on protection system requirements and how faults can be man-
aged by system design choices. To do this the fault behaviour of the system must be
characterised.

While there are a number of existing studies analysing the impact of faults within
AC superconducting networks and cables, the impact of faults within compact DC su-
perconducting networks requires work to determine how much of the existing theory
for conventional DC networks is applicable. Of particular interest is the impact of ca-
pacitive discharge during rectifier interfaced short circuit faults. Additionally, An often
cited advantage of the DC TeDP concept is the improved controllability offered by the
many power electronics interfaces. However, the way in which this additional controlla-
bility can be harnessed during adverse superconducting feeder operating conditions has
not been demonstrated in the literature. By focusing on the DC transmission due to
the greater controllability, and then narrowing our scope to the superconducting cables

within, this work will contribute to these areas by addressing the following questions:

1. What is the likely fault response of a compact superconducting DC network and

how will the network and superconducting cable parameters affect this?

2. What Thermal operating margins are required to protect superconducting ca-
bles from high currents experienced during fault ride-through and can this be

optimised?

3. What control schemes can implemented to improve power availability after a
fault that leads to temperature rise within a superconducting feeder cable during

ride-through?

10



Chapter 1. Introduction

1.2 Summary of Contributions

To address the questions numbered in the previous section this work offers the following

contributions:

1. Major: An optimisation framework for sizing superconducting and conventional

current carrying layers with respect to system ride-through requirements.

2. Major: Development and analysis of a control scheme that allows greater power
flow through superconducting cables following temperature rise event such as a

fault ride-through.

3. Minor: Analysis of the requirements for a critically damped response in an RLC

circuit containing a superconducting tape using modelling and simulation.

4. Minor: Experimental results involving the discharge of a capacitor through su-
perconducting tapes to gain a better understanding of short circuits in power

electronically interfaced, DC superconducting circuits.

5. Minor: Development of fault-ride through limits of superconducting cables based

on cable parameters and system cooling capability.

1.2.1 Supporting Publications

The following publications have been made based on the contributions of the research

presented in this thesis

Journal Publications

1. Nolan, S., Jones, C. E., Norman, P. J. and Burt, G. M., ”Sizing of superconduct-
ing cables for turbo-electric distributed propulsion aircraft using a particle swarm
optimisation approach”, 4 May 2022, In: IEEE Transactions on Transportation
Electrification. 8, 4, p. 4789-4798 10 p.

2. Nolan, S., Jones, C. E., Pena Alzola, R., Norman, P. J., Burt, G., Miller, P. and

Husband, M., ”Voltage based current compensation converter control for power
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electronic interfaced distribution networks in future aircraft”, Dec 2020, In: IEEE

Transactions on Transportation Electrification. 6, 4, p. 1819-1829 11 p.

Conference Publications

1. Nolan, S., Jones, C. E., Munro, R., Norman, P., Galloway, S., Venuturumilli, S.,
Sheng, J. and Yuan, W., ”Experimental investigation into the fault response of
superconducting hybrid electric propulsion electrical power system to a DC rail
to rail fault”, 30 Dec 2017, In: IOP Conference Series: Materials Science and
Engineering. 279, 1, 8 p., 012014. First Presented at Joint Cryogenic Engineer-
ing Conference and International Cryogenic Materials Conference, Madison, WI.

USA.

2. Nolan, S., Jones, C. E., Norman, P., Galloway, S. and Burt, G., ”Protection
requirements capture for superconducting cables in TeDP aircraft using a thermal-
electrical cable model”, 19 Sep 2017. 15 p. First Presented at SAE 2017 AeroTech
Congress and Exhibition, Fort Worth, USA.

3. Nolan, S., Jones, C. E., Norman, P. J. and Galloway, S. J.,”Understanding
the impact of failure modes of cables for the design of turbo-electric distributed
propulsion electrical power systems.”, 5 Oct 2016, 6 p. First Presented at Elec-
trical Systems for Aircraft, Railway, Ship propulsion and Road Vehicles and In-

ternational Transportation Electrification Conference, Toulouse, France.

1.3 Thesis Outline

The work contained in each section of this Thesis is outlined here.

Chapter 2 contains a literature review which first discusses superconductors: their
history, their applications, the current stage of development and some of the key theories
upon which the research presented in this thesis relies. It also introduces superconduct-
ing electrical systems applied to TeDP, discussing the main concepts, technologies and
targets required for its realization. Finally, this chapter will discusses superconducting

cables and their failure modes. In addition to this background knowledge, short topic

12
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specific literature reviews are presented in chapters 3 through 6 to build upon this
material.

Chapter 3 focuses on the fault behaviour of superconductors in a converter in-
terfaced DC network. The basic principles of the fault circuit are discussed before
a superconducting tape model is described and implemented in MATLABs Simulink.
The influence of circuit and tape parameters on the fault circuit response is then dis-
cussed. The experimental capture of capacitor discharging through a superconducting
tape, mimicking the initial moments of a rectifier interfaced faced, is described and
discussed.

Chapter 4 presents a finite difference method based modelling approach to evaluate
hot spots on superconducting cables and discusses this failure mode with respect to two
cable design concepts: fault current limiting, and fault current tolerant. The concept
of maximum recovery temperature and maximum recovery current are introduced here.
These provide operating limits for cables, which are demonstrated in Chapters 5 and
6.

Chapter 5 presents a framework for the sizing of superconducting TeDP cables
with respect to fault ride through protection constraints using an optimisation based
approach. As such, this chapter presents a method for minimising the lifetime cost of
the cable design with respect to initial capital and on going costs due to weight (fuel).

Chapter 6 develops a power electronic control scheme which maximises the amount
of power that can be transmitted through superconducting cables that have undergone
temperature rise. The chapter describes the operation of the scheme, and demonstrates
its capability in a test network in a MATLAB Simulink based system simulation.

Chapter 7 concludes this work by summarising the key points of each chapter and

highlighting future work opportunities.
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Background

2.1 Superconductivity

2.1.1 History of Superconductivity

Superconductivity is the phenomenon of zero electrical resistance that occurs in certain
materials below a critical temperature, T.. It was first discovered in 1911 by Heike
Kamerlingh Onnes [30]. Following this discovery, which occurred in mercury below a
temperature of 4.2K, it was quickly discovered that superconductivity was present in
other materials at a variety of temperatures. Figure 2.1 shows the time-line for the
discovery of superconducting materials and their corresponding 7.

It was also found that superconducting materials also exhibited another important
property: the expulsion of magnetic fields from the interior of materials operating in the
superconducting state [31]. This is now known as the Meissner effect and is illustrated in
Figure 2.2. The first significant step to understanding the Meissner effect came in 1935
with the London equations. These equations presented a phenomenological model that
could describe the exponential expelling of magnetic fields from the superconducting
material as a function of penetration length into the material [32]. Up to this point
all superconductors discovered so far fell into the category of Type-I superconductors,
those that completely expel all magnetic fields below the critical field. However, it was
around this time a new type of superconductor, named Type-II superconductors, were

discovered.
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Type-1I superconductors allow for a mixed state to exist above a lower critical field
(while still producing no resistance to electrical current), before complete penetration
at a second, higher, critical field value [31]. In 1950 the Ginzburg-Landau theory
emerged and classified the two types of superconductors, Type-I and Type-II, based
on the energy interface between the superconducting and normal states [34]. A major
breakthrough in the understanding of superconductivity came in 1957 with the Bardeen
Cooper Schrieffer theory (BCS theory). This theory describes superconductivity as
being caused by a net attractive force between electrons that allows the formation of
Cooper Pairs, creating a condensate that requires much more energy to disrupt than
the oscillating atoms within the material can produce at temperatures below 30 K [35].

As well as developing fundamental understanding of the superconductivity phe-
nomenon, applications of early superconductors began to take off the second half of the
twentieth century. However, due to the low critical temperatures requiring the use of
expensive cryogenic coolants, and the cost of manufacturing superconducting compo-
nents, application of these early superconducting materials were limited to specialized
equipment such as magnetic resonance imaging (MRI), mass spectrometers, and parti-
cle accelerators for fundamental physical research. These two applications continue to
dominate the demand for superconducting materials to the present day [36].

The large rise in the maximum critical temperature during the 1980s, seen on Figure
2.1, is due to the discovery of cuprate based materials that could produce supercon-
ductivity at temperatures greater than 30 K. These are commonly referred to as High
Temperature Superconductors (HTS). The existence of materials capable of operating
at temperatures above 30 K was first discovered in 1986 by IBM researchers Georg
Bednorz and Karl Alexander Muller who found that a sample of lanthanum-based
cuprate had a transition temperature of 35 K [37]. Superconductivity at these temper-
atures cannot be explained by BCS Theory and a full description of their fundamental
properties is still in development.

Following this initial discovery, a number of other cuprate based superconductors
were found such as Yttrium Barium Copper Oxide YBCO and Bismuth Strontium

Calcium Copper Oxide BSCCO materials which exhibited critical temperatures of 93 K
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Figure 2.3: Influence of a Magnetic Field on the State of a Type-I (left) and Type-II
(Right) Superconductor [39]

and 108 K respectively. These discoveries marked an important milestone as the critical
temperature exceeded the boiling point for liquid nitrogen (LN3), a cheap and easy to
produce cryogenic agent [38]. This increased the economic feasibility of superconductors

penetrating other industries such as power transmission and commercial transportation.

2.1.2 Critical Properties of High-Temperature Superconductors
Critical Magnetic Field

All HTS materials are Type-II superconductors that contain two critical magnetic fields.
A lower critical field, H.1, below which the material exhibits both zero DC-resistivity
and the Meissner effect; a high critical field, H.o, that when passed the material ceases
to be superconducting. In between these two values is known as the mixed state in
which the material allows magnetic flux to penetrate it although, it is still considered
to be superconducting. An illustration of the superconducting states in relation to
applied field and temperature is shown on Figure 2.3.

Within the mixed state the magnetic field penetrates the material at discrete points
known as fluxons [40]. In the presence of an electrical current, fluxons would move due
to the Lorentz force exerted on them were it not for flux pinning [40]. Flux pinning

uses the manufacturing of defects in the material to prevent the movement of flux by
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creating energy barriers that can not be overcome by the force produced by the flow of
current [40]. In the absence of pinning, the movement of flux would create an electric

field due to Faraday’s law, leading to electrical resistance.

Critical Current

The requirement of maintaining a critical magnetic field value below the Heoo (A/m)
threshold leads directly to the formation of a critical current, Ic (A), a maximum
current that the material can transmit before the properties of superconductivity are
lost. This is due to the destruction of superconductivity as the magnetic field produced
by the flow of electrons, the self-field, exceeds Hgo [41]. This can be shown using the

relationship for the magnetic field produced by a conductor:

I. =2nrH, (2.1)

Where 7 (m) is the radius of the conductor. In practice, I, is normally defined as

the point at which the measurable voltage across the superconductor reaches 1 1 V/cm.

Critical Temperature

While most materials have a negative resistance-temperature coefficient, causing re-
sistance to reduce in line with the temperature, superconductors are set apart by the
complete loss of DC electrical resistance below T¢ (K). This illustrated on Figure 2.4
which compares the resistance temperature relationship of a conventional conductor
and a superconductor.

While superconductivity is present in HTS materials below T, the critical field,
and current, has been found to be strongly temperature dependent, approaching zero
as temperature reaches T¢. Thus manufacturers will often quote critical current with
respect to a specified operating temperatures. One example is 77 K, the boiling point

of LNs, which is often used when describing tape and cable critical currents.
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Critical Surface of Superconductivity

The interdependence of the three critical values, Io, T , and Ho leads to the de-
velopment of the critical surface of superconductivity as illustrated on Figure 2.5. If
the HTS material exceeds this surface, it undergoes quench, the term used for the
state-transition from superconducting operating mode to resistive operating mode. In
their resistive state, HT'S materials are generally very poor conductors, providing high
amounts of resistance to the flow of current and thus dissipate large amounts of energy
as heat due to Ohmic losses. Uncontrolled, this can lead to damaging of the HTS
material [41].

Critical current improvements have led to the development of extremely high cur-
rent density HTS materials at a range of different operating magnetic field strengths
and temperatures [43]. Figure 2.6 shows the variation in whole wire critical current
density with applied magnetic field for a variety of HTS materials operating at 4.2
K. Each material has its own strengths and weaknesses, thus it is unlikely that any
single material will emerge as dominant for all applications and temperature ranges.
However, BSCCO and YBCO are considered the most mature HTS materials in the

literature, having been the subject of intense research since the 1980s [41]. Of these
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two YBCO is likely to be the preferable material for Superconducting TeDP cables due
to the advantages discussed in Section 2.3. Magnesium diboride is another promising
HTS material, however as this work focuses on superconducting cables operating at at

LN, Temperatures, it is not discussed here due to its low critical temperature of 39 K.

2.1.3 Applications of High Temperature Superconductors in High

Power Applications

This section will give a brief overview of the main applications that HT'S materials have
within high power systems to highlight the benefits these materials may unlock within

a future TeDP system.

Superconducting Fault Current Limiters

There are a variety of potential applications for HT'S materials in power system com-
ponents, one of which is the superconducting fault current limiter (SFCL). Faults in
an electrical system can cause a large current to flow within the network which can
be harmful to all components in the fault path. By reducing fault current magnitude
through the use of SFCLs, the amount of overcurrent experienced by these components
can be reduced. This can limit damage, but also enables the use of smaller circuit-

breakers (CBs) which can be less expensive and light weight [44]. SFCLs can also
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Figure 2.7: Example of RSFCL [47]

reduce the need to upgrade and replace protection equipment required to accommo-
date higher fault levels as electrical power demand increases in a network [44].

SFCLs are an area of intense research and as such have a much higher TRL than
most other superconducting power system components. Many demonstrator projects
have been field tested within transmission and typically adopt one of a few design
types, including inductive, resistive, and a hybrid between the two [45]. Resistive
SFCLs (R-SFCLs) have a number of advantages for aerospace applications, primarily
lower weight and volume than inductive type SFCL types and the simplicity of its
design and operation [46]. A concept design of an R-SFCL is shown on Figure 2.7.

R-SFCLs work by taking advantage of the large step change in resistance between
the superconducting and non-superconducting phases of the material. During normal,
non-faulted operation, they have zero resistance to the flow of current. Once a low
impedance fault occurs, the current rises above the critical current level causing the
device to undergo quench. This causes a large step change in circuit resistance and

rapidly reduces the current flowing in the faulted section, providing passive protection
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of the network [44].

While R-SFCL devices present the opportunity to reduce current during a fault,
a disadvantage is the time it takes to reset them due to the large temperature rise
they undergo through absorbing fault energy. This requires time (several seconds to
several minutes) and energy for the cooling system to remove the excess heat and allow
temperature to fall below the critical current before normal current can flow [48]. This
recovery time could be unacceptable in a TeDP application where loss of power can
lead to loss of propulsion, although it is likely there will be significant redundancy given

the safety critical application of commercial aviation.

Distribution Cables

Superconducting cables are proposed for the TeDP electrical power systems to avoid
heat sources within the transmission network and to allow the entire network to be
embedded within a single cryogenic cooling system [29]. An additional benefit of su-
perconducting cables is the potential for distribution at much lower voltages compared
to conventional cables for comparable power levels. Superconducting cables form a core

aspect of this research and are discussed further in Section 2.3.

HTS Machines

HTS machines are another application for superconducting materials in situations
where high power density is a requirement such as TeDP. Within the TeDP network
HTS machines will provide for both power generation and conversion into propulsion.
HTS field coils are capable of carrying large amounts of current with low loss. This al-
lows them to support very high magnetic fields as well as enabling an air-core machine
design which removes the heavy iron core normally required to reduce the magnetic
reluctance of the machine design [49]. These factors significantly increases the power
density compared to conventional machines. Partially superconducting machines have
been presented wherein the superconducting materials are used within the field coils
to produce high magnetic fields while maintaining a conventional armature circuit [50].

This so-called partially-superconducting machine has the potential for significant power
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Figure 2.8: Power Density Comparison for a Variety of Propulsion Technologies at
Different Power Levels [53]

density gains but is not enough to enable a TeDP aircraft at commercial size as the
large air gaps in the design reduce the flux density of the magnetic field and thus limit
their potential [51].

To achieve the construction a fully superconducting machine, the primary problem
that needs to be addressed is the AC losses produced in the superconducting armature
as a consequence of the high rpm speeds needed to achieve power density goals [52].
These losses increase the amount of power that needs to be consumed by the cryogenic
cooling system and significantly impact overall weight. Despite this there is potential
for fully superconducting machines with power density’s of up to 40 kW /kg [49]. Figure
2.8 shows a graph that compares the power density capability of different Machine tech-
nologies with increasing power level. It can be seen from this figure that the potential
gains in power density for high RPM (10,000 rpm) superconducting machine designs
are considerable and have the potential to be more power dense than contemporary jet

engines.
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Figure 2.9: Nasa N3-X Concept Aircraft illustration [54]

2.2 Superconducting Turbo-electric Distributed Propul-
sion
2.2.1 Overview of System Concepts

NASA N3-X Concept

The NASA N3-X aircraft concept, shown in Figure 2.9, utilises a range of current state
of the art and future, technologies to meet the targets outlined by Figure 1.2 [29].
The baseline concept for the aircraft places the power generation on the wing-tips and
distributes power electrically to the propulsion motors placed along the body of the
aircraft [29]. This allows for a high effective by-pass ratio by using sixteen propulsion
motors rather than the typically found two or four engine configurations of a contem-
porary aircraft. This also increases the level of propulsion motor redundancy. As well,
it allows boundary layer ingestion which increases thrust by reducing the average inlet
velocity of the air entering the fan as well as reducing drag [55]. These features increase
the aerodynamic efficiency, reducing fuel burn and subsequent emissions. Additionally,

this location of the propulsion motors along to top of the fuselage allows the airframe
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Figure 2.10: EADS E-Thrust Concept Art [57]

to provide noise shielding [56]. The hybrid wing body (HWB) design also improves the

lift to drag ratio of the aircraft as lift is generated across the entire aircraft.

EADS E-Thrust Concept

Another concept aircraft that adopts a similar electrical architecture is that of the
EADS E-thrust which is shown on Figure 2.10 [57]. First proposed in 2013, this con-
cept maintains many of the same features as the NASA N3-X such as superconductivity,
HWRB airframe, distributed electric propulsion. One major difference between the de-
signs are the placement of the HTS generators, which are moved from the wing-tips to
a central location, reducing the need for long cable runs and allowing for further noise
reduction. Central placement of the gas turbine generators is also being explored for
the N3-X+ [56].
The EADS E-Thrust Concept uses a series-hybrid electrical architecture [58]. Whereas

a purely turbo-electric architecture is one in which the gas turbines drive electrical gen-
erators, the series-hybrid architecture has a battery which stores energy and can also
contribute to propulsion [58]. This configuration can reduce overall emissions compared
to traditional aircraft, however the weight of the energy storage can be a significant

drawback compared to turbo-electric architectures [58].
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Figure 2.11: DC system Architecture Example [29]

2.2.2 Electrical Network Architectures for TeDP

DC and AC Distribution Concepts

A key design decision for TeDP is whether the network architecture adopted should

be predominantly AC or DC. A majority DC design has been proposed through a

joint study conducted by NASA and Rolls Royce [29], however a study conducted by

DEAP [59] highlighted significant trade-offs between the two distribution modes. An

example DC architecture developed as part of a NASA consortium trade-study is shown

on Figure 2.11.

One of the primary motivations for a DC distribution architecture is the electrical

decoupling of electrical generators from the propulsion motors [60]. This is achieved

through the power electronics modules in the distribution network enabling the gener-

ators and motors to operate at different shaft speeds without the need for a mechanical

gearbox. In a contemporary turbofan engine, shaft speed is limited by maximum tip
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speed, by using a DC distribution this is no longer the case, allowing the generator and
fan to operate at their optimal speed at all points in the flight [61]. In this way the
distribution network works as a variable gearbox controlled through power electronics.
This also allows for greater control options, as fans can be controlled individually using
the power electronic interfaces.

The use of multiple power electronics interfaces in the DC architecture creates a
number of technical challenges for its design and implementation. These challenges are,
first the weight of the power electronic converters [28], and secondly the impact they
have on electrical protection and fault response [62]. With TeDP expected to operate
at around 25 MW, even if power electronics undergo rapid increases in power density,
they will account for a significant fraction of overall system mass, as will be shown
in the next subsection. Additionally, even if lofty efficiency targets are met(> 99%),
a 1% power loss within a multi-MW converter translates to tens of kW that need to
be removed by a cooling system. If these power converters are operated at cryogenic
temperatures, as is proposed in [63] to improve efficiency, the cooling system will have
to remove these losses with an associated penalty due to Carnot efficiency, further
driving up mass.

Given the safety critical nature of aircraft application, being able to manage and
protect the system when electrical faults take place is of paramount importance. Power
electronics influence the short-circuit current fault shape and size due to the filtering
elements they require [62] and, in some cases, the control schemes they utilise. An
example of when a control algorithm influencing a fault can occur is in the case of a
power electronics module controlling an energy storage device. In this case the module
can discharge into a fault in attempt to regulate bus voltage [64]. This is a condition
known as protection blinding [64].

Although DC distribution has been the focus of more research, AC distribution
concepts exist such as the one shown in Figure 2.12. AC-based distribution architectures
offer weight savings when compared to DC-based architectures, as they do not require
power electronic converters, for AC to DC power conversion [59]. Superconducting

cables do exhibit losses in AC due to superconducting hysteresis and eddy current
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Figure 2.12: AC Superconducting TeDP Network Architecture Example [59]

losses, this loss has to be weighed up against the losses from power electronic converters
in the equivalent DC architecture. All losses are dissipated as heat, which increases the
power requirement, and physical size, of the associated cryogenic cooler [28]. Jones et
al. compared 3 architectures, a DC distribution network, an AC distribution network,
and a hybrid AC-DC system that contained a back to back rectifier-inverter at the
motor [28]. The study found that not only was the AC system lighter, but also far more
efficient from a power loss perspective due to the inefficiencies of the power electronics
modules [28].

The increased mass of a DC network is further exasperated by the weight of the
protection system due to the low power density of DC circuit breakers [29]. Despite
this, a DC distribution system remains the focus of much research due to the greater

controllability it offers.

Voltage Level

As of 2019 the Boeing 787 Dreamliner presents the highest use of electrical power on

board aircraft at 1 MW rated capacity. However, this substantial amount of power is
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transmitted at either 230V AC, 100V AC, or £270V DC' [65]. As such, on state-of-the-
art aircraft, the voltage levels remain within the limits of Paschen’s law [66]. Paschen’s
law describes the minimum voltage required to breakdown an air-gap between two
conductors as a function of air pressure and reaches a minimum at 327V DC [66]. By
operating systems below this voltage magnitude, the risk of arcing is limited.

In contrast terrestrial electrical distribution networks universally use higher voltages
as power requirements increase to reduce voltage drop between network nodes, and the
conductor cross-sectional area (CSA) requirements associated with resistive materials.
TeDP represents an order of magnitude increase in the consumption of electrical power
on board and aircraft. Using conventional conductors for on-board electrical power
systems on large, TeDP aircraft such as the N3-X would require significant increases in
the cross-sectional area of components assuming the limits of Paschen’s law are kept.

Unlike a conventional conducting system, the weight of a DC superconducting TeDP
network is largely independent of the current transmitted due to the negligible losses
of superconducting components and the large critical current densities offered [90].
For comparison, the current density of copper conductor in coil is typically around
3A/mm? while Nexans Superconductor offer YBCO tapes at densities of 1004 /mm?
[67]. However, the YBCO tapes need to be cooled to 77K to maintain this current
density. Hence, the total weight of superconducting components are more significantly
impacted by cooling requirements than conventional components [28].

While the weight of the superconducting materials does not vary significantly with
current and voltage, the protection equipment, namely the DC circuit breakers, and
the power electronic converters are dependent on these parameters. The results of
the sensitivity analysis conducted in [29] found a voltage level greater than 5kV to be
optimal for a wide range of DC architectures when considering both component weight
and losses in the overall propulsion system [29]. This varied depending on the system
architecture adopted but ultimately found component weight was largely insensitive to
voltage across a wide steady-state operating range from 5kV to 20kV. This is indicated

in Figure 2.13.
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Cryogenic System

In order to cool the HT'S components to temperatures below T, a robust cryogenic
system is required. The four main cryogenic system options described in the literature

are [68]:

1. decentralised cryogenic system: Each component has an independent cooling sys-

tem.

2. Partially decentralised cryogenic system: Localized cooling of network sections

while maintaining a network of circulating cryogen fluid.

3. Centralized cryogenic system: Centralized cryocoolers provide cooling for the

whole network of superconducting components.

4. Boil-off cryogenic system: Cryogen fluids are deposited into the network at the
start of the mission and expended to keep components at nominal operating

temperature.

A decentralised system allows for individual components to operate at their optimal

temperature and the failure of any single cryogenic device is also limited to the affected
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Component Power Density (kW /kg) | Efficiency (%)
HTS Generator 78.5 99.3
HTS Propulsion Motor 47.1 99
HTS Cables 500 A/kg/m ~ 100
Power Converter 40 99.8
Cryo-cooling System 0.333 30
DC Circuit Breakers 200 N/A

Table 2.1: Superconducting TeDP Component’s Power Density and Efficiency Targets

component. Conversely a centralized system reduces the number of components in
the aircraft, reducing complexity and allowing for system with less total mass [68].
A Dboil off system removes the need for the bulky cryocoolers. However a primary
disadvantage of a boil off system is the need for airports to have the infrastructure to
provide cryogen refuelling. This may limit the number of flight destinations as well as
require significant investment to achieve widespread availability. The boil off system
may also limit the cryogen fluid selection to inert elements such an LNs due to the
obvious safety implications. Cryocoolers for TeDP are targeting a specific power of

3kg/kW [63].

2.2.3 Component Targets and Requirements

To achieve the power densities required to make superconducting TeDP economically
feasible, component targets that have been identified in the literature are shown on

Table 2.1 [63], [69], [70], [29]:

2.3 Superconducting Cable Design

2.3.1 HTS Wire Development and Properties

Early attempts to fabricate HT'S materials into wires for creating electrical components
lead to the creation of first generation (1G) HTS multi-filament wire. This was achieved
in the early 1990’s with the BSCCO material using a powder in tube (PIT) process [71].

As a result of this manufacturing process, the HTS material is encased by a metallic
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Figure 2.14: BSCCO Multi-Filamentary Wire [72]
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Figure 2.15: Structure of REBCO Tapes used to Produce Superconducting Components
[76]

matrix of silver alloy. The cross section of a BSCCO wire made using this process is
shown in Figure 2.14. While 1G multi-filament wires can achieve high current densities,
as demonstrated by the trace for BSCCO in Figure 2.1, the use of the silver metallic
matrix in its construction increases costs significantly [71].

Due to the high production costs of BSCCO wire, second generation (2G) HTS
tapes have been developed. These have a structure as shown in Figure 2.15 and are
create using a deposition process that adds rare earth elements with barium and copper
oxide (ReBCO) to grow a thin film of superconductor on a substrate [73]. A major
advantage of 2G tape is that it is primarily made up of inexpensive materials, allowing
for cost savings compared to 1G cables [74]. In addition the manufacturing process can

be automated providing further cost saving and scaling potential [75].
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As well as the potential for reduced cost, 2G tape has a number of significant
practical advantages over its 1G counterpart. First, 2G HTS tape achieves higher
critical current densities at the same temperature [77]. 2G tape also has better magnetic
field performance and greater mechanical properties, being able to withstand higher
magnetic field and shorter pitch twists with less degradation to critical current [75] [74].
For the reasons outlined in this section, the work presented in this Thesis will focus on
2G HTS tapes and cables. From now onward in this work, when HTS is used it should

be assumed that it is in reference to 2G HTS unless explicitly stated.

2.3.2 HTS Cables Designs
Cable design concepts

An example of a superconducting cable made using HTS tape is shown on Figure 2.16.
As shown, this cable is a single core, cold-dielectric (CD) concept. This CD refers to the
electrical insulation that, in this design, is kept within the cryostat and is thus kept at
cryogenic temperatures [78]. The full design is made up of a variety of material layers.
The innermost layer is the nitrogen inlet that allows the coolant to flow through the
cable, removing heat generated by transmission and environmental losses. The nitrogen
coolant is contained within the second layer, the former of the cable. This part of the
cable is made of a conventional material which is generally copper, brass or stainless
steel depending on the application. During a fault, the vast majority of the current will
flow through this part of the cable due to the large impedance of the superconducting
material at currents exceeding the critical current [79].

The next layer is the superconducting tapes. The tapes are wound around the
former, with the final critical current of the cable being determined by the number of
tapes used in the creation of the cable and the rating of each tape. Critical current
degradation can occur due to the twisting of the tapes and the pitch angle is optimised
to maximise critical current over the length of the line [81]. A second later of HTS
tapes is used in the screening layer. During normal operation the HTS screen provides
complete magnetic shielding as the current induced in the screen layer cancels the

magnetic field produced in the conduction layer [82]. This ensures that the magnetic
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Figure 2.16: Single Core Cable Design [80]

field within the cable cannot interfere with other nearby circuits. A nitrogen outlet
provides the coolant return path.

In contrast to the CD design, a warm dielectric (WD) cable design utilises electrical
insulation on the outside of the cryostat. Figure 2.17 shows the different insulation
design approaches for a three core cable concept in both warm and cold dielectric
designs. A three core cable allows for three phase power distribution using a single
cryostat. In the CD design presented the remaining volume inside the cryostat outside
of the cores is used as the return path, submerging the dielectric in the cryogen.

A CD design exhibits lower AC-loss than a WD design and can have a higher
transport current [82], [83]. However, the WD approach allows the use of conventional
insulation material and uses less superconducting tapes since there is no shield layer [82].
This comes at the penalty of electromagnetic shielding. This allows CD designs to offer
overall less volume as cable spacing is not a constraint [82]. As such, a CD design is
better suited to TeDP than a WD design and will be the focus of this thesis going

forward.
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Figure 2.17: Three Core Cable Warm and Cold Dielectric Design [78]

Power Loss and Heat Sources in HTS Cable

The main sources for power loss in HTS cables are as follows:

1. Flux-creep and flux-flow loss: As the current in a superconducting cable increases,
fluxons are able to overcome the energy barrier created by pinning sites. This
causes a potential difference to be generated by the movement of the magnetic

fluxons that leads to energy dissipation as current passes through these areas. [84].

2. AC loss (in AC system only): The three main drivers for this loss mode are the
superconducting hysteresis effect, eddy currents induced in the conventional parts

of the superconducting component, and coupling loss [84].

Within a DC system the main driver for losses are flux-creep and flux-flow. This
loss mode can be minimised by maintaining sufficient margin between operating current

and the critical current.
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2.3.3 Fault Current Limiting (FCL) and Fault Current Tolerant FCT
Cables

To design superconducting cables robust against electrical faults, two design approaches
can be considered: the fault current tolerant (FCT) and fault current limiting (FCL)
cable designs. The major difference between the two design choices is in the quenched
impedance of the cable, which is altered by changing the type of material and thickness
of the conventional materials that act as a parallel shunt during quench [85].

For the FCT cable, the former is made of highly conductive material such as copper,
with a large enough cross sectional area to provide a high-volume, low impedance, path
for the fault current to pass through during a fault scenario [86]. During a fault, the
amount of energy dissipated does not result in a significant rise in temperature if the
former is large enough [86]. Additionally, if the temperature rise is large enough to
remove the cable from service, the time for the cable to recover will be reduced due to
the lower temperature reached during the fault period.

A low impedance path can offer thermal stability during faults and small over-
current transients for these reasons. However, the size of the former may introduce
larger weight and volume penalties. A further drawback of this design is that the
low impedance provided by the cable could lead to other components on the network
dissipating a larger proportion of fault energy [87]. This will require other system
components to be overrated to withstand the higher fault currents, incurring size and
weight penalties which have a large impact on the performance (weight and efficiency)
of the TeDP aircraft.

An alternative cable design is the FCL. The FCL design uses materials with a
much higher impedance such as stainless steel for the tape Stabiliser and cable former,
or smaller cross-sectional areas of higher conductive material. Hence, if fault current
causes the superconducting material to go above the critical surface, it must travel
through a highly resistive former. The resistive former can be sized to provide a large
impedance that can limit the amount of fault current able to travel through the cable,
reducing the amount of fault current experienced by other power system components

[38].
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The possibility to use the FCL cable design in a TeDP architecture will depend
strongly on the available length of cable runs on the aircraft because the cable must have
sufficient volume to area ratio to provide impedance while ensuring that the resulting
temperature rise is not excessive. For instance, the authors of [89] present a FCL cable
design concept but utilize a cable length of 19.8 km. In contrast cable lengths are
unlikely to exceed 100 m given the dimensions of an aircraft. The resistive nature of
the former used in the FCL design results in a greater possibility of hotspots occurring
when the current levels are elevated. This is because of the reduced current sharing
with the former during the initial moments of a fault and the significantly lower thermal
conductivity of stainless steel (two orders of magnitude lower than that of copper) [90].
Hence the spread of the normal zone created by the hotspot could be slowed, leading
to a smaller volume of material absorbing the fault energy as a result of the reduced
normal zone propagation velocity (NZPV) [91]. However if fast acting, solid-state,
circuit breakers (j 1ms) can be developed FCL cables may be able to reduce the impacts
of capacitive discharge during a rail to rail fault without excessive temperature rise as
is shown in [88].

Finally, from a protection perspective, FCL cables are ‘one-shot’ devices. A one
shot protection device is only able to interrupt a fault once, and is not easily re-settable
after use. In this sense, FCL cables will require time to re-cool to normal operating
temperatures before being placed back into service. This may take a more significant
period of time to achieve than in FCT designs, owing to the larger temperature rise
during the fault period and the cooling required to resume the superconducting state.
Due to the limitation of the cable run length on aircraft, to maintain the FCL capability,
dedicated FCL devices may be required to operate with FCT cables and/or converters
with FCL capability may be required (if a TeDP architecture requiring power electronic

converters is selected).
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2.4 Failure Modes of Superconducting Components

2.4.1 Critical Current Degradation

Critical current degradation is a reduction in the maximum current a superconducting
component can carry without quench occurring at a given temperature. Degradation
can occur as a result of a number of processes relating to the thermal, physical, and
electrical stresses the superconducting material is subjected to during operation [92],
[93]. During normal operation superconductors will be in a cryostable environment due
to the need to maintain operating temperatures below the critical temperature. This
means temperature will vary over a very small range during normal operation. This
is in contrast to conventional distribution networks in which components regularly see
temperature swings throughout the day due to short term weather conditions, and
changes in electrical demand.

Thermal cycling is one of the main degradation mechanisms of conventional compo-
nents as expansion and contraction of materials with respect to temperature can lead
to defect formation and growth. By maintaining a cryostable environment supercon-
ductors are expected to have greater service life and lower maintenance requirements
as a result [94].

Faults in superconducting systems can however cause large rises in temperature
depending on the fault level of the system and the components heat capacity [85].
Temperature rise can be damaging to superconductors as exposure to high tempera-
tures can cause a superconducting material’s I to degrade [92]. For ReBCO material,
research has shown that exposure to temperatures of 400 K or greater will lead to I
degradation [95]. This failure mode can lead to greater losses in the short term as the
difference between load current and critical current is narrowed. Significant critical
current degradation due to heating could make the component unable to fulfil it’s load
conditions or lose it’s superconducting properties completely [96].

Physical stress on the component can also lead to critical current degradation.
Research conducted by the authors of [97] shows that the critical current varies due to

tape bending and mechanical stress exerted on the tapes. TeDP is a distribution system
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for an aircraft, which throughout the course of a flight can go through mechanical stress
due to turbulence and normal flight manoeuvres and vibrations. The impact this can

have on critical current over the lifetime of an aircraft is unknown.

2.4.2 Localised Thermal Runaway

Whilst quench provides an opportunity to dampen fault current through the sudden
and large resistance increase of the material, large amounts of heat can be generated
through this process due to Ohmic losses. If the quench is not managed through
appropriate means, either through passive protection methods such as parallel shunts
or active dump loads and heating mechanisms, severe damage to the component will
occur [96]. An issue surrounding the quench behaviour of superconducting components
is the prospect of a hotspot occurring. A hotspot is the result of a non-uniform quench,
when one part of the component ceases to be superconducting before the remainder of
it [98].

Hotspots can occur due to the difficulty in manufacturing superconducting compo-
nents with consistent /¢ along the entire length due to intrinsic microscopic defects [99].
The small size of the hot spot relative to the full size of the component means that a
large current can still flow in the device as the resistance created by the quenched region
is small, relative to the size of the component. This in turn means the hotspot can
be forced to dissipate large amounts of heat for a period of time before the quenched
zone spreads to the surrounding superconducting material and the quench becomes
detectable, leading to a potential for damage [100].

Due to the relatively high heat capacity of high temperature superconducting com-
ponents compared to their low temperature counterparts, the velocity at which the
normal zone spreads throughout the superconducting component can be prohibitively
slow [91]. This can be as low as centimetres per second [91]. Due to this potential
for damage, a protection system for superconducting systems must be able to detect
quench quickly.

Their small size and low propagation velocity can make hotspots very difficult to

detect using conventional quench protection techniques, which are reliant on detecting
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voltage drops across components [101]. Hotspots are most likely to occur due to over-
current conditions that bring the superconductor to current levels near and above the
boundaries of the superconducting state where current is not high enough to fully
quench all parts of the material [102]. This means that it represents a failure mode
that could occur at currents that components may be expected to ride through. Hence
when designing the system, it may be necessary to over-rate components sufficiently to
reduce the impact of this failure mode on the TeDP power network. However, increasing
the amount of superconducting material used in the component will invariably impact
its final cost.

A common approach to the protection of superconducting components involves
minimising the damage caused by fault currents and hotspots through built in features.
One such feature is the use of parallel paths of conventional material built into the
material that provides an alternate path for current to flow through during quench [91].
This reduces the level of temperature rise experience locally due to the highly conductive
nature of the materials used (typically brass or copper). These materials also have high
thermal conductivity, allowing for heat dissipated to more quickly spread throughout
the component, reducing the localised impact and damage from hotspots [91]. This is
exemplified in Figure 2.18 which shows the current path for in a superconducting tape
undergoing localised quench. This is the design approach taken for superconducting
materials made from ReBCO tapes.

The authors of [103] present a method for preventing hotspots using parallel super-
conducting shunt tape that creates a superconducting mesh network throughout the
cable, allowing current to be redistributed amongst the superconducting tapes during
transmission across the cable. This method can be shown to aid in equalizing the

quench profile experienced by the individual tapes [103].

2.4.3 Thermal Runaway and Cryogenic stability

HTS components have significantly higher thermal stability when compared to low tem-
perature superconducting components. This is due to the higher specific heat capacities

of materials operating at higher temperatures [90]. Figure 2.18 shows the relationship
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Figure 2.18: Parallel Shunt used to Redistribute Current into Conventional Conductors
to Prevent Hotspot Thermal Runaway

between heat capacity and temperature for a range of conventional materials including
brass, copper and stainless steel. These materials typically form the parallel shunt lay-
ers within superconducting components that carry current when the critical current is
exceeded. It can be seen from this figure that as temperature increases, heat capacity
increases and this relationship is particularly significant at low temperatures. As such,
by operating at higher temperatures HT'S components are able to dissipate more energy
without enduring as great a temperature increase.

Cryostability is the term used to denote cryogenic conditions that are inherently
stable, the energy put into the cryogenic system in the form of losses and intrusion is
less than or equivalent to the energy removed from the system [105]. The opposite of
this is thermal runaway in which the energy deposited into the system through loss
mechanisms are greater than the energy that the cryo-cooling system is able to remove.

This leads to uncontrolled temperature rise that can damage the component [105].

Temperature Margin

Figure 2.19 shows the relationship between current in a superconducting material and
conventional shunt as a function of operating temperature. Temperature margin, AT
(K), is the difference between the operating temperature, T,, and the current sharing
temperature, T,s (K) [105]. T¢s is the temperature at which the current starts to flow
in the conventional parts of the component. This leads to increased losses as Joule

heating occurs in the conventional conductor within the component. As temperature
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Figure 2.19: Heat Capacity of Conventional Materials with Respect to Temperature at
Low Temperatures [104]

rise increases, more current is directed into the shunt material, increasing losses and
therefore accelerating temperature rise [105]. Once the material reaches 7T, (K) virtually

all of the current is flowing in the conventional conductor.

Requirements for Cryostability

In the absence of cooling, the conditions of cryostability, steady state operation of the
superconductor without thermal runaway, are as follows. The amount of thermal energy
added to the system, AEp (K), must be less than the amount of energy required to
cause the superconductor to reach T,.;. This can be calculated using the component’s
heat capacity, ¢ (J/K), and the difference between the operating T, and current sharing

temperatures [105]:

TCS
AETg/ cdT (2.2)

Once the current sharing temperature is reached, Joule heating will lead to thermal
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Figure 2.20: Current Sharing Between Superconducting and Conventional Materials
with Respect to Temperature

runaway unless current is removed. In practical conditions, the cooling system’s impact
on cryostability needs to be considered. The amount of heat that can be transferred to
the cooling system, Qou: (W), depends on the heat transfer coefficient, h(W/m?) , the
surface area, A(m?),and the difference between operating temperature of the component
and the coolant, T,,,. In the simplest case of a linear heat transfer relationship this

can be expressed by [105]:

Qout = hA(To - Tcool) (23)

The heat transfer coefficient is dependent on a number of variables including the
contact surface area, the type of cryogen, the matter state of the cryogen, and its
flow properties. This results in a highly non-linear relationship between heat transfer
coefficient and temperature [105]. However, in order to keep the focus of the analysis
contained within this thesis on the electrical system, a linear relationship is adopted

throughout this Thesis.
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Current Margin

The current margin, Al (A), describes the difference between the operating current,
I, and the current level that will cause current sharing with the conventional parts of

the component to occur, I.s. In an ideal superconductor I, is the I at T,,.

2.4.4 Faults in Compact Superconducting DC Electrical Systems

Electrical propulsion for TeDP requires the generation, distribution, and consumption
of 25 MW of power within a confined space and is subject to strict reliability require-
ments: for twin-engine aircraft, 180-minutes extended twin engine operations (ETOPS)
requires an engine in-flight shutdown rate of less that 0.02 per 1000 flight hours [106].
To disrupt the market, TeDP will need to demonstrate that it can meet and exceed
the standards set by the modern aircraft drive train. However, electrical faults cannot
be prevented in any electrical system, they can only be mitigated through the use of
activate and passive fault management strategies. The efficacy of a fault management
strategy depends on the architecture of the system they are intending to protect. While
there are benefits and drawbacks to both AC and DC electrical propulsion architectures
for TeDP, this Thesis will focus on the impacts of faults within DC superconducting
networks due to the greater controllability this network offers to the sTeDP concept.

Within conventional DC networks, the electrical system transient fault response is
determined by the nature of the power electronics used to interface the generation source
with the rest of the network [62]. This is primarily due to the filtering components
(inductors and capacitors) used within the converter to improve the quality of power
transfer between the AC and DC circuits by reducing voltage and current oscillation.
These components impact faults due to the energy stored in the electric and magnetic
fields they create as part of normal operation.

In the case of a highly inductive filter, such as that found in a current source
converter, the large inductance can reduce the severity of the fault by limiting current
[107]. In the case of a capacitor dominated filter, such as that found in a voltage source
converter (VSC), a large discharge of current can occur due to the electric field stored

on the capacitor plates at the time of a short circuit fault. This discharge of current can
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cause damage to components in the fault path, and the converter itself [108]. Within
a superconducting network, the negligible resistance of superconducting feeders could
lead to rapid generation of, and high peak values of fault current [88] which will also lead
to quench within the superconducting feeder cables. This near instantaneous change in
resistance will further affect the dynamics of the fault response of the superconducting
network when compared to a network made with non-superconducting components.
While previous work has been done on conventional compact DC networks [62],
it remains to be seen how much of this knowledge is directly transferable given the
unique operating characteristics of superconducting components. The impact of DC
faults on a compact, power electronics interfaced, superconducting network, are not
well understood and the implications of these transients on system and component
design need to be considered in any TeDP solution. This Thesis will first investigate
the response of superconductors within power electronically interfaced networks using
VSCs and the potential for superconducting component damage due to high and over-

current conditions caused by the capacitor discharge during a fault.
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Fault Behaviour of

Superconducting TeDP Networks

3.1 Fault Behaviour of Conventional Power Electronic In-

terfaced DC Systems

This chapter focuses on the general behaviour of superconducting tapes in converter
interfaced systems under short circuit conditions. This begins with a review of the
fault analysis in conventional VSC DC systems to form a basis for comparison with a
superconducting system and demonstrate why the same methods used for conventional
networks cannot be directly applied to their superconducting counterparts. This will
be done through the development of superconducting tape models, produced from
literature and simulations within Matlab’s Simulink software package. This analysis
is then extended through experiments to capture impact that DC faults can have on
superconducting components.

To this end, Section 3.1 focuses on the fault behaviour of a conventional rectifier in-
terfaced DC distribution network. Section 3.2 describes the superconducting modelling
process that is used to allow for superconducting tapes to be embedded within a circuit
model. Section 3.3 focuses on the RLC response of superconducting tapes, character-
ising the initial capacitor discharge phase of a fault on a superconducting DC-link for

underdamped, critically damped and overdamped systems. Section 3.4 describes the
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Figure 3.1: Circuit Diagram of Three-Phase VSC with Filtering Capacitor and Load
Resistor [109]

L

capacitor discharge experiments which demonstrate the physical response of supercon-
ducting tapes to a large pulse of current similar to that which would be experienced

during the initial moments of a DC-link fault. Section 3.5 concludes this chapter.

3.1.1 Rectifier Interfaced Fault Behaviour

A conventional DC link is interfaced in terrestrial systems using power electronics.
These power electronics contain switches and filtering elements that allow for the high
quality conversion of power from AC transmission mode to the DC mode. While vital
for reducing circuit noise these filtering elements ultimately have a profound impact on
the shape of the fault response of the network, and the severity of the faults experienced
[62]. A three phase active rectifier converts power from AC to DC using diodes to ensure
the current flows in a single direction, while switches are used to control the power flow
as required. The fault behaviour of VSC interfaced DC link can be analysed with the
following circuit [109]:

This circuit is connected to a distribution line. When an ideal rail-to-rail short
circuit occurs on this network, the voltage at the fault location generally drops to

zero due to the very small impedance of the fault path [62]. This causes the filtering
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Fault

Figure 3.2: RLC Fault Discharge Circuit

capacitor to discharge into the fault path, leading to extremely high currents as the
impedance between the locations is very low [62]. This is the first stage, known as
the capacitor discharge stage, of a DC-fault response and takes place in microseconds
within compact, low-inductance systems. The second stage of a VSC interfaced DC
fault is the shoot-through current stage. As the capacitor discharges through the fault,
the voltage across it decreases and as a result of this the voltage can become negative
leading to large currents flowing through the rectifier diodes as they are unable to block
the flow of current [108]. This current can potentially destroying the diodes [62]. The

third stage of the fault current is the steady-state fault response.

Stage 1: Capacitor Discharge

The initial capacitor discharge can be analysed by considering a series RLC circuit
with a fault path as shown in Figure 3.2 [110]. With given component values for filter
capacitor size, line inductance, and resistance, the variable states, the fault current and
capacitor voltage, can be calculated by considering the natural response of the circuit.
This circuit can be modelled using the 27¢ order linear differential equation shown in
(3.1):

d?ir, dir,

1
+R—2 4 —i =0 (3.1)

L
dt? dt Cr

Where i is the instantaneous current, L (H) is the inductance of the circuit, R(2)
is resistance, and C' (F) circuit capacitance. Taking the Laplace transform of this and

putting it into standard form the following characteristic equation is obtained:
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R 1
2 —_ _— =
S+ st =0 (3.2)

Solving for the roots of this equation leads to:

s=—a+—/a? —w? (3.3)

Where « is the damping factor and wy (rads™) is the natural frequency of the circuit.

These are calculated in (3.4) and (3.5) respectively:

a=_— (3.4)

Wy = (3.5)

VLCEp
These values determine the nature of the response, whether it is over-damped,

under-damped or critically damped in accordance with the following conditions [111]:

e Over-damped: « > wg. Under this condition the circuit is the sum of two ex-
ponentially decaying components with no sinusoidal oscillations. This causes the

circuit to reach steady-state very slowly without any oscillations.

e Critically damped: a = wg. Under this condition the current decays exponentially
without a sinusoidal component. The circuit reaches steady-state without any

oscillations in the shortest possible time.

e Under-damped: a < wg. Under this condition the circuit response leads to a
decaying sinusoidal oscillation. The circuit responds fast but oscillates around

steady state.

Figure 3.3 illustrates the over-damped, critically damped, and under-damped re-

sponse of a second order system.
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Stage 2: Diode Continued Flow Stage

This stage occurs as the capacitor discharges and energy becomes stored in the in-
ductance of the fault circuit. In this stage the voltage across the capacitor drops sig-
nificantly and can even be reversed if the system is significantly under-damped [110].
During this event, the fault current circulates through the anti-parallel diodes of the
power converter, which are required to prevent arcing during normal switching cy-
cles. Because of the size of this current, the anti-parallel diodes are at high risk of
being destroyed [112]. This current decreases exponentially in accordance with the RL

time-constant of the fault circuit:

i(t) = Ipe (D) (3.6)

Where [j is the peak magnitude of the discharge current.

Stage 3: Steady State Fault Current

The final stage of the DC fault is the steady state current that flows into the faults
from the power generation source upstream of the converter [113]. In this stage the
switches are blocked and the converter behaves as an uncontrolled rectifier discharging

into a fault [113]. The current contribution of the AC system, which produces the
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steady state fault response,l . is the sum of the positive three phase fault currents:

i(t) = Xlape(t) (3.7)

Where 14, is the current contribution of each phase.

3.2 Modelling Superconducting Cables for DC Faults

While conventional DC systems have broadly constant resistance, superconducting com-
ponents have to consider the impact of quench and temperature on the resistance of the
component. For instance during normal operation superconducting material has near
zero resistance to the flow of current, hence by inspection of (3.4), this will result in a
system that is very under-damped under fault conditions. However as the current rises
the superconducting material undergoes quench and becomes highly resistive, making
the system appear over-damped.

Development of the superconducting cable model first requires the formulation of a
superconducting tape. Superconducting ReBCO tape, as shown earlier in Figure 2.15,
contains both a superconducting layer and a layer of conventional material to provide
stabilisation. Electrically this is viewed as shown in Figure 3.4, with the superconduct-

ing material, Rgc, being in parallel with the Stabiliser material, Rgqp-
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3.2.1 Power-Law Model

The superconducting material can be modelled, below the T, using the power law
model [114]. This approach models the superconducting material’s electrical field in
accordance with the ratio of operating current I(t) to temperature dependent critical

current I.(T') set to the power of the materials transition index n as shown in (3.8).

B(I) = Eq (3.8)

Ey is the quench constant, commonly taken as 1y V/ecm. Once the component
exceeds this value it is said to have quenched. The transition index, n, describes the
starkness of the transition between the superconducting and conventionally conducting
states [115]. The transition index can be derived from experimental measurements [114].
While Low Temperature Superconductors (LTS) superconductors had relatively high
transition indices, creating steep differences in the impedance values above and below
the critical current, HTS materials typically have smaller n-values [84]. This causes
the transition between the superconducting and conventionally conducting modes to
be less stark for HT'S materials. This is demonstrated in Figure 3.5 which shows the
IV characteristic of a superconducting material with respect to the transport current
to critical current ratio.

The temperature dependence of the superconducting material is calculated in ac-

cordance with (3.9) [116]:

T. — T(t)

k
T, (3.9)

IC(T) = Icref(

Where £ is the temperature dependence coefficient, ;¢ (K) is the reference tem-
perature, Io.or (A) is the critical current at the reference temperature. T¢ is the critical
temperature. (3.9) can be assumed linear, k equal to unity, between 77 K (the boiling
point of LNg) and T for ReBCO tape [116]. The transition index, n value, of HTS
materials is temperature dependent as well and can be modelled using the relationship

given in (3.10) [91]:
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Npef — 1 (Tc — T(t)

T) —
n(T) 2 \T,— Ty

) +1 (3.10)

Where ( is the temperature dependence coefficient. The electric field generated by
the superconducting material creates an impedance against the flow of current. The

resistance of this is can be calculated according to:

&

0
R _ 0T
SC Asc

(3.11)

Where Ag. (m?) is the area of the cross-sectional area of the superconducting tape,
J(t) (A/m?) is the instantaneous current density, and 1 (m) is the length of the tape.
The resistance of the Stabiliser is calculated by (3.12):

pL
Astab

Rgiap = (3.12)

Where p(2.m) is the resistivity of the Stabiliser material and Agyp is the cross-

sectional area of the Stabiliser.
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3.2.2 Current-Iterative Method

To analyse the current distribution between the superconducting part of the tape and
conventionally conducting part, the current sharing equation between two parallel re-
sistors can be used (3.13):

R
Istab - ItotR = (313)

sc T Rstab

Where I;y is the total current flowing in the tape and I is the current flowing
in the stabilising layer. However because R, is directly dependent on the amount of
current in the superconducting material, an algebraic loop is formed which can lead to
incorrect results and long simulation times. To prevent this the current sharing between
the superconducting and conventional layers can be calculated using a current-iterative
method (CIM), demonstrated in [117]. The CIM iteratively calculates the current in
the superconducting layer until it converges on the correct solution and is described by
the flow diagram in Figure 3.6.

The CIM works by taking an initial estimate of the current in the superconducting
layer, Igrsorp, that is calculated by using the resistance value of the HT'S material in
the previous time-step, Ryrsorp [117]. This value is then used to calculate the resis-
tance of the HTS layer under the present current-temperature conditions, Ryrsnyew -
Using this new resistance value, the amount of current in the superconducting layer,
InrsnEw, is recalculated in accordance with (3.13). The new value for the current
in the HTS layer and the previous value is compared to determine the error between
iterations as shown in (3.14) [117].

I —1
Errory gy = 100 HTSNEW HTSOLD (3.14)

IursNew

If the error value between iterations is below the tolerance threshold, then the CIM
has solved the current sharing problem and the equivalent impedance is determined and
can be used in solving the wider circuit equations. The equivalent resistance, Reguiv
seen by the rest of the circuit is calculated in accordance with the parallel resistance

rule as shown by (3.15):

55



Chapter 3. Fault Behaviour of Superconducting TeDP Networks

Input Total Current into Tape

|

Galculate Iy oLp using
previously known Ryrs

and current sharing
formula.

Initialise eror value as >
error toleranca.

Tyrsorp = lnrsorp + Blursvew — fursorn)

4 |
A
A b
i N
y & o
i ~ p=p+d b
While True i
>
E 'y
>
/
>
& Yes
Galculate - k.
tamperature depandant A SIgNIEMOny.,) ==
alectric figld using - Skgn{Ermorqy) 7 No
lits o E -'

Calculate Ry new

v

Galculate g ey USING
Biyrs segw and current
sharing formula.

!

Calculate New Error
Valua

is Error Value > Error .
Tolerance

| Betum Lyps and Bypg for |
¥ use In wider circult
No simulation.

Figure 3.6: Flow Diagram of CIM Implementation
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Requiv = 1 1 (315)
Rse + Rstab

However, if the error value is greater than the required tolerance threshold then
another iteration is required. This next iteration uses the information gained from the
previous calculation to create a new guess of the amount of current in the HTS layer
based on a fraction of the difference, 8 between the initial guess and the calculated

result [117].

Inrsnew = Iursorp + B(Iursnew — IaTsorp) (3.16)

The value for 8 can be modified by a constant value, ¢, when the program detects
that the solution is likely above or below the current search area [117]. This is done
by comparing the signs of the two previous error values. This allows amplification of
movements in either the positive or negative direction to increase convergence on the

correct result during large changes in current and temperature.

3.2.3 Simulink and Thermal Modelling

The superconducting tape is modelled thermally by considering the amount of heat
input into the system through dissipation in the superconducting and stabilising layers
of the material. The electric field created by the superconducting component during
quench produces a potential difference which must be overcome by the flow of current
in order to transmit power. This leads to losses in accordance Ohmic heating. In
addition, current flowing in the stabilising shunt will experience Ohmic losses due to
the resistance of the material. The total energy dissipated in the tape is calculated
according to the voltage drop, V' (¢), and current carried by the tape, I, as shown in

(3.17).

Qin(t) = Lt (1) V (2) (3.17)

Where Q;,(J) is the instantaneous energy dissipation. The temperature rise of

the tape due to this power loss can be calculated using (3.18) where @y is the heat
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removed by the coolant.

1 tend
T=— Qin — Qourdt (3.18)
Ctot J
The total heat capacity, ¢t of the superconducting tape is calculated in accordance

with the volumetric heat capacity equation:

Ctot = 0VyCev (319)

Where o is the density of the material in kg/m3, V,, is the volume of the tape in
m3, and ¢, is the heat capacity of the material per unit volume.

The superconducting tape can be modelled in MATLAB’s Simulink software pack-
age according to the block diagram in Figure 3.7 which shows the process that Simulink
follows in its execution of the model. The superconducting tape is implemented using
a controlled voltage source that is embedded within a wider circuit model created in
Simulink’s power system library. While the rest of the circuit is modelled as a tradi-
tional electrical system, the controlled voltage source of the superconductor will change
its electric field strength, in accordance with the equations developed in this section,

depending on its internal temperature and the current flowing through it.

3.3 Analysis of Superconducting Tape RLC Response

3.3.1 Overview

The response of a superconducting tape to the discharge of the capacitor is significantly
affected by the tape design, in terms of superconducting and Stabiliser CSA, as well
as circuit parameters. At the instant of the capacitor discharge, the circuit has very
low damping, leading to a high rate of change of current. This can result in a very
large peak current discharge, which can be an order of magnitude above the critical
current. As this current rises above the critical current, the tape quenches and current
is diverted into the stabilising layer. This is exemplified in Figure 3.8 which compares

the current in the superconducting layer and the stabilising layer of the tape over the
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Figure 3.7: Flow Diagram of Simulink Model Implementation

course of a single capacitor discharge simulation.

During the response, energy is dissipated in the tape due to the voltage drop created
along the superconducting and resistive layers as a result of the current flow. This causes
the temperature to rise within the tape, depressing the critical current and causing more
current to be directed into the resistive Stabiliser. This has the macroscopic effect of
increasing the resistance of the discharge path which will continue until all of the current
is contained within the Stabiliser. At which point, the total resistance produced by the
tape is equal to Rgqp (3.15).

Whether the circuit ultimately exhibits an over, under or critically damped response
depends on the tape reaching the critical temperature, and the impedance it is subse-
quently able to provide. This is assuming that the fault resistance is significantly lower

than the quenched resistance of the circuit, which may not be the case for all faults.

3.3.2 Requirements for an Underdamped Response

Figure 3.9 shows the current profile of an underdamped, superconducting RLC circuit,

created using Simulink. The response of the superconducting tape can be separated
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Figure 3.8: Current in HTS Layer and Conventional stabilising Layer Throughout
Simulation

into three main stages. In the first stage, which lasts microseconds to milliseconds,
the current rises rapidly due to the low impedance of the circuit. The second stage
occurs once the current exceeds I¢. In this stage current begins to transfer from the
superconducting layer to the resistive Stabiliser. Ohmic losses then cause heating in
the superconducting tape (Figure 3.10), and the resistance of the circuit rises (Figure
3.11).

This stage continues until an equilibrium is reached, where the energy remaining in
the circuit is no longer able to cause the current to exceed Io. The temperature of the
tape stops rising and the resistance begins to reduce with each successive cycle. In the
third and final stage the current oscillates until the resistance of other sources in the
circuit are able to dissipates the energy. In this example, that would be the resistance
of the fault path. Superconducting AC loss mechanisms would also dissipate energy in
this stage but its effect is assumed to be negligible compared to the fault impedance.

From observation it can be stated that the system will exhibit an underdamped

response if the following conditions are met. Firstly, the resistance of the fault must be
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Figure 3.11: Superconducting Tape Resistance During Simulation

less than R+, the value of resistance required to produce a critically damped response,
which can be calculated by setting (3.4) and (3.5) equal to each other and solving for
R.

Rfault < Rcm’t (3.20)

Secondly, the energy stored in the capacitor must be insufficient to quench the
superconducting tape. This condition is expressed in (3.21). Quenching of the super-
conducting tape must also take place within the first half-cycle of the discharge (before
the current reverses) to prevent an oscillatory response.

1 To
5CV2 < H,.dT (3.21)
o

Additionally, it can be shown that the system will also exhibit an under damped
response if the resistance of the circuit post quench is unable to provide sufficient
damping. This is the case demonstrated in Figure 3.12 which shows current overshoot

despite quench taking place and the critical current reducing to O.
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Figure 3.12: Underdamped Response in Superconducting RLC Circuit Due to Lack of
Quenched Resistance

3.3.3 Requirements for a Critical or Over-Damped Response

Section 3.3.2 defined the conditions for an underdamped response. From these require-
ments the conditions under which the circuit will exhibit a critical or over-damped
response can be determined. Firstly if the resistance of the fault is greater than R,

the circuit will exhibit a critical or overdamped response.

Rfault > Rcrit (322)

If the resistance of the fault is less than R..; then the tape can still exhibit a
critically damped response if the superconducting tape quenches and contains enough
resistance to prevent oscillations. In order for the tape to quench the energy stored in
the capacitor must satisfy (3.23) and be fully dissipated within the first half cycle.

1, 5 To
=CV* > Hg dT (3.23)
2 T

A baseline case is evaluated that is able to provide a critically damped circuit

response. Given the number of competing circuit and design variables that affect the
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Parameter Unit(s) | Value
Tape Operating temperature K 7
Critical Temperature K 93
Critical Current A 1200
DC Link Voltage %4 1000
Tape Length m 100
Stabiliser Resistance Q 0.11
Tape Inductance H le™®
DC Link Capacitance mF 1
Resistivity at 77K Q.m 2¢Y

Table 3.1: Simulation Parameters for Base Case

response of superconducting tapes and the lack of analytical solutions to the circuit
problems, a batch simulation is conducted to determine the dependence of these values
on meeting the criteria for over, under, and critically damped circuit responses.

From the batch simulation a critically damped case is first identified with the circuit
and material parameters detailed in table 3.1.

The rest of this section will define the relationship that each variable has with the
required Stabiliser resistance to provide critical damping. To do this each variable in
the base case is altered in turn, and the new value of Stabiliser resistance required to
provide critical damping is determined.

To determine the Ry value required for critical damping, each time a variable is
changed a simulation is run. A scripting program in Matlab determines whether the
new response is under-damped or not. If the response is under-damped the Stabiliser
resistance is increased for the next simulation. Otherwise, if the program determines an
overdamped response, it will take action to determine whether the response is critically
damped. It will do this by varying the Stabiliser resistance slightly, searching nearby

solutions to see if they exhibit a faster response that does not contain overshoot.

Tape length

A consequence of (3.23) is that increasing length of the tape can decrease the damping

it provides if the area of the Stabiliser is kept the same (£2/m constant). This is in stark
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contrast to conventional cables which typically provide greater damping as resistance
increases proportionally with length for all operating currents. This can be seen in
Figure 3.13 which shows that while a longer tape reduces the peak current the circuit
experiences, the circuit begins to oscillate as the energy of the capacitor is insufficient
to drive the temperature above T due to the greater heat capacity of the longer
component.

Figure 3.14 shows the variation in quench resistance required for a critically damped
system and tape length. This relationship can be modelled with (3.24). This approx-
imation is created in Matlab’s curve fitting toolbox and is found to have an R-square
value of 0.995 and a sum of squares error (SSE) of 3¢, signalling good agreement

with the simulated results.

Rg, = 1.328¢7°7-9%4 (3.24)
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Capacitance

From (3.23) it is clear that the size of the capacitor will have an impact on the whether
the superconducting tape quenches and exhibits a critically damped response. This
is because the energy in the circuit at rest is determined by the capacitor size and
the voltage across its plates. The size of the capacitor also influences the natural
frequency of the circuit, with a larger capacitance leading to a smaller natural frequency,
increasing the time taken for voltage reversal to occur. These two factors cause an
increase in capacitance from the baseline of 1 mF to decrease the amount of resistance
required to provide critical damping. This can be seen on Figure 3.15 which shows
that the required Stabiliser resistance reduces as capacitance increases for the range
simulated. The range of capacitance values is not meant to be indicative of a typical
TeDP system. These results can be fitted to the relationship shown in (3.25) which has

an R-square value of 0.9963 and an SSE value of 3e%.

Rg, = 0.0001461C0-9431 (3.25)

Figure 3.16 shows the variation in peak discharge current with capacitance at the

critically damped Stabiliser resistance.

Voltage

Another significant difference between conventional and superconducting RLC circuits
is that the magnitude of the voltage affects damping. This is clear from the condition set
in (3.32). Taking the baseline case, that is critically damped, and varying the voltage,
Figure 3.17 shows that increasing voltage decreases the required stabilising resistance
up to a certain limit. This is because the energy on the capacitor is increasing and
therefore larger heat capacities (higher CSA Stabilisers) can be used while still ensuring
Tc is reached during the discharge. Figure 3.18 shows that discharge current increases
in line with voltage at critically damped Stabiliser resistances.

This reaches a limit, which can be seen on Figure 3.17, beyond which greater in-
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creases in voltage do not lead to smaller Stabiliser resistances. This is because any
further reduction in the Stabiliser resistance would reduce the quenched resistance of
the circuit below the conventional limit for a critically damped response (3.4) and vi-
olating (3.23). In addition, the temperature of the tape at the end of the simulation
starts to rise significantly as shown on Figure 3.19. This is because circuit energy in-
creases while cross sectional area, and therefore heat capacity, stays the same. This is

the hard limit for Stabiliser resistance with a critically damped response.

Line Inductance

Figure 3.20 shows that line inductance is found to have a linear relationship with the
required Stabiliser resistance for a critically damped system that is in agreement with
the R/2L relationship of Equation 3.4. The peak current discharge decreases non-
linearly as circuit inductance increases at critically damped Stabiliser resistance as
shown by Figure 3.21. This is due to the greater amount of impedance, reactive and

resistive, in the circuit.
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Figure 3.22: Stabiliser Resistance Stays Constant with Respect to Critical Current

Critical Current

Critical Current is varied from the base case and found to have no impact on the
size of Stabiliser required to provide a critically damped response as shown on Figure
3.22. This is because a reduction in the critical current creates an effective increase in
resistance but has a negligible impact on the heat capacity of the tape due to the very
small CSA of the superconducting material.

It does however have an impact on size of the peak fault current, as can be seen from
Figure 3.23. This relationship appears approximately linear over the range considered
which is likely due to the fact that when the peak fault current occurs almost all of the

current is flowing in the resistive stabiliser.

Operating Temperature

It is important to note that an implication of (3.23) is that a superconducting system
could exhibit under-damped and over-damped responses to the same electrical condi-
tions, depending on the component’s operating temperature, Ty. To illustrate this,

Figure 3.24 compares the current response of a superconducting tape with initial oper-
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ating temperatures of 65K and 77K to identical circuit parameters and with the same
Stabiliser resistance.

It can be seen on Figure 3.24 that while the the simulation with initial temperature
77K is critically damped, the simulation with initial temperature of 65K is very under-
damped. Figure 3.25 shows the temperature profile for these simulations, illustrating
that there was not enough energy stored on the capacitor to quench the simulation

with initial temperature 65K.

3.4 Experimental Discharge of Capacitors Through Su-

perconducting Tapes

Experiments were conducted as a part of this work using a capacitive discharge rig
in which the capacitor was discharged into a variety of different tapes and a cable
arrangement. This was done to capture the response of YBCO superconducting tape
to high rate of change current pulses as well as to validate simulation models. For this
experiment two different types of tape was used: one with a high resistance parallel path

made of very thin silver; one with a low impedance copper Stabiliser. A superconducting
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cable was also used as part of the discharge experiments. These allowed investigation
of over-damped and under-damped superconducting fault responses to the capacitor
discharge. In addition, a parallel tape discharge experiment was conducted in order to

investigate the impacts of current sharing between tapes during DC-fault events.

3.4.1 Experimental Setup

The aim of the experiment was to capture the response of a capacitive unit discharging
through superconducting tapes. To achieve this, the experiment proceeded in two
phases. The first phase of the experiment was to charge of a 47mF, 100V rated
capacitor using a controlled voltage source. This was disconnected from the circuit
using a mechanical breaker following the charging phase completion.

The second phase of the experiment was the discharge of the capacitor. This was
realised through the operation of three MOSFETSs [118], connected in parallel to ensure
that the rated current of the individual MOSFETSs was never exceeded (400A4). These
switches were controlled via LabVIEW. An inductor was embedded within the dis-
charge circuit to ensure a smooth discharge curve. The discharge circuit was connected
to the superconducting tapes through 100A rated copper cables. All superconducting
components in this experiment used YBCO as the active material. The superconduct-
ing components were submerged in a bath of liquid nitrogen to achieve an operating
temperature of 77K. Figure 3.26 shows the circuit used for the experiments. To pro-
vide a baseline for comparison, Figure 3.27 shows the results of the capacitor discharge
through a copper cable rated for 1004 continuous current at a variety of discharge

voltages that will be used for the superconducting tape experiments.

3.4.2 Experimental Results
100 A Copper-Stabilized Tape Discharge

A controlled discharge of the capacitor was carried out through a 100A Superpower Inc.
YBCO tape at a range of pre-fault voltage levels from 5Vto 80V. The superconducting
tape was 4mm wide, 10cm long with a 100um copper Stabiliser. Figure 3.28 shows

the discharge current for each of these tests while Figure 3.29 shows the voltage drop
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produced across the superconducting tapes.

It can be seen by comparing the current profile between Figures 3.28 and 3.27 that
a slight reduction in the peak current occurs due to the electric field generated across
the tapes. From Figure 3.29 it can be seen that above a 30V charging voltage level,
that the superconducting tape starts to produce a noticeable voltage signal between the
measurement taps, which are placed across 5.5¢cm of the tape length. This indicated
that quench had taken place.

The critical current of the superconducting tape was measured before and after the

discharge experiment and the results indicated that no degradation of I. had taken
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place. This is because the energy dissipated in the superconductor during the experi-
ment resulted in a temperature rise which was not high enough to cause degradation to
take place, normally estimated as 400K [95]. This demonstrates that these tapes are
capable of withstanding short periods of transient over-current many multiples of the
critical current. However, they will have a negligible effect on reducing fault current
experienced by the system because of the low impedance path offered by the copper

Stabiliser, resulting in a very under-damped response to fault current discharge.

420 A Cable Discharge

The 420A superconducting cable was constructed of a 20mm? copper former with 4
copper stabilized superconducting tapes wound around this core. This is within the
correct order of magnitude of current levels that feeder cables are expected to provide
within a 1-5kV TeDP system. The cable measured approximately 30cm in length.
The cable provided negligible impedance to the discharge current as evidenced by the
current profile shown on Figure 3.30.

The voltage profile is almost indiscernible from background noise, and as such is
omitted. This is due to the copper former providing a very low impedance path for the
excess fault current to traverse in the case of currents exceeding I..

By inspection, neither the cable nor the stabilized tape are seen to have a significant
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impact on the fault current profile when compared to the discharge through the copper
cable. Hence, without including additional damping, fault currents would be extremely
high due to the initial discharge of DC link capacitors. A consequence of this would
be that other components in the system, such as the diodes in the power electronics
converters, would have to dissipate large amounts of fault energy.

Large currents flowing in the power electronic diodes can result in the damage of
components critical to the safe flight of an aircraft. The fast discharge of the capac-
itor in this very low impedance scenario could cause significant voltage depreciation
throughout the system as DC-link capacitors connected across healthy branches also
begin to discharge into the fault. This would impact on voltage stability. To counter
this, extremely fast acting (< 1ms) protection systems may be required. It can be
seen however that the critical current of the superconducting cable and tape does not
degrade due to the high fault current, despite it being significantly above the critical
threshold, indicating that these components are tolerant of large over-currents due to

the parallel paths provided by the copper materials used in each.

50 A Superconducting Tape Without Stabiliser Discharge

A controlled discharge was performed through a 504 tape without a copper Stabiliser,

which was replaced by a thin layer (1um) of silver laminated across the superconducting
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material of the tape. Figure 3.31 shows the current profile resulting from the capacitor
discharge, and Figure 3.32 shows the voltage profile. In contrast to the previous results,
it is shown on Figure 3.31 that there is a reduction in the peak current when compared to
the original discharge through standard copper connectors. For the 80V discharge test
this reduction was approximately 700A. The voltage drop across the superconductor
is also orders of magnitude larger in comparison to the discharge through the copper
stabilized tape.

The voltage signal for the 80V test (Figure 3.32) rapidly drops to zero after 0.0015s.
This is because the temperature reached by the superconducting material exceeded the
melting point of the solder on the connections to the voltage measurement equipment,
461 K. Unlike the results presented for the copper stabilised cable, significant critical
current degradation was observed following the 70V discharge test for the tape without
a Stabiliser. The 80V discharge completely destroyed the superconducting properties
of the YBCO material. Interestingly, no physical damage was apparent upon a visual
inspection.

Scanning electron microscope (SEM) analysis showed scarring of the superconduct-
ing layer at the microscopic level which indicates a possible reason for the destruction
of the superconducting properties. Figure 3.33 shows the critical current of the super-

conducting tape following successive tests.
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This series of tests showed that the peak discharge current of the filtering capacitor
is significantly reduced by using tapes that are highly resistive post quench. This
demonstrates the potential for using superconducting materials in the design of the
distribution network which are highly resistive post quench, as a means to reduce
the amount of fault current experienced by components on the network. This may
allow for certain components to be derated, reducing the weight and volume penalties
they incur. Further investigation into the benefits this would bring to the overall
performance of the electrical power system is required. The discharge time constant is
also significantly larger than the previous experiments that utilised copper to provide
shunt paths, due to the higher post quench resistance. This may have benefits for post-
fault voltage stability, due to the slower discharge of DC link filters, reducing the speed
of fault propagation to healthy branches of the network. However, it must be noted that
during this experiment the tape experienced significant thermal and electrical stress,
eventually causing the complete breakdown of superconducting properties. In order to
take advantage of this potential functionality, components would have to be designed
to withstand the maximum current and temperature reached during the fault period.
The temperature rise experienced will be directly related to the volume available for
dissipating heat. As resistance is inversely proportional to the cable area, a trade-off

between fault impedance and temperature rise is created.
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Figure 3.34: Voltage Drop Along Parallel Tapes at 50 V Discharge

Parallel Tape Arrangement

One of the assumptions made at the modelling stage is that the current sharing between
multiple superconducting tapes is uniform, meaning each tape receives an equal share
of the total current. This allows modelling such that multiple superconducting tapes
can be treated as single lumped model, which is required for higher current levels. To
this end, a discharge experiment through tapes in parallel was conducted.

The parallel tape discharge test utilised three SUNAM tapes. Each tape was 6mm
wide, 10cm in length, possessing a copper Stabiliser with a 100um thickness, and with
a critical current of 175A4. Current distribution in each of the tapes was measured using
individual hall effect sensors for each of the tapes. Above 50V discharge voltage, the
quench voltage became noticeable across the tapes. Figure 3.34 shows the voltage profile
for a 50V discharge test while Figure 3.35 shows the associated current distribution
between the tapes.

The small voltage signal highlights the difficulty of detecting the quench voltage at
current levels below 1.3 — 1.51.. It is also noted that the current is not shared equally
between the tapes. As the voltage of the discharge is increased the uniformity of current
sharing increases and the current becomes more evenly distributed between the three
tapes. This is because to the inductive voltage produced by the tapes, created by

the large rate of change of current outweighs the impedance offered by the quenching
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Figure 3.35: Current Distribution Between Parallel Tapes at 50V Discharge

process and any contact resistances present in the tapes connections. This can make
it difficult to detect the quench taking place as the detection mechanism will have
to compensate for the inductive voltage produced by large transients. This could be
even more prominent in cables with tapes wound helically as the inductance would be
significantly larger than in the small tapes considered here. Figures 3.35 and 3.36 show
the current distribution and voltage drop across the tapes during the 80V discharge
test.

Current sharing under large transient conditions (Figure 3.37) can be compared to
Figure 3.38 where the current is ramped up in a slowly controlled fashion at a rate
of 10A per second. In the load ramp case it can be seen that the current sharing
between the tapes is dominated by contact impedance, causing significant differences
between the currents carried by each of the three tapes, reaching a peak deviation of
30%. This shows that under significant transients, inductance is the dominant factor
in current distribution between parallel superconducting components in a DC system

while contact impedance is more significant in steady state conditions.

3.5 Chapter Summary

This chapter described the fault process for a conventional DC link, focusing in on the

initial capacitor discharge, a potentially damaging aspect of VSC interfaced systems
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under fault conditions. Creating models of superconducting tapes from literature, this
chapter analysed the impact of the initial discharge of the DC-link filtering capacitor
through a fault path that contained a superconducting component. This contributed
an analysis of the thermal-electrical circuit requirements for under, over, and critically
damped RLC responses in superconducting networks under faulted conditions.

Novel experimental results showed that superconducting tapes can withstand the
large discharge currents (Figure 3.27) resulting from a rail to rail fault in an RLC
circuit without undergoing permanent damage. However due to the low impedance of
these tapes, as a result of the highly conductive Stabiliser, they produce little damping
to the fault current which can be potentially damaging for other components in the
fault path such as the switching diodes. Conversely tapes with a high impedance shunt
path were shown to provide an overdamped response but heat up to the point where
critical current is degraded. Thus there is a need for appropriate material selection and
sizing of stabilising layers to prevent damage to superconducting materials resulting
from high current capacitor discharge.

Future work could consider the use of different materials in order to determine the
impact of material constants on the superconducting RLC circuit response, provid-
ing a more complete circuit theory understanding. While this chapter has discussed
the macro, circuit theory level of superconductors, Chapter 4 will go deeper into the

component level of superconducting modelling.
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Chapter 4

Finite-Difference Method
Modelling of Superconducting
Cables

4.1 Finite-Difference Method Superconducting Cable

The previous chapter focused on the development of a superconducting tape model
within Simulink to understand the impact of tape and circuit design to the response of
an RLC circuit containing a superconductor. This chapter focuses on the development
of a Finite Difference Method (FDM) based model. Whereas the Simulink modelling
of the previous Chapter allows the observation of the macro circuit impacts of super-
conducting tapes under fault, FDM allows us to zoom in on the impact that electrical
faults and over-currents have on superconducting tapes at the component level. This
allows us to better analyse the impact of an electrical fault on superconducting cables
and the implications this has for superconducting cable design and electrical protection
systems on aircraft. To do this, this work will compare the thermal response of FCL
and FCT cable designs to over-current conditions, assessing the impact of electrical
faults and hotspots and what this means for protection requirements and cable design
choice.

As described in Chapter 2.3.3 there are two design approaches that have system
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level implications for protection and fault response: FCT, and FCL. The first of these
cable designs uses high impedance shunt paths in the cable design to dissipate energy
and reduce peak fault currents. The advantage of this approach is that it can reduce
the sizing requirements of other protection equipment in the system such as circuit
breakers. However, the superconducting cable itself may undergo significant heating
and there may be greater potential for hotspots occurring due to the lower thermal
conductivity of the materials used. Hotspots are described in Chapter 2.4.2.

In contrast to FCL cables, FCT superconducting cables are constructed from mate-
rials with high electrical and thermal conductivity in parallel with the superconducting
material. This serves to reduce the amount of energy absorbed by the cable during an
electrical fault. As a result there is less damping in the circuit (Chapter 3). This leads
to higher fault currents but also protecting the superconducting cable by reducing the
amount of energy absorbed. The high thermal conductivity also helps energy dissipate
more evenly throughout the material which can prevent destructive hotspots. This
means that while FCL cables are useful for applications where reducing fault current is
a primary goal, FCT cables may be more suitable for applications in which minimizing
the amount of network isolated is critically important, which could be the case in a

compact network with fewer redundant paths.

4.1.1 Modelling Method Implementation

An electrical-thermal model of the superconducting cable, originally developed by [117]
has been adapted for both FCL and FCT cable designs to determine the impact that
overcurrent has on the formation and severity of hotspots in these two design ap-
proaches. The thermal section of the model has been created by discretizing the su-
perconducting cable in the longitudinal direction. The backward time, centered space
method (BTCS) is used to model heat conduction throughout the component at dis-
cretized intervals, or nodes.

This is expressed in (4.1), where k is thermal conductivity (W/K.m), Cp (J/kg)
is specific heat, p (kg/m?3) is the density of the material, T (K) is temperature, Q (J)
is the heat flux generated within the body and ¢ (s) is time. To simplify the model
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it is assumed that in over-current conditions the cooling power is significantly smaller
than the heating due to flux flow and resistive losses through current sharing with the

stabilising layer.

ar k&7 N Q
ot Cypda? = Cpp

(4.1)

Applying the central difference implicit method to (4.1) produces the (4.2), where
T} is the temperature of node i at time ¢ and Q! is the heat flux generated at node i at
time ¢. This discretizes the component into smaller nodes that represent points along

the cable’s length:

t+1 t+1 t+1
T TR o T )

i+1
4.2
At CppAx? Cpp (42)
which can be rearranged into the following form:
AtQ!
L4 2B T - FT - T =1 2 (43
Cypp
where I is defined as:
Atk
F=—+ 4.4
CpAx2p (44)

(4.3) can be implemented as a sparse matrix and solved at each time-step using
MATLAB’s backslash operator [119]. Heat generated at each node calculated using
I’R losses, accounting for current and resistance of the superconducting conduction
layer and the conventional stabilising and former materials that are inherent in the
overall cable design.

Each node in this one dimensional model characterizes a part volume of the super-
conducting tape layer. The specific heat and density of the mass encompassed by a
particular node is determined based on the ratio of the materials used in the tapes.
For this case we consider the material used in the Stabiliser and substrate. Each tape
is chosen to be 4 mm x 0.1 mm with a mean critical current of 100 A.

Variations in critical current will be extremely challenging to eliminate as they
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arise due to manufacturing defects, poor handling, and operating conditions. Here it
is implemented based on a normal Gaussian distribution shown in (4.5) where p is the
mean critical current (A), o is the standard deviation, and I, is the list of possible
critical currents (A). This is an approach previously seen in [120].

1 —(Ip—ﬂ)2

16) = F(Tlu,0) = ——e ™ 27 (4.5)

This variation in I (A) throughout the component is the primary cause of the
formation of hotspots, as different parts of the cable are quenched, at different operating
currents. This distribution is discretized and then sampled using a roulette wheel
selection method to populate the cable with a variety of critical current levels depending
on the size of the standard deviation, the level of variability. Figure 4.1 shows an
example result of this selection method to populate the critical current of different
sections of cable and compares the result to the normal distribution. The number of
tapes required is determined by the maximum load current of the system divided by the
mean current of the tapes. Additionally, it is assumed that the cable will incorporate
a stability margin as in practice this is likely going to be required to prevent areas
of localized quench. This is selected conservatively here such that the maximum load
current is 60 percent of the critical current.

The HTS tapes are modelled a mesh electrical network where each node is repre-
sented by the superconducting material, Rgc(£2), (YBCO) in parallel with the stabilis-
ing layer, RgT AB(Q)), that is composed of a conventional material, as shown in Figure
4.2. Contact resistance between the superconducting layer and the Stabiliser is ignored.
The impedance of the superconducting material at each node is calculated according
to the E' — J characteristic described in (4.6), where Ej is taken as 1 p V/cm, n is the
index of transition, J¢(T,x) is the temperature dependent critical current density at
a given node ¢, and J (t) is the current density within the superconducting layer at a

particular time.

. (4.6)
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Figure 4.2: Example of electrical circuit discretization used in the model, in which the
tapes are made of a mesh network of superconducting and conventional materials while
being electrically paralleled with a former.
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The resistance of the cable former, Rpyrmer(£2) is calculated using the cable dimen-
sions and the temperature dependent resistivity of the conventional material used in
the former. The former is modelled to be to be in parallel with the HTS tapes and this
is also shown on Figure 4.2.

Current sharing between the cable former and the HTS tape, the superconducting
material and the stabilising layer at each node is calculated using an iterative current
method as described in Section 3.2.2 that has been adapted to include the cable former.
This method provides good solutions to the current sharing problem but is a relatively
slow method, due to the high number of calculations which must be performed [117].
Greater discretization will also increase how long the process takes. To reduce the
simulation time for long lengths of cable it is assumed that cable critical currents, and
the associated thermal profile, repeat throughout a length of cable.

The temperature dependence of the critical current is represented by (4.7), which
is adapted from (3.9), where T,(i) (K) is the critical temperature of node i. T, (K) is
the reference temperature, in this case 77 K (the temperature of the liquid nitrogen)

and Jer (A/mmsy) is the critical current density of node 1.

Tc(i) — T(tv Z) ]k

ToT) = Jerl=p 5=,

(4.7)

Similarly The temperature dependence of the transition index, n, is calculated ac-
cording to (4.8) where n,ef is the transition index at 77 K and ( is the index coefficient,
taken as 0.25 [121].

(i) = L=

Tc - T(Z) }C

+1 4.8
T. — Trn2 (48)

4.1.2 Hotspot Simulation Parameters

To investigate the formation of hotspots and their impact on cable designs, FCL and
FCT cable models are developed for cables rated at 10 MW. This power rating was
chosen based on published TeDP architectures [28]. It is assumed that the total cable
length is 100 m.

The superconductor material used for both the FCL and FCT cables was YBCO
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with a presumed critical temperature of 93 K and initial transition index of 21.For
this FCT cable, the former is sized to withstand a fault current 3.5 times larger than
the full load current, and to withstand this current for approximately 1s without the
former temperature rising by more than 5 K using copper as the former material.
The stabilization layer of the superconducting tapes is also chosen to be 50 um thick
copper to provide a low resistance path for the current during quench. Conversely, in
the FCL cable design, the former is assumed to be made of stainless steel to provide
a high resistance when quench occurs. The cross sectional area is sized to provide
an impedance that limits the fault current to 3.5 times full load current. This was
calculated as 76.3 mm? for a 100 m cable. The stabilization layer of the FCL cable
design also uses stainless steel.

The temperature is not allowed to exceed 150 K during the simulations for both ca-
bles. This is considered a safe hot spot limit for many low temperature superconducting
components [122] Although degradation of critical current is unlikely to occur below
400 K in YBCO Superconductors [95]. Upon reaching this condition, the simulation
for FCL cables is be stopped.

The simulations are carried out considering constant current levels exceeding the
critical threshold of the cable by 10 % to 50 % in steps of 10%. The measure of variance
inherent in the sample is varied by altering the standard deviation (SD) from the mean
I from 0.06 to 0.01 in steps of 0.01, to incorporate varying quality of tapes with more
or less homogeneity in critical current. The tapes themselves are discretized in 1 mm
intervals with critical currents interleaved to each node. This was initially carried out
for 1000 nodes to produce a component 1 m long. This model was then subsequently
cloned 100 times under the assumption that the inhomogeneities are repetitive, to
represent the response of a 100 m long cable. Figure 4.3 shows the variation in critical
current throughout a 1 m section of cable with a SD of 0.06, with each node representing
a Ilmm length of the tape.

The initial voltage used for the simulation is 5 kV as this has been previously
found to be an appropriate voltage for a TeDP electrical power system with a DC

distribution network [29] The operating current and cable critical current are derived
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Figure 4.3: Critical current distribution for 5 kV cable used in simulations.

from this voltage level. Figures 4.4 and 4.5 show the case of SD of 0.06 with an over-
current of 1.5 I that lasts 0.1s. The temperature profiles observed for each of the
cable designs are shown in Figures 4.4 and 4.5.

From Figure 4.4 and 4.5 it can be seen that this level of over-current leads to a
smooth temperature profile within the FCT cable superconducting layer that peaks
close to 79.75 K, far below the critical temperature of 93 K. It can be seen that this
temperature rise is concentrated around nodes 400-600 which, as shown on Figure
4.3, contain multiple nodes with low critical current selection. The smooth profile
can be attributed to the high thermal conductivity of the copper Stabiliser present
in the superconducting tapes. In addition, as a result of the low impedance of the
copper former, there is less current flowing through the superconducting tapes, and is
instead diverted into the former. This was in stark contrast to the FCL cable design
which, due to the low thermal conductivity of the Stabiliser, caused the clear hotspots
to form reach much higher temperatures. The large localized temperature rise and
the resulting thermal gradient in the tape could potentially degrade or destroy the
superconducting effect in these areas as seen in the earlier experiments in Chapter 3. To
prevent this higher stability margins could be required through using greater amounts
of superconducting material or necessitate higher quality material with a more uniform

critical current to prevent hotspots. Both options are likely to lead to higher costs.
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Figure 4.4: Temperature distribution of superconducting layer in FCT cable following
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lowing over-current simulation
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Figure 4.6: Temperature distribution in FCT cable at a variety of cable inhomogeneity
levels.

4.2 FCT and FCL Cable Response

FCT Cable Response

The impact of varying the SD of critical current, superconductor quality, and the over-
current level on the FCT cable temperature profile is shown in Figures 4.6 and 4.7
respectively. It can be seen from Figure 4.6 that reducing the standard deviation,
while keeping the over-current magnitude constant, has a positive effect on reducing
the maximum hotspot temperature alongside smoothing the component’s temperature
profile. Figure 4.7 shows that by reducing the magnitude of the over-current, the peak
temperature is also reduced, although the shape of the temperature profile is still non-
uniform. The largest temperature rise is generally between nodes 300 to 600, while
nodes 0 to 300 experience a moderate increase and nodes 600 to 1000 undergoing only
minor temperature rise. This is because there is less current flowing in the resistive
part of the superconducting tapes in these areas, leading to reduced Ohmic losses in
these areas.

Although the temperature rise appears insignificant for the FCT design, it has a
significant impact on the critical current profile of the cable due to the temperature
dependency of the critical current. The critical current profile following the over-current

for the worst case scenario is shown in Figure 4.8. At its most severe point, the critical
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Figure 4.7: Temperature distribution in FCT cable at a variety of over-current levels.

current is reduced to 75.4 % of its initial value. Considering that the assumed stability
margin is set such that the full load current is 60 % of the cable’s critical current at
77 K, the full load current is now much closer to the critical current limit following the
fault. This will lead to greater heat losses, increasing the cooling system requirements.
In addition, the cable will now be more susceptible to future faults until it returns to
its normal operating temperature due to operating close to the critical current. This
will have an impact on protection operating speed requirements. Indeed, these may
need to be pre-emptively set to account for the potential variation in, or dynamically
adjusted in response to, changing thermal and electrical conditions. To avoid this
larger margins between operating and critical current could be used so that transient
over currents that exceed the critical current by smaller amounts. This would reduce
the overall temperature rise, as shown in Figure 4.7, by reducing the amount current

that is passing through the resistive Stabiliser during these periods.

FCL Cable Response

Figures 4.9 and 4.10 show the temperature profile of the FCL cable with a standard
deviation of 0.01 and 0.03 respectively. Note that overlaid plots of temperature are not
utilised here (unlike the results for the FCT cable, Figures 4.6-4.8) as this would result

in a loss of visual clarity. Separate traces for individual cases are instead presented.
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Figure 4.8: Cable critical current distribution following over-current simulation.

It can be observed that hotspots still occur in the cable with the lower modelled SD
value, but that there are fewer of them in comparison to the cable with the higher SD
value, Figure 4.5. While the reduced number of hotspots is an improvement, they may
be more difficult to detect. This is due to a smaller resistive zone dissipating heat,

resulting in a lower voltage drop, which is more difficult to detect and locate.

Impact of Voltage Level on Cable Performance

The electrical power system architecture for TeDP is an area of ongoing research and
there is a need to explore system design trade around selection of the distribution
voltage level. For instance, lower voltage (1 kV) systems could potentially better exploit
the power density of superconducting cables while higher voltage (5-10 kV) systems
could serve to reduce switching losses within power converters.

To investigate the impact varying the system operating voltage has on both cable
types with respect to hotspot severity, this voltage is varied from 1 kV to 10 kV,
and the maximum cable temperature after the over-current event is recorded. The
discrete voltages used in these simulations were 1 kV, 2.5 kV, 5 kV, 7.5 kV and 10 kV.
In addition, the current peak (as a multiple of the critical current /) and standard
deviation of critical current along the cable were varied from 1 to 1.5 and 0.01 to 0.06

respectively. For each voltage level, the cable former is resized in accordance with the
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requirements set out in the previous section for each voltage level. In each case the
number of superconducting tapes used is selected to provide the same stability margin
for full load current calculated assuming a 10 MW cable operating at the selected
voltage level. It is assumed that for higher current requirements a single cable is used
rather than parallel arrangements, which may well be the case in the final design, to
simplify the model.

The results of these simulations are shown in Figures 4.11 and 4.12 for the FCT
and FCL designs respectively. These display the variation in peak cable temperature
as a function of the operating voltage, fault current peak and critical current SD.

By inspection of Figure 4.11 it can be seen that the peak temperature of the FCT
design remains below its critical temperature for the full range of voltages considered.
Larger over-currents and greater critical current variations can still be observed to cause
a higher peak temperature within the component though. In the worst case scenario
considered, the highest temperature reached is approximately 83 K. This would have
the effect of reducing the critical current significantly in the area concerned, which
may necessitate removing the component from operation until normal operating tem-
peratures are restored. This localized heating behavior may also necessitate a larger
stability margin in setting the I of the cable to account for transient events such as
fault ride-through. This leads to a greater amount of superconducting material used
in the component, ultimately affecting cost. By inspection of Figure 4.11 it can be
seen that localized heating effects are exacerbated at lower operating voltages. This is
because the operating current is much larger and therefore Ohmic losses increase.

Figure 4.12 shows the variation in peak cable temperature as a function of the oper-
ating voltage, fault current peak and I SD for the FCL design. At over-current levels
above 1.1 I¢, the superconducting layer is seen to quench at higher values of inhomo-
geneity. Indeed, most simulations above this current cause the hotspot temperature to
reach the limit of the simulation, 150 K.

Figure 4.13 shows the time taken for the temperature to reach the thermal limit
as a function of the operating voltage, fault current peak and I SD. It can be seen

from this graph that the most important factor in determining how long it takes for the

99



Chapter 4. Finite-Difference Method Modelling of Superconducting Cables

0.06
0.055
< a4 2 005
[«}] » g
% 0.045 3
T 82 5
- ’ 004 =
o : 2
e o
280 ' . 0035 ¢
o . * 'c:u
[«b] . . )
= - =
278 £ . ’ 003 &
£ Sl : ®
g 3 : 0.025 8
576 . ' ; ‘ s
= 0 15 0.02 @

5000 0.015

Voltage (V) 10000 1.4 loflc 0
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Figure 4.13: Time taken for the over-current pulse to cause the peak temperature in
the FCL cable to rise above the 150K limit for the simulation.

superconductor to reach the thermal limit is the over-current level. Higher operating
currents associated with lower voltages will lead to quicker quench inception, which
occurs in nearly all cases of fault current magnitudes greater than 1.1 I

An approach to overcome this disadvantage of the FCL is to use a larger Stabiliser
with a higher thermal conductivity. However, the relatively short cable lengths in
aircraft applications results in insufficient cable resistance for damping fault current

magnitude.

4.3 TeDP Thermal Protection Requirements Capture

4.3.1 Fault Current Limiting Effectiveness of an FCL Cable

For superconducting TeDP cables there is a need to define protection requirements in
terms of maximum temperature the component is allowed to reach in order to be able
to set interruption devices to respond fast enough. To assess temperature rise in a fault
scenario containing an FCL superconducting cable in a TeDP aircraft, a pole to pole
short circuit condition is considered for modelling and simulation. For this study a

constant DC voltage is used to supply the fault current, Ir which is in turn calculated
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Figure 4.14: Fault Current profile in FCL cable for fault on system operating at 1 kV.

according to (4.9) where ir is the instantaneous fault current, L is the inductance of
the line (assumed to be 100 uH), rper(€2) is the instantaneous resistance of the cable,

and Vj is the operating voltage of the supply.

0
I+ 1) = [ V=i Orres (b (4.9)

The range of voltage values considered in these simulations is as previously: 1 kv
through 10 kV. The simulation run time is set to 500 ms although the simulation ends
if the peak temperature of the tapes or the former exceeds 300 K (room temperature).
As before, this temperature is selected as it presents a benchmark beyond which degra-
dation is likely to take place. The inhomogeneity level is kept to a standard deviation
of 0.01 for all simulations. It is assumed that the fault happens while a full load cur-
rent is being drawn through the cables. Figure 4.14 shows the transient current profile
through an FCL cable following the occurrence of the fault, with a network operating
voltage of 1 kV.

Figure 4.15 shows the temperature profiles of the superconducting tapes in the
FCL cables for the range of operating voltages considered. It can be seen that the
temperature remains below the I degradation point throughout the superconducting
tapes for all voltage levels considered. The temperature profile of the tapes is smoother
compared to previous tests with small over-current levels, although there are clear

areas where very large thermal gradients exist. This is because the fault current is
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Figure 4.15: The Temperature profile of the superconducting tapes following fault
current test in the FCL cable.

large enough to cause a uniform quench before the majority of the current begins to
travel in the former material, with larger voltage levels causing greater uniformity due
to the greater peak in fault current.

Figure 4.16 shows the temperature reached by the cable’s stainless steel former
and the time taken to reach that temperature. As shown, the cable former, which
transports most of the current following the quench, dissipates much more of the heat
in these fault cases, causing it to reach the 300 K limit faster than the superconducting
layer during the period observed in all cases except the 1 kV scenario. This heat would
transfer via conduction from the cable former to the much smaller superconducting
layer, raising the temperature of the latter even after protection has acted to remove
the fault. As such, the time graph of Figure 4.16 shows how quickly protection needs
to act to prevent further heating that could damage the superconducting tapes for each
scenario.

From Figure 4.16, it can be seen that for all operating voltages above 2.5 kV, the
peak temperature in the former reaches the maximum temperature allowed by the
simulation. This is in contrast to the previous simulations where small over-currents

caused lower voltage systems to quench faster. The reason this occurs is two-fold.
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Figure 4.16: Time taken for fault current to cause temperature rise to reach 300K limit
(black). Temperature of the former following simulation (Blue).

Firstly, the larger over-current caused by a high-voltage fault in combination with the
lower 1. of the superconducting layer helps with uniformity of quench. This can be seen
in the temperature profiles of the superconducting layers on Figure 4.15. Secondly, the
higher operating voltages require a progressively higher resistance former to be utilised
to provide sufficient fault current limiting (i.e. maintaining a constant V/R ratio). This
leads to a smaller cross-sectional area of the former, effectively reducing the volume
available to dissipate the heat energy of the fault current, causing swift temperature
rise in the former.

This simulation also assumes a 100 m cable length which is near the upper bound
of cable sizes that would be found on aircraft. Shorter feeder lengths can and will exist
in TeDP aircraft. Reducing the length of cable would require the former cross sectional
area to also be reduced to provide the same damping, greatly limiting the volumetric
heat capacity available. This in turn means that a larger temperature rise would be
observed in the cable former in the same time period, requiring protection to act even

faster.
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4.3.2 Maximum Recovery Temperature and Current

FCT cables have the ability to ride-through faults due to the highly conductive for-
mer limiting the temperature rise and ensuring the quenched zone spreads uniformly
throughout the cable. However, as shown in this chapter, even a small temperature
rise can lead to a significant reduction in critical current until the cooling system is
able to remove the excess heat and lower temperature to normal operating conditions.
In order for a FCL cable to ride-through a fault and return to normal operation this
section will derive operating limits for superconducting cables in terms of maximum
temperature that can be reached during a fault and the maximum current that can be
carried after the fault takes place.

To develop thermal operating limits with respect to required operating current,
two terms are now defined: maximum recovery temperature (MRT), and maximum
recovery current (MRC). These will be the operating limits for the superconducting
cable. MRT is defined as the maximum temperature the component can carry a given
full load current without thermal runaway occurring. MRC is the maximum current
that the component can operate at a given temperature without electrical losses leading
to thermal runaway.

At the MRT the losses produced by the component, Q;, (J), is equivalent the
amount heat the cooling system can remove, Q¢ (J). These values can be calculated
for a circular geometry of a cable operated in DC, where the primary loss mechanism
considered is due to flux-creep, flux-flow and current sharing with conventional mate-
rials [84]. This is caused by operation near and above I.. The equations for @Q;, and

Qout are shown in (4.9) and (4.10) respectively.

Qm(t) = Isc(t)VSC(t) (4'10)

Qout(t) = hA(T(t) - Tcool(t)) (411)

Where h is the heat transfer coefficient in W/m?2K, A is the surface area of the cable

in m?2, and T, (t) (K) is the temperature of the coolant, 7' (K) is the temperature
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of the cable, I;. and Vi, are the current carried and voltage dropped across the cable
respectively. The voltage drop along the superconductor is calculated using the power
law [44] and multiplying this by the length of the cable as shown in (4.11) where n is
the transition index, I (t) is the instantaneous current carried by the cable and E, is

the quench voltage constant, 100 p V/m.

Vie(I,T) = E.L G(g) (4.12)

The temperature dependent critical current is calculated according to (4.12) while
the temperature dependence of the transition index is calculated according to (4.13)
where T, is the critical temperature and 7.y is a reference temperature. I...; and
Nerey are the critical current and transition index measured at a reference temperature
while the indices k£ and ( describe the nature of the temperature dependence for the

critical current and transition index respectively [121].

T.—T \*
I(T) = Ieres <Tc—Tref> (4.13)
T.—T \°
= Npef (Tc—Tref) (4.14)

At the MRT (4.9) and (4.10) are equivalent. Making this equivalency and substi-
tuting (4.11) into (4.9) gives (4.14):

I (1)

L.(t)E.L (Ic(TMRT)> = Qout(t, TMRT) (4.15)

Solving (4.14) for I,.(t) allows for the maximum current carried by the cable, Iprc

at the MRT to be calculated in accordance with (4.15).

I.(T n t, T
Twro(tT) = n+\1/ (Tnrr) %out(a MRT) (4.16)
C

This relationship is represented on Figure 4.17 for a cable with an arbitrarily selected
critical current of 1000 A operating with a coolant temperature of 77 K, the boiling

point of liquid nitrogen under atmospheric pressure. A heat transfer coefficient of 0.2
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Figure 4.17: Example of MRC w.r.t MRT

W /m?K is used and is assumed to be constant. The rapid rise at 77 K to the peak value
is because the cooling system only removes energy from objects of higher temperature
than the coolant.

Figure 4.17 demonstrates the relationship between the maximum current that the
superconductor can carry at a given temperature without thermal runaway occurring
based on the cooling system power and superconductor parameters. With knowledge
of the systems required operating current, the protection requirements can then be
calibrated such that interruption must react to remove a fault before the temperature
reaches the MRT for that desired current. These curves can also be used to determine
the appropriate critical current that a superconducting distribution feeder should have
based on the specific cooling system capability. And, as will be shown in the proceeding

chapters, this measure can be useful aid for sizing cables and within a control system.

4.4 Chapter Summary

This chapter explored the use of an FDM based component level model in order to
investigate the factors that can influence the severity of hotspots and the impact of

different cable design philosophies on this failure mode. It was shown that at conditions
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near and above the critical current, FCL based cables are more prone to hot spot
formation and localized thermal runaway than FCT based designs due to the much
lower thermal and electrical conductivity of the conventional materials used in their
construction.

As well, it was demonstrated that given the relatively short lengths of cable run
expected on a TeDP aircraft, FCL cables are shown to be unable to limit fault current
to a significant degree without an unacceptably large temperature rise that is likely to
lead to degradation. Thus if FCL capability is a requirement for the TeDP protection
system, a standalone device is required.

Despite being less prone to hotspots, it was demonstrated that even a small (<10K)
temperature rise, can lead to a significant drop in critical current within FCT based
designs until temperatures return to normal. This could make FCT cables more vul-
nerable to subsequent fault events or lead to the cable being removed from service
since the critical current has dropped below the required operating current. To this
end this chapter concluded by deriving a protection requirement that links operating
current requirements to maximum allowed temperature rise based on the capability of
the cooling system. The subsequent chapters will use these new definitions of MRT
and MRC as constraints to optimise the sizing and control of superconducting feeder

cables in TeDP systems during fault ride-through scenarios.
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Chapter 5

Sizing of Superconducting TeDP
Cables Using a Particle Swarm

Optimisation Approach

5.1 The Superconducting Cable Sizing Problem

The electrical protection system influences the weight of a TeDP network directly
through the mass of breakers, relays, fuses, and associated measurement and con-
trol equipment. The contribution that protection components have towards the total
electrical power system weight for proposed TeDP architectures such as NASA’s N-3X
is considerable, as highlighted in [29], which demonstrates that up to 20 % of overall
system mass is due to protection equipment. However, protection requirements also
indirectly increase the mass of the network through ride-through requirements in the
form of fault level and interruption time (protection speed) impacting fault energy
dissipation within non-faulted components, with the former being dependent on the
architecture and system variables, and the latter on the capabilities of the protection
system to detect and remove the fault.

Protection requirements for future superconducting systems are not well defined in
the literature. However, it is not unreasonable to assume that superconducting cables

will need to be able to provide the same level of ride-through capability as modern con-

109



Chapter 5. Sizing of Superconducting TeDP Cables Using a Particle Swarm
Optimisation Approach

ventional components, ensuring that electrical faults do not lead to significant isolation
of the electrical network upstream of the fault location. For superconducting systems,
these requirements are made more difficult by the need to maintain the superconducting
state, which requires that the superconducting component is always operated within
the boundaries of the critical surface [44]

As seen in the previous Chapter, electrical faults can lead to large amounts of power
being dissipated within superconductors as heat, raising the component’s temperature,
which has the effect of temporarily reducing critical current until temperature is brought
back to its pre-fault setting. This affects all components within the fault path, not only
the faulted component. As such, following a fault, otherwise healthy components may
have to be removed from the network due to no longer being able to provide the required
load current without thermal runaway, as the increased temperature has reduced its
maximum loading capacity (MRC) due to them being in the fault path.

Within conventional cables the typically larger volumes and greater heat capacity of
components provide protection systems with suitable time margins within which to act
following a fault. For superconducting cables to provide safety margins that allow for
ride-through capability, they must be sized appropriately with respect to four variables:
the size of the superconducting layer which affects the maximum value of the critical
current; the size of the conventional cable former that provides an alternate path for
current to flow through during over-current conditions, the power rating of the cooling
system to remove heat from the cable, and the speed at which the protection system
can operate to interrupt the fault current.

Considering only the internal factors of the cable design, the ride-through capa-
bility of a superconducting cable is dependent on the size of the conventional (non-
superconducting conductor, e.g. copper) and superconducting materials used in the
construction of the cable. Having a larger amount of conventional material reduces the
resistance of the shunt former while increasing heat capacity [105]. This reduces temper-
ature rise during a fault at the expense of increasing capital cost and weight. Similarly,
increasing the amount of superconducting material increases the critical current of the

cable which is the maximum current the cable can carry before superconductivity is lost
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and Ohmic heating occurs. Increasing the base critical current level of the cable allows
for a greater temperature rise before critical current reduces below normal operating
current (load current > MRC). Hence, this approach increases ride-through capacity
at the expense of greater capital cost due to the use of more superconducting material.
However, due to the high current densities of superconducting materials, the impact
on final component weight is negligible.

Under-sizing superconducting components could lead to a damaging temperature
rise during faults alongside limiting the power delivered to key network loads following a
fault ride-through [123]. Conversely, over-sizing superconducting components causes an
increase in weight and volume as well as capital cost. This is significantly detrimental to
a superconducting distribution network for TeDP as it reduces the overall efficiency of
the system: greater fuel burn per flight and greater number of flights required to recoup
capital expenditure. This presents a multi-objective optimisation problem between
minimising cable costs while maximizing system fault tolerance which this chapter
seeks to address

These factors create a trade-off, which requires optimisation, between increasing the
amount of superconducting material, leading to greater capital expense, and increasing
the amount of conventional material, significantly increasing running costs, in order
to achieve the appropriate ride-through capability for the application. Further, mass
penalties in aviation are typically proportional to fuel price, which can vary significantly
over time. However, a framework for optimising superconducting cable parameters
with respect to capital cost, weight, and system protection requirements within a DC
mini grid for future aircraft electrical networks has thus far not been presented in the
literature. To this end, this chapter addresses the superconducting cable sizing problem
by presenting an optimisation approach to size cables with respect to MRT and MRC
constraints outlined in the previous chapter. This is to allow for a minimisation of cable

cost, while ensuring ride-through capability with respect to network requirements.
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5.2 Particle Swarm Optimisation Implementation

5.2.1 Methodology

The superconducting cable sizing problem for TeDP requires that the cable configura-
tion, in terms of superconducting and conventional material area, minimises the lifetime
cost of the cable. Costing must include consideration of both initial upfront and op-
erating expenses. Upfront cost considers the cost of the materials used in the cable’s
construction while operating expenses include the impact on aircraft fuel consumption
due to cable mass. The selected cable must also be able to withstand fault ride-through
conditions and return to normal operation once a fault is cleared. Solving this cable

sizing problem is dependent on a number of factors:

1. Full load current requirement.

2. Material constants: superconducting surface parameters, heat capacity, density,

resistivity etc.
3. Fault severity.
4. Protection system operating speed.
5. Environmental conditions: operating temperature, cooling power.

6. Cost of materials, manufacturing, and fuel.

These factors need to be accounted for in the optimisation process to ensure that the
cable is able to provide fault ride-through capability while ensuring cost-effectiveness.
Due to the wide variety of optimisation variables and the complex constraints that must
be accounted for, a meta heuristic method such as particle swarm optimisation (PSO)
is a good candidate for finding solutions due to its low computational effort, simple
implementation, ability to converge quickly and with a high probability of finding
the global best solution [124]. This allows for more computational effort to be used
in evaluating the constraints, which requires the simulation of a complex engineering

System.
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Figure 5.1: PSO Velocity Update Illustration

Figure 5.1 shows the methodology proposed by this chapter for the determination of
optimal cable design. As shown here, environmental, electrical, protection, and material
parameters are used within a fault simulation to determine whether the cable design
found at any given point during the process breaks the constraints of the protection
requirements, while the capital and operating costs (fuel burn due to cable weight)
are used to evaluate the fitness of the solution selected. If at any time during the
process, a selected cable design breaks the constraints, it is penalized through a penalty

function(Section 5.2.3). The fitness function for optimisation used here is described by

f = KshAsh + WshAsh + KsuIc + WsuIc (51)

where K, ($/m?) is the capital cost coefficient of the conventional shunt materials
and Ky, ($/m?) is the capital cost coefficient of the superconducting materials, defined
in (5.2) and (5.3), Asp is the cross-sectional area of the conventional material, Wy,
($/kg) is the weight coefficient of the conventional material and W, ($/kg) is the
superconducting weight coefficient, defined in (5.4) and (5.5), and I, (A) is the critical

current.

Ky, = UculeMshcap (5'2)
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Ky, = UsuleMsucap (5'3)
Wsp = ogpleO (5.4)
Weu = 0suleO (5.5)

Where o (kg/m?) is the density of the material, I, (m) is the length of the cable,
M ($/kg) is the capital cost per unit kg of the material and O ($/kg) is the cost of fuel

per unit kg of material.

5.2.2 Particle Swarm Optimisation

First proposed in 1995 [124], particle swarm optimisation (PSO) is an evolutionary
strategy inspired by the social behaviour of birds and other animals in their search for
food. PSO consists of a set number, swarm, of particles moving through a search space
in which every location is a potential solution to the objective function that requires
optimisation [124]. Each particle uses knowledge of its own best solution and that of
the swarm as a whole in order to navigate this solution space before converging on
the best answer found by the swarm. This allows for an efficient search process much
quicker than brute force methods [124].

In order to find the global minimum or maximum within this search space each
particle tracks the location of its personal best known solution, P.s, and the best
known solution that any particle within the swarm has managed to find, Gpes;. Upon
every iteration of this technique the objective function is evaluated for each particle,
1, and their current positions, X, in each dimension, j, is updated according to their

current location and the answer to the velocity vector equation:

V(Z,j) = ¢V(Z,j) + RlCl(PBest — X(’L,])) + RQCQ(GBeSt — X(’L,j)) (5.6)

The correction coefficients C7 and Cy describe the cognitive and social capacity

of the particles respectively, essentially how much the particle wants to move in the
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Figure 5.2: PSO Velocity Update Illustration [125]

area of its personal best solution and how much the particle wants to move toward the
best known location within the swarm. It is this communication between individual
particles and the overall swarm that allows for convergence to occur. R; and Rs are
random numbers between 0 and 1 that add a random element into the movement of the
particles. ¢ is the inertia of the particle, the amount the particle wants to move in the
direction its currently headed. Positions are updated on each iteration of the technique

according to (5.7). Figure 5.2 gives a graphical representation of this process.

X(i,j) = X(6,5) + V(i,j) (5.7)

Figures 5.3 through 5.6 show an example of particles movement through the search
space before achieving convergence on the best solution found by the swarm. It can be
seen in Figure 5.3 that the particles start out with a diverse range of values and the
search area becomes narrower as the algorithm progresses, Figure 5.4. Because of the
stochastic nature of the technique, PSO cannot guarantee that the best solution found
by the particles is the global optima. This issue can be mitigated however by running
the algorithm multiple times to improve the probability that the global optimum is
found.

Figure 5.7 shows a flow diagram for the particle swarm optimisation process as it
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relates to this problem. It describes that at each iteration of the optimisation, a fault
simulation is carried out for each cable configuration. This is stored in the particle’s
location data: the size of the superconducting layer; the size of the cable shunt area.
The particles fitness is then updated according to (5.1) before any penalties are applied
using the constraints procedure. Particle velocities are updated according to (5.6) and
the process begins again until the particles converge on the best solution found by the

swarin.

5.2.3 Constraints Handling

To prevent the PSO process from producing unviable results a constraints handling
procedure is required. This first requires definition of the constraints themselves. These

were defined as follows:

1. At nominal operating temperature, the cable must be able to provide the maxi-

mum operating current without quench occurring.

2. Following the fault the cable must be able to supply a percentage, k, of the full

load without quench occurring.

The first constraint is that the critical current of the cable must be large enough
so that the cable does not quench in normal operation. The second constraint ensures
that the cable has ride-through capability so that in the event that a fault happens
downstream on the network, it is able to provide some portion of the full load current
without thermal runaway. This will normally be the maximum operating current but
could be reduced if the system has a significant number of redundant paths and energy
storage to allow for reduced power flow on the affected feeder while the cooling system
removes excess heat. This would have the benefit of reducing the volume, and weight,
of each cable.

Determining whether the particle breaks the second constraint is achieved by deter-
mining the maximum temperature the cable reaches during the fault and checking if it is
greater than the maximum recovery temperature (MRT) for the required load current.

The MRT is the maximum temperature that the component can reach while still being
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Figure 5.8: Maximum Recovery Current against Cable Temperature with marked Ther-
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able to carry a set amount of current, the maximum recovery current (MRC), without
thermal runaway occurring, Chapter 4.3. As the temperature of a superconducting
cable increases, the MRC decreases due to the inverse nature of the critical current to
critical temperature and the limitations of the cooling system to remove excess heat.
Figure 5.8 shows an example of the relationship between cable temperature and MRC
for a superconducting cable with I. of 1000 A at 77 K with regions marked to indicate
the thermal recovery and runaway operating zones [123].

Due to the nature of the PSO process, some particles will be in the infeasible region
of the solution space. This is the part of the search area in which solutions violate
constraints. Due to the invalidity of these solutions, it is undesirable for convergence to
take place within this area. To prevent this a number of strategies have been developed
for PSO, from which, the authors in [126] provide an overview of many of the most
commonly adopted ones. The implementation presented in this chapter uses a dynamic
penalty function. This punishes particles for entering the infeasible region. The penalty

functions are given in (5.8) and (5.9).
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n
Yie = T2(IMRCyeq — IMRC)) 37 (5.9)

Where « is the penalty given for each constraint, 7 is the penalty multiplier, I, ,.
is the minimum critical current under normal conditions, I.; is the critical current in
normal conditions for particle i, In/rc,., is the maximum recovery current required by
system, Iprrc; is the maximum recovery current of particle i after the fault simulation,
n is the iteration number, and M is the maximum number of iterations.

The penalty reduces the fitness score of a particle and thus discourages particles from
searching that area for a solution. The penalty function penalizes the particle relative
to both the iteration number and the amount by which it exceeds the constraint. By
implementing the penalty function this way the particles can more easily explore areas
near the infeasible region early in the algorithm. This is beneficial as many of the best
solutions can often be located on the boundary of the feasible region. As the iteration
number increases, the function ensures that particles are discouraged from staying in

the infeasible solution space.

5.2.4 Fault Circuit Modelling

At each iteration of the methodology a fault simulation is carried out for every particle,
with a superconducting cable being created using the size of I. and former area stored
within the particle’s location within the search space. The electrical circuit used to
model the rail-to-rail DC fault for each step of the algorithm is shown in Figure 5.9. It
is assumed that electrical power is generated on the TeDP aircraft from a generator,
driven by a gas engine. This power is converted to DC by a rectifier, interfacing to a
DC distribution system. The superconducting cable is modelled with superconducting
material in parallel with a metallic former. Upstream, a constant DC voltage source
behind an impedance represents a generator-fed rectifier. In the event of a rail-to-rail
fault, the DC link capacitor, C'y, will discharge, significantly influencing the peak fault
current size and shape. Sustained, lower magnitude fault current is provided by the
generator interfaced through the rectifier to the DC section of the system.

The impedance of the generator, Zge, (§2) is determined by the apparent power of
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Figure 5.9: DC-link fault circuit for use in PSO simulations.
the generator, Sgen, in VA, and the operating voltage, Vyen,(V') as shown in (5.10)

Sgen

5.10
Vien (5.10)

den =

It is assumed that the inductive component of the impedance of the generator
is significantly greater than the resistive portion. Hence the resistive element of the

impedance of the generator is neglected. The inductance is calculated by :

den
27ngen

Lgen = (511)

The filter capacitor, Cyey, is sized in accordance with (5.12) where fs,, is the switch-

ing frequency in Hz [127].

Sgen 6

2 27
‘/gen 6 fsw
20

Cyen = (5.12)

The impedance of the superconducting cable at each time step in the fault simula-
tion is determined by the current sharing between the superconducting and conventional
material. This is in turn calculated by the current-sharing algorithm, explained earlier
in Section 3.2. For this case it is assumed the cable has a uniform critical current. The
state equations for the fault are extracted from the circuit in Figure 5.7 and are solved
for each time step using MATLAB’s ode45 function [128]. These are given by (5.13)
through (5.15):

122



Chapter 5. Sizing of Superconducting TeDP Cables Using a Particle Swarm
Optimisation Approach

digen
Ihper = Lgen™32" (5.13)
di
V.=C—= 5.14
o (5.14)
di
Vi, = Ldef (5.15)

The temperature of the component is then calculated as the time integral of the
power dissipated during the fault, divided by the components heat capacity. The heat
capacity, cpi(K/J), and resistance of shunt built into the cable, R;, are determined by
the size of the particles shunt surface area, 4; (m?), and the fundamental properties of

the material:

pL
R, = 5.16
Cpi = AiLcm- (517)

Where L (m) is the length of the cable, p(dm) is the resistivity of the material,
cyi (J/m3) is the volumetric heat capacity. This continues until the stopping point of
the simulation is reached. This is in turn determined by the circuit breaker operating
time. The temperature reached during the simulation is then passed back to the main
PSO loop to determine if the particle’s current location in the search space violates

constraints.

5.3 Sensitivity Analysis with PSO

5.3.1 Optimisation Set-up and Parameters

Particles are initialised randomly within the space and their positions, fitness and
velocity continually updated until convergence occurs. The optimisation and simulation

parameters are shown on Table 5.1. For each case selected, which considers different
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’ Parameter Value ‘ Parameter ‘ Value
Number of Particles 12 Power Level 10 MW
Maximum Iterations 100 Fault Impedance le-2 Q
Number of Swarms 3 Former Resistivity 2e-9 Q.m
Fault Simulation Time Step 0.001s Cable Length 100 m
Post Fault Current Requirement 100 % Frequency 50 Hz
Superconducting Material YBCO Former Cost Coeff. 4.05
Coolant Temperature 65 K Superconductor Cost Coeff 400.5
Heat Transfer Coefficient 0.2 W/mK Weight Factor 50
Critical Temperature 93 K Heat Capacity 185
Density 8940 Cable Inductance le-5 H

Table 5.1: Values used in Particle Swarm Optimisation Process

voltage levels used for the network and circuit breaker operating times, the algorithm
runs the PSO method three times. This is to reduce the chance that a sub-optimal
result is returned due to particles gravitating towards local minima in the search space.
The output of a swarm is two cable parameters: conventional shunt material area and
a superconducting critical current.

From the base case described in Table 5.1, which considers a 10 MW subsection of a
TeDP system, the voltage is varied between 1 kV and 10 kV in steps of 250 V. Although
the frequency is set at 50 Hz, in accordance with UK grid, aircraft normally operate at
higher frequencies (400 Hz) and TeDP may utilise much greater frequencies than this
for generation. The particles are allowed to select values for the shunt former in steps
of 10 mm? while they can select the I.. in intervals of 100 A. This ensures only discrete
values are selected and helps prevent flat basin situations wherein multiple regions of
the search space have very similar fitness, causing convergence speed to reduce. It is
assumed that the selected cable will need to be able to withstand full load current
following the fault without thermal runaway taking place.

The cost of copper is assumed to be £4.05/kg, the market price for the metal at
time of writing [129], ignoring the cost of the manufacturing that goes into the super-
conducting cable. Similarly the cost of the YBCO tape is assumed to be approximately
two orders of magnitude greater than the cost of copper. The weight factors, (5.4) &
(5.5), multiplies the cost of materials based on mass, in an attempt to simulate the

cost of fuel, which can vary widely depending on a large range social, economic, and
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Figure 5.10: Post fault MRC and Full load requirement against voltage shows that
particles have found solutions on the boundary of the feasible search space.

political factors. This is set at 50 as Airbus estimates that for every kg of weight on

an aircraft, the aircraft requires an extra 50 kg of fuel over the course of a year [16].

5.3.2 Convergence on MRC Boundary Line

Figure 5.10 shows the MRC of the best cable found by the algorithm at the post-fault
operating temperature for a fault that is cleared in 1 ms across the full voltage range
considered in the study. Also shown on this figure, in the solid red line, is the full load
current that each cable is required to transmit for the corresponding voltage level.

It can be seen from Figure 5.10 that the cable configurations found by the PSO
tool are capable of withstanding the fault and are able to provide full load current post
fault as required, satisfying the constraints that were set. The post-fault MRC of each
configuration can be seen to be along the border of the full load current requirement.
This is a strong indicator that the algorithm is able to find global optimal solutions.
This can be deduced logically as any increase in CSA or critical current will push
the post fault MRC up due to the increased heat capacity. This increases the cost
of the cable without providing additional utility, required current capacity will never

be greater than full load. Similarly any decrease in the CSA or critical current will
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Figure 5.11: PSO algorithm finds solutions on the boundary of the feasible search space
at every ride-through requirement.
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cause the MRC to drop below the red line, breaking the post fault current carrying
requirement constraint in Table 5.1 and rendering the solution invalid. Figure 5.11
shows that for a range of fault times considered, the PSO algorithm is able to find
solutions along the boundary of operational constraints, showing that the optimisation

technique is robust to changes in the underlying system conditions.

5.3.3 Influence of System Variables on Best Cable Design

Figure 5.12 shows the influence of voltage and fault clearance time on the overall cost
($) of the best cable configuration the algorithm has found that is able to satisfy the
constraints. It can be seen from this figure that increasing voltage can reduce the cost
of the cables required, with the effect being more pronounced at lower voltages. This
is due to steady state current carrying requirements reducing in line with increasing
network voltage, reducing the critical current and CSA requirements of the cable and
therefore cost. However, as the clearance time increases, the cost of the superconducting
cable selected by the optimisation method increases for each network voltage due to
the greater amount of energy that must be absorbed by the cables.

Figures 5.13 and 5.14 indicates that critical current sizing and shunt size decreases
as the voltage increases. Reduction in critical current requirement is likely due to a
reduced operating current for the same power level. Longer fault durations require
greater base critical current and shunt size. This ensures that the superconductor’s
MRC does not drop below the required load due to the higher temperatures reached
by the component during these fault durations as shown in Figure 5.15. Greater tem-
perature rise occurs at higher voltages as the optimisation algorithm determines that
a larger critical current base, according to the parameters of the case study in Table
5.1, is a less expensive solution than preventing greater temperature rise through an
increase in shunt area.

From the best fit lines in Figure 5.15, it can be seen that peak temperature generally
increases with voltage level, and this is more pronounced at faster interruption times.
An explanation for this effect is the greater impact of the capacitive discharge on

temperature rise at higher voltages where there is more energy stored on the capacitor,
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Figure 5.14: Conventional shunt CSA selected by the PSO algorithm for each voltage
level and ride-through time requirement.

and fast interruption times where there is less contribution from steady state fault
current. As shown on Figure 5.15, longer interruption times shift the peak post-fault
temperature of the cable selected up, with the optimisation algorithm converging on
solutions that use more superconducting material to offset the effect temperature rise

has on depressing post fault critical current, Figure 5.13.

5.3.4 Sensitivity to Operating Temperature

The influence of steady state operating temperature on the superconducting cable af-
fects the results of the PSO algorithm in multiple ways as shown by Figures 5.16, 5.17
and 5.18. The underlying impact that operating temperature has on the circuit is the
critical current density of the superconducting tape (higher at lower temperatures), and
the size of the energy gap between the operating temperature and the critical temper-
ature, where superconductivity is no longer possible (also larger at a lower operating
temperature). As such, increasing the normal operating temperature of the super-
conducting cable leads to more superconducting material being required to maintain
superconductivity at the same current level.

As shown by Figures 5.16, 5.17 and 5.18, temperature is varied from the base case of
65 K to 75 K. The fault ride through requirement is set at 100 ms for all of these cases.
Figure 11 shows the cost of the cable configurations found by the PSO algorithm and
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Figure 5.15: Temperature reached by optimal cable configuration selected by algorithm
for each voltage level and ride-through time requirement

it can be seen that as the operating temperature increases, the cables’ cost increases
as well. This cost however does not consider any additional cooling costs required to
keep the cables at lower temperatures. Shown on the right axis of Figure 5.16 is the
shunt area size requirement which can be seen to be rising broadly in proportion to the
cost of the cable configuration, indicating its more beneficial on a lifetime cost basis at
higher temperatures for the cable to be able to absorb greater fault energy rather than
increase the amount of superconducting tape.

In contrast, the amount of superconducting tape in the selected cable configuration
decreases, in general, as the operating temperature increases and this is exemplified on
Figure 5.17 which shows the critical current for each operating temperature, normal-
ized to 77 K. This indicates that as the temperature decreases it is more favorable to
reduce the amount of conventional material, and therefore the weight of the component,
and take advantage of the greater energy gap due to the larger difference between the
operating and critical temperatures. Of note in Figures 5.16 and 5.17 is the significant
outlier in this trend at 67 K. This data point is a consequence of the PSO technique,

in which the solution has found a near optimal solution that utilizes a larger critical
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Figure 5.18: Temperature Rise in Cable by Selected PSO Solution for Different Oper-
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current and small shunt area that leads to an overall cost that is clearly off trend in
the data. This happens when particles get stuck in local optima in the search space.
The utilisation of this energy gap is exemplified in Figure 5.18 which shows the tem-
perature rise following ride through for each operating temperature. As shown in this
figure, a greater temperature rise is evident at lower operating temperatures, and this
is primarily due to the lower heat capacity of the cable configuration selected. As well
as the greater energy gap, the critical current density is greater at lower temperatures
meaning that each additional Ampere of critical current is effectively cheaper, although

this does not consider the impact of additional cooling power on overall cost.

5.4 Chapter Summary

TeDP presents an opportunity to reduce fuel burn through novel propulsion system
architectures and the application of superconducting materials to electrical components.
To maximise this, components must be optimised with respect to capital costs and
operating costs incurred by the upfront price of new technologies and the expected

implications for fuel burn of the component mass.
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This chapter has presented and applied a novel optimisation methodology for su-
perconducting cables to minimise lifetime cost which allows for a wide variety of system
thermal and electrical parameters to be considered while ensuring protection require-
ments, specifically ride-through capacity and interruption speed, are adhered to. To do
this a new algorithm was presented that considered the intimate relationship between
temperature and critical current of superconducting components. As such, the algo-
rithm implemented in this chapter used the MRC and MRT operation limits previously
defined in Chapter 4 as a basis for protection ride-through requirements.

From observation and analysis, it is found that the algorithm is able to success-
fully identify optimal solutions within the search space using a PSO based optimisation
method, and that system variables have a significant impact on the final cable design se-
lected by the method. Faster operating times are found to significantly reduce the cost
of the cables at all voltage levels considered in sensitivity studies, making fast acting
solid state circuit breaker technology a key enabler for reducing the cost of supercon-
ducting cables for TeDP aircraft. Additionally, lower cable operating temperatures
allow for large reductions in cable material usage, although this has to be balanced
against greater cooling requirements, the cost of which is not captured in this chapter
but may be an optimisation variable of interest in future work.

Whereas this chapter applied the method to a cable within a system containing
a single generation source, load, and fault location, Future implementations of this
method will also aim to apply it to more complex network architectures. This could
consider systems that contain multiple protection system operating points, such as in
zonal protection systems, as well as multiple generation sources that may allow for
greater recovery margins and reduced operation modes in cables that have had to
withstand temperature rise due to an electrical fault, such as the system presented in
Chapter 6. As well, comparing the computation time of using PSO as the optimisation
technique as opposed to other potentially suitable techniques will allow determination

of the most appropriate optimisation methods for this type of sizing problem.
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Voltage Based Current

Compensation Converter Control

DC TeDP architectures such as the one shown on Figure 6.1 have a significant amount
of power electronic interfaces. One area that is lacking in fundamental research is ex-
ploring how new control strategies can take advantage of these network resources to
improve component availability following abnormal conditions such as electrical faults
and cooling system failures that lead to temperature rise of superconducting compo-
nents.

As described in earlier chapters, superconducting components are inherently sen-
sitive to temperature change, with even a small increase in temperature significantly
depressing the critical current of a superconductor. If the temperature rise is significant
enough, the MRC can be reduced below full load current. To ensure thermal stability
it is required that operating current be reduced below MRC in the affected component
to prevent potential damage and reduce recovery times.

The authors of [130]show the use of a reduced power operation mode based on the
current capacity of conventional materials in the component above T. This allows for
much lower power to be delivered using only the conventional current carrying capacity
of the non superconducting materials within the components design. However, unless
the component has exceeded T, this ignores the potentially significant power capacity

still available to carry current, albeit at a reduced level [130] within the superconducting
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parts of the component.

This additional capacity could be used to transmit reduced current to BLI fans to
minimise drag penalties as well as reduce the amount of power that energy storage
or backup generators may have to supply through redundant feeders. This has the
potential benefit of reducing energy storage depletion and maximising stability margins
in healthy feeders. Being able to tap into this additional current capacity could also be
critical in an emergency scenario. As well, by allowing cables to provide reduced power
following a fault as opposed to the maximum, cables can be designed to be smaller,
saving weight and fuel, as demonstrated in Chapter 5.

The authors of [131] show how capability curves can be produced for supercon-
ducting components. These curves attempt to define the relationship between fault
ride-through energy dissipation and the superconducting component’s thermal stabil-
ity [131]. This allows for a relationship to be built between the component experiencing
over-current and the amount of time that particular current level can be withstood be-
fore normal steady state current will lead to thermal runaway. The inability to meet
required steady state currents could be an isolation criterion for a conventional, ter-

restrial system. TeDP however, with arrays of multiple fans that have large operating
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reserve during cruise can provide for high levels of redundancy and control options [132].
One of these is using converter interfaces to limit and manage current in branches which
have undergone temperature rise.

Limiting current in a particular branch through the use of power electronics can be
achieved through appropriate converter control [133]. This can give system planners a
great deal of design freedom that can be used to help prevent abnormal conditions from
affecting flight. The ability to limit current using converters will be dependent on the
architecture of the distribution system as well as the capability of the power electronic
module. In particular, the load types used in the system could play an important
role in ensuring system stability [134]. For instance the influence of constant power
and constant impedance loads will be investigated in this chapter to determine their
influence on network stability and thermal runaway during implementation of a current
limitation control method.

In this area there is a significant amount of existing literature on DC micro-grids
which is directly applicable to a TeDP system with respect to control and system
stability. For instance the authors of [135] examine the impact of parallel sources on the
stability and reliability of a more-electric aircraft (MEA) DC aircraft bus with CP loads,
concluding that energy storage is essential to improve these attributes. Coordinating
load sharing between multiple sources in a DC-microgrid can be done through droop
control [136]. While this type of control has been applied to MEA concepts such as
in [135] and [137], the application of load sharing techniques is not well explored with
respect to superconducting systems and the additional constraints introduced by the
use of these materials. For instance, no literature explores the application of these
techniques resulting from a superconducting cable requiring current limitation due to
operating at higher than normal temperatures.

As well as load sharing strategies to reduce the current carried by a superconducting
cable, power management and load shedding strategies can be adopted to reduce the
power consumed by specific loads and reconfigure the network to deliver power through
alternative paths as proposed by [138]. Within conventional MEA, load management

strategies are reviewed by [139] where specific strategies suggested involve exploiting
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loads with large time constants such as galley ovens, and exploiting the cyclical nature
of certain loads such as wing ice protection [140]. However owing to the power levels
of electrical propulsion for large commercial transport, such methods may not remove
enough demand on the electrical power system to reduce current below MRC and a
combination of network reconfiguration and curtailment of propulsion loads may be
required.

To limit current effectively while ensuring appropriate safety margins are kept, the
temperature of the superconducting component must be known. Thermal measure-
ments can be used for this however the response time of the measurements can vary
significantly depending on the sensor used and the application itself [141]. These re-
sponse times may be too large to limit current before thermal runaway takes place. An
alternative approach is to estimate the temperature of the component through electri-
cal measurements. This chapter presents a method that uses the IV-characteristic of
the superconducting transition to determine the temperature of the component in real
time and adjust current to a suitable level.

To this end, this chapter will describe a converter control algorithm, implemented on
the DC rectifiers connecting the generators to the distribution system, that is designed
to maximise power distribution within a superconducting distribution network during
periods of temperature greater than 7y and below T. This is done in line with the
MRT and MRC as described in chapter 4, to maximise power delivery while preventing
thermal runaway.

This chapter is structured as follows. Section 6.1 discusses the aims and implemen-
tation of this scheme to a controlled three phase rectifier. Section 6.2 describes the
system architecture that the control scheme is applied to. Section 6.3 describes the
results obtained from modelling and simulations of the control scheme as applied to
the architecture described in Section 6.2. Section 6.4 discusses the limitations of this
control scheme and Section 6.5 concludes this chapter, providing a summary of the key

findings.
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6.1 Aims of Converter Control Scheme

The control scheme proposed in this section aims to maximise the amount of power that
can be transmitted on a converter interfaced, superconducting, distribution line that is
forced to operate at greater than nominal temperature but below T. To do this, the
temperature of the cable needs to be determined to ensure that operating current is
curtailed to a level below MRC as this prevents losses from overwhelming the cooling
system. This is achieved using a model based controller that uses knowledge of the
components voltage response at different operating currents and temperatures. This
way, temperature is estimated using the components electrical response. As such, the
method is named voltage-based current compensation converter control (V4C).

The voltage drop along a superconducting cable due to an input current is strongly
temperature dependent as seen in (3.8), (3.9), and (3.10). By determining the current
flow in superconducting material for a given shunt impedance, a surface that represents
the relationship between voltage drop along the cable, operating current, and tempera-
ture is created as shown by the 3D surface plot in Figure 6.2. The relationships between
input current I, voltage drop V, and cable temperature 7', allows for an estimate of
the latter based on voltage and current measurements. Assuming the cooling system
is active, the maximum current limit, the MRC, is then calculated by (4.16).

With a safe operating current below the MRC selected, a power electronics module
with suitable current control can then regulate the amount of current transmitted
in the distribution line to this value. As the current is below the MRC, this allows
temperatures to return to nominal operating conditions while ensuring partial load
fulfilment during the period of higher temperature. In addition, if the temperature rise
is a result of cooling system failure, current reduction could increase the amount of
time that supply is available by minimising further heating caused by flux flow losses.

In practice a look-up table could be used to quickly ascertain this temperature
based on the components voltage response at a given current input temperature. This
provides a fast and simple procedure for estimating the temperature based on electrical

magnitudes which can then be used to to limit current in a converter control scheme as
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Figure 6.2: Surface of Voltage Drop With Respect to Temperature and Current of a
Superconducting Distribution Cable

will be shown in the following sections of this chapter. Alternatively, the temperature
can also be obtained using (6.1), which is derived by substituting 3.9 into 3.8 and

rearranging for T

I 1/n
T=T,— (<€SC(t§1/]nl/)n SC(t)> (Te — Tref) (6.1)

cref

Where T is the temperature of the component, Ty is the critical temperature,
and T,.y is the reference temperature of the critical current, all in units of K. E¢ is
the quench constant of 1e8 V/cm. I, is the instantaneous current transported by the
superconductor, I...y is the reference critical current at the T}..y, in A. V. is the voltage

drop measured across the superconductor. n is transition index.

6.1.1 Control Scheme Implementation

The current limitation algorithm is implemented through the use of a feed-forward con-

troller within a power electronic control system. The feed-forward controller is designed
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to saturate the current request of a dg-controlled voltage source rectifier or inverter in
order to prevent thermal runaway during above nominal temperature conditions. A
dg control system was chosen for this study as it simplifies the control of voltage and
current by reducing the number of controlled variables to two DC values, instead of
having to regulate each phase current.

The control scheme operates in accordance with two priorities. During normal
operating conditions the system behaves as a normal voltage source controlled rectifier
and the primary objective of the control system is to maintain the voltage across a DC-
link capacitor at its reference value. The second priority of the control loop ensures
that the operating current does not exceed MRC. This is achieved using a feed forward
control that looks at the voltage drop along, and current carried, by the cable and
determines the present operating temperature using the approach described in the
previous section. Omnce cable temperature is determined, the MRC is calculated and
action is taken to limit the current to a value below this. The following subsections

describe the distribution network model and the control scheme set-up.

Overall Circuit Model

To present this concept the network shown on Figure 6.3 is considered for modelling
and simulation. This model contains a single generator and motor channel taken from
the overall TeDP network (Figure 6.1) with an energy storage source connected to
the common bus through a DC/DC converter. This electrical architecture consists of
a three-phase generator that is supplying electrical power to the distribution system,
which includes a single propulsion motor load. The two electrical machines interface to
a DC distribution network via power electronic converters. The distribution network
consists of a superconducting cable and a DC filter capacitor that reduces voltage ripple
at the output of the active, six-switch rectifier which interfaces the generator to the
network. A low impedance fault is located downstream of the superconducting cable as
indicated on Figure 6.3 which will be used to demonstrate a heat generating event that
requires cable current limitation to prevent thermal runaway following fault clearance.

This architecture does not include an superconducting fault current limiter (SFCL),
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this is to ensure that the cable’s temperature rises during the fault. All modelling
was carried out within Mathworks’ MATLAB Simulink software package. Key model

parameters are provided in Table 6.1, which is itself contained in Section 6.2.

DQ VSC Rectifier Control

This section describes the control of the power electronic interfaces of the system shown
in Figure 6.3. The approach taken to modelling of the system’s three-phase generator
and rectifier is done in accordance with [142]. However, component non-idealities and
parasitics have been ignored as their impact on the system response for the studies in
this section are negligible. The filter capacitor, Cy, is sized in accordance with [127]

using;:

S.
Cp=—=""2— (6.2)
Vd0(0.05624 fs)

Where S0, is the rated apparent power of the rectifier (1 MW), V4. is the rated
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output voltage (1 kV), and f, is the switching frequency in Hz. The generator that
feeds into the rectifier is modelled in Simulink as a constant three-phase voltage source.
The rated output power of the generator is set as 1 MW with a rated voltage, V,om, of
614.87 V AC, operating at nominal frequency, frnom, is 50 Hz. The rated current of the
generator, Ip,om, is approximately 2 kA AC and the impedance of the generator, Z,om
in units of €2, is calculated using:

Vnom
Lnom = (6.3)

Inom

It is assumed that the inductive portion of impedance is so large relative to the
resistance that the inductance, Lo, (H), of the generator circuit can be calculated

according to:

Znom
(6.4)

J ——
o 27Tfnom

The control of the rectifier is described in Figure 6.4. As shown in this Figure, the
rectifier uses a direct-quadrature (dg) control scheme designed to regulate the output
DC voltage and current to a given reference value. A phase locked loop (PLL) is used
to determine the rotor position, wt, of the generator for use in the dq0 transform (6.5).

This transform equation is applied to the three phase currents of the generator and
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Figure 6.5: Illustration of dq Transform of abe Signals to Rotating Reference frame [143]

allows for the currents to be expressed in the rotating, dg reference frame as opposed

to the abe reference frame as shown by Figure 6.5.

iq cos(wt)  cos(wt — ) cos(wt ) iq

2
iq =3 | - sin(wt) —sin(wt — 2F)  —sin(wt + 2F) iy (6.5)
io > > 2 ic

The voltage reference is nominally maintained at 1 pu, which corresponds to the
rated voltage of the DC-link. This value is compared to the actual voltage across the
DC-link capacitor and the error signal is amplified using a PI controller as shown on
Figure 6.6 which presents the Simulink modelling diagram of the voltage controller.
To prevent integral wind-up, a condition which can cause the integral controller to
tend to infinity when the system is unable to remove the error, the integral controller
is saturated to 120% I,om, the nominal current of the DC-link. The output of the
voltage control loop provides the reference current signal, I, for the current controller.
The proportional and integral gains for the voltage controller, k,, and Kj;,, are set in

accordance with (6.6) and (6.7) respectively [144].

Cy

= 4 6.6
p aTeu ( )

Where a is a constant, 2.4, and T, is 47s. T, is the sampling frequency of the
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il
Figure 6.6: Outer voltage control loop with PI controller.
control system.
K= — (6.7)
" a?Ty, ’

The current controllers are designed to control the direct and quadrature currents
which respectively correspond to the real and reactive power output of the rectifier.
Hence the quadrature component (1) is controlled to be zero. The direct current, (1),
changes with respect to reference requests from the voltage control loop. It is assumed
that the three phase system is balanced and that the zero component is a constant at
0. To implement the current controller a PI controller is used. The proportional and
integral gains, K,; and Kj; are set in accordance with (6.8) and (6.9) [144] respectively
and integral saturation is included to prevent wind-up. The dq transform of circuit
equations leads to the cross-coupling of the d and ¢ axis currents which can negatively
affect dynamic performance. To prevent this a feed-forward decoupling control is im-
plemented in accordance with [145]. This control system is shown on Figure 6.7 which

contains the Simulink model for the current controller.

Ly
Kopi = 2(1.5T%) (68)
1
Ki; = (6.9)
(7t)

Where R, is the resistance of the generator, Ly is the direct inductance of the

generator.
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SPWM

An inverse dq0 transform (6.10) is applied to the current controller outputs and passed
to a modulator which implements sinusoidal pulse width modulation (SPWM) for con-
trolling the rectifier switches. This is implemented in Simulink using the the SPWM
block as shown in Figure 6.8 which shows the modelling diagram within the Simulink
Workspace. This block takes in modulation index request for each phase and the cur-
rent rotor position to determine the firing of the rectifier switches to achieve the desired

current output.

iq sin(wt) cos(wt) 1 iq

; 2 : 2 27 :

i | =3 sin(wt — &) cos(wt — %) 1 iq (6.10)
ic sin(wt 4+ 27)  cos(wt + &) 1 io
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Feed Forward Compensation Control

The feed forward compensation control implemented is a model based control method.
This method requires the measured resistive voltage drop across the superconducting
cable and the current output of the 3 phase rectifier. The temperature of the super-
conducting cable is then estimated in accordance with (6.1). Following temperature
determination, the MRC is calculated (4.17). The current request from the voltage

control loop is then saturated to a value lower than this in accordance with (6.11).

Imax = kIMRC(T) (611)

Where £ is less than or equal to 1 and can be adjusted to provide a suitable current
margin for the cable and allow for cooling system to remove energy and reduce tem-
perature. To prevent integral wind-up occurring within the voltage control loop, the
saturation limits of the integral component of the PI controller are set to be the max-
imum normal operating point of the superconducting cable. This ensures that when
temperatures return to their normal operating conditions, that the voltage control loop

is able to quickly resume control.

6.2 Baseline System Architecture Modelling

6.2.1 Superconducting DC cable Model

The superconducting DC cable used in this model consists of a thermal-electric cable
model that includes a conduction layer made up of YBCO and a conventional shunt, in
this case copper. The conduction layer is wound around a layer of insulation separating
it from the former. Another layer of insulation separates the conduction layer from
the shield. The shield is assumed to be identical in its electrical characteristics to
the conduction layer. The cable design is demonstrated in Figure 6.9 which shows
the different layers within the cable. Modelling of the cable is done in accordance
with the current-iterative algorithm demonstrated in Chapter 3, taking into account

current sharing between the superconducting layer, the conventional Stabiliser, and
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Figure 6.9: Illustration of Cable’s Physical Description
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Figure 6.10: Implementation of Cable temperature model in Simulink

cable former. This diagram does not show the cable return path which is present in
another cryostat.

The temperature of the cable is calculated in accordance with (6.12) where ¢, repre-
sents the volumetric heat capacity of the cable in J/m?, while the initial temperature is
given by Ty. The implementation of the thermal model in Simulink is shown in Figure

6.10.

T(t) = TO + Cl/ot Qin(t) - Qout(t) dt (6.12)
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6.2.2 Back-up Energy Modelling and Control
Droop Control Scheme

The backup energy source can be any storage source such as a battery, SMES, or a
normally open point that feeds power from secondary electrical generators following
network reconfiguration. Within the model it is represented as a controlled current
source input with operating current being determined through DC droop control [146].
This allows for effective power sharing between multiple generation source without the
need for communication. The energy source only discharges once voltage drops below
0.94 pu to prevent discharge during normal voltage variations, in accordance with

terrestrial standards for voltage limits in the UK. The droop characteristic is based on:

Pe*s = (‘/ref - Vdc)kes (613)

Where P/ is the generated power reference in W, V,..¢ is the reference voltage, V.
is the measured voltage, and k.5 is the droop gain. This is implemented into a control
scheme in Simulink which produces a power request for the backup energy storage.
The power request is compared to the nominal, rated power, of the energy storage
device and the amount of current required is calculated based on the power request
and the present DC-link voltage as shown in Figure 6.11. This current is then fed to
the distribution network using a controlled current source.

The speed at which the back-up power source can respond to a power request is
limited by bandwidth of its controller. This bandwidth is set as an order of magnitude
slower than the bandwidth of the 3-phase rectifier using a low-pass filter with a band-
width of 1 kHz at the control signal input. This ensures the ES will only transfer energy
into the system in response to voltage deviations when the superconducting link is un-
able to meet the demand during abnormally high-temperature conditions. Additionally
the maximum power output of the back-up energy source is arbitrarily assumed to be

30% of the full load requirements of the motor.
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Figure 6.11: The power request from the droop control scheme uses a controlled current
source to interface with the electrical system in Simulink.

6.3 Results of Control Scheme Implementation

To investigate the effectiveness of the proposed control method, with respect to different
load types and system architectures, multiple scenarios are considered. Two network
architectures are investigated: a system containing a backup power source, Figure 6.3,
and a network in which the backup energy source is not present. How the presence
of additional power supplies can affect the ability to implement the proposed control
scheme, and the impact on the stability of the network following current reduction, is
discussed.

The types of load considered for these two network architectures are constant power
(CP), where the motor’s power controller will attempt to maintain a constant power
to the load by varying the impedance seen by the network, and constant impedance
(CI), in which the motor will draw current in proportion to network voltage condi-
tions. These two load types are chosen due to their differing response to the system
voltage conditions. Due to the nature of these load types it is expected that any con-
trol algorithm that limits current could have a subsequent impact on system voltage
stability. This needs to be investigated to determine the limits of the V4C method in
networks with these load types. As well as these scenarios, the implementation of the
V4C controller within the motor’s inverter control scheme is also investigated. This

scenario presents the case in which a power management system is able to implement
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Table 6.1: Simulation Parameters

Parameter Unit(s) | Value

K 77
K 93
Critical Current A 1200
Rated DC Voltage 14 1000
m
Q
\%

Cable Operating temperature

Critical Temperature

Cable Length 100
Conventional Resistance 0.0025
Rated AC Voltage 684
AC Frequency Hz 50
DC Link Capacitance mF 3.45
Load R Q 1
Load L mH 1
Cooling coefficient W/mK 0.2
Rated Power MW 1

load shedding to preserve the thermal stability of the superconducting network.

The component values for the Matlab network simulation are shown in Table 6.1.
The superconducting cable is modelled in accordance with Chapter 3 for the parameters
specified in Table 6.1. This model is used to populate a lookup table which describes
the voltage response of a superconducting cable over wide range of current and tem-
peratures values. This is used to determine the operating temperature throughout the
course of the simulation. For these simulations a fault current of 10kA DC is used in
order to cause significant temperature rise in the superconducting cable. The fault is
removed from the system after 150ms to simulate the opening of mechanical circuit
breakers. The fault current is implemented using a controlled current source within the
Simulink software package.

The temperature rise due to the fault causes the critical current of the material to
decrease. This leads to a voltage being generated across the superconducting cable and
Ohmic losses occurring even after current returns to normal operating levels. In this
condition, the feed-forward control loop will estimate the new operating temperature
in accordance with Figure 6.2 and a new safe maximum current is chosen to prevent

thermal runaway of the cable. To implement this control action, the current request,
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Figure 6.12: 10kA Fault Current Implemented on Network Using Controlled-Current
Source Downstream of Distribution Cable and Subsequently Cleared After 150m.s.

I, created by the voltage controller, is saturated to ensure this maximum current level
is not exceeded.

Two faults are applied during the course of the simulation, occurring at 1 and
3 seconds into the simulation as shown on Figure 6.12. This emulates the situation
in which multiple faults occur within the system in succession, although these fault
profiles are no representative on an actual occurrence which would include the capacitive
discharge and significant voltage and current transients. The results demonstrate that
the V4C controller will not take action during the first fault, because current limitation
is not required to preserve thermal stability but will act after a subsequent fault that
leads to temperature rise above the MRT, at which point the superconductor can no
longer supply the requested current without thermal runaway taking place.

Figures 6.13 and 6.14 show the filter capacitor voltage and DC current profiles for
scenarios in which a CI load is being fed by the system. These figures show the impact
of current limitation taking place at the rectifier for architectures with and without
ES. Figures 6.15 and 6.16 show the filter capacitor voltage and DC current profile for
scenarios in which the CI load has been replaced with a CP load. Figures 6.17 and
6.18 show the filter capacitor voltage and DC current profile for the scenario in which
V4C control is implemented within the inverter control loop in order to show how the
placement of the controller can affect network stability.

Figure 6.19 shows the temperature of the superconducting cable for each scenario.
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Figure 6.19 has been extended over a period of 10s to show whether thermal runaway
or thermal recovery takes place after each fault scenario is implemented with the V4C

controller in use.

6.3.1 Constant Impedance Loads

In the case of CI loads, reducing upstream current output requires a reduction in system
voltage unless the network is able to provide power from an alternative source. This
is due to the energy imbalance between the power requested by the load and power
delivered by the generator. This can be seen in Figures 6.13 and 6.14 which show that
an alternative power source will be required to ensure network voltage does not drop
below required limits while providing a full range of current limitation. Without this
alternative source, the maximum current limitation will be determined by the under-
voltage limit of the network. Hence, the minimum current the converter can supply,
determined by network minimum voltage limits, may not be sufficient to reduce current
below MRC. This can be seen on the black dashed line in Figure 6.15, where the
temperature rise continues following current reduction as the rectifier is incapable of
reducing current enough to prevent thermal runaway, as shown on Figure 6.14. With
the ES to support network voltage however, the superconducting feeder is able to supply
a portion of the current, Figure 6.14, while temperatures stabilize, Figure 6.15. In this
case the maximum amount of current limitation that can be applied is dependent on the
maximum amount of power that the ES can supply. In this case the maximum amount
of power the ES can supply is set at 30% of full load. If current must be limited to the
extent at which the energy source must supply greater than this amount, then network

voltage will begin to decrease which can lead to under-voltage protection tripping.

6.3.2 Constant Power Loads

Within a DC TeDP distribution network the motor loads will be interfaced through
inverters. If these inverters tightly regulate their loads, they can appear as CP loads
which have a negative impedance characteristic. This means that any attempt to reduce

current will cause the DC network voltage to decrease, Figure 6.16, and consequently
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Figure 6.13: Current Profile for V4C Control Implemented on a dg-Controlled Rectifier
with a Constant Impedance Load with and without a Back-up Energy Source
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tifier with a Constant Impedance Load with and without a Back-up Energy Source
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Figure 6.15: Comparing Temperature Recovery of Superconducting Cable in Different
System Architectures Utilizing V4C

cause the inverter to draw more current, Figure 6.17, to maintain CP. This causes a
further depression of system voltage, potentially leading to quicker thermal runaway
due to the larger current drawn. This can be seen in Figure 6.15, dashed red line,
in which thermal runaway takes place quicker than other scenarios due to the greater
current request from CP load, Figure 6.16.

This potentially damaging issue can be resolved if the network contains a suffi-
cient energy storage source, downstream of the affected feeder, that is able to provide
the power required to prevent significant voltage deviations. This allows the feeder to
supply partial power while temperatures return to normal. Alternatively, the network
can be reconfigured to provide power from a different generator feeder. This scenario
is shown in the blue lines in Figures 6.16 and 6.17, where the application of a droop
controlled energy storage source is able to ensure that the DC network voltage is main-
tained. This allows full power to be delivered to the motor while ensuring the network’s

thermal and voltage stability is maintained.

6.3.3 Control Algorithm Embedded within Motor Controller

An alternative solution is the placement of the feed-forward limiting block within the

inverter connected to the propulsion motors such that the component reduces its current
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Figure 6.16: Current Profile for V4C Control Implemented on a dg-Controlled Rectifier
with a Constant Power Load with and without a Back-up Energy Source
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Figure 6.17: DC-Link Voltage for V4C Control Implemented on a dg-Controlled Rec-
tifier with a Constant Power Load with and without a Back-up Energy Source
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Figure 6.18: Current Profile for V4C Control Implemented on a Motor Inverter
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Figure 6.19: DC-Link Voltage for V4C Control Implemented on a Motor Inverter

request when it detects abnormal temperatures either upstream or within the motor,
Figure 6.18. This allows for the power drawn by the motor to be reduced to ensure
voltage stability within the network, Figure 6.19, while also preserving the distribution
networks thermal stability, Figure 6.15. While allowing for these benefits, it would
require coordination to ensure aircraft dynamics are not negatively affected by reduced
thrust output of the motor. This could be exacerbated in architectures, such as the
N3-X TeDP network shown in Figure 6.1, which contain large numbers of motors being
fed by a single channel and would require greater coordination to ensure appropriate

limitation of current and equal distribution of thrust across multiple fans.

156



Chapter 6. Voltage Based Current Compensation Converter Control

1500 feammivas
""""" N ——Conventional
il - --Conventional + ES
TR —Superconducting MRC
i - - -Superconducting MRC + ES
1000 - “~~,__ B

_______________________

SO0F L asisesseemeSs e amRsSmmmen it T .

0 i 1 1 1 1
78 80 82 84 86 88 90 92

Maximum Temperature (K)

Maximum Current System Can Supply (A)
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6.3.4 Comparison Versus Conventional Conduction Only

This subsection compares the impact of a V4C approach versus a situation in which
current is limited based on the maximum that can be transmitted through the con-
ventional materials present in the superconducting cable without exceeding the cooling
system’s capacity. Based on the parameters shown in Table 6.1, and assuming that the
temperature of the liquid nitrogen reservoir remains constant, without V4C the current
would have to be limited to approximately 320 A to prevent the temperature of the ca-
ble from going into thermal runaway. This is lower than the amount of current capable
of being provided by the cable using a V4C approach using MRC as a limiting factor
for temperatures below T¢. Figure 6.20 visualises the comparison between the cable
MRC and the maximum current level that can be transmitted based only on the con-
ventional materials and the cooling system capacity. It can be seen that by using V4C
a significantly larger amount of power can be transmitted through the cables without
causing thermal runaway until 7, is reached. The limitation of current transmission
through conventional materials can be increased by using larger cross-sectional areas of
conventional material in the cable’s design, but this will increase weight, which is a key
design variable in aircraft systems. This greater current restriction also increases the
amount of power that needs to be supplied by additional sources such as ES, further

driving up system mass.
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6.4 Control Scheme Limitations

In order for the control scheme to function correctly key requirements must be met.
Firstly, the model based controller used to provide the current limiting signal must
be an accurate representation of the superconducting component. If it is not then the
current curtailment may not be significant enough to ensure that thermal runaway does
not take place. Alternatively, the current curtailment could be too vigorous and negate
any potential benefits that using this method of control can have.

To develop model based controllers that are able to accurately predict the com-
ponents voltage response to a current input over a range of operating temperatures,
testing would need to be undertaken by manufacturers using specialized equipment to
control the environment that the component is operating in. This could lead to in-
creased costs to develop the controller and make other approaches to improving system
availability more economical.

Another consideration is the inhomogeneity of superconducting critical current
throughout the component. As seen in Chapter 4, this can cause large variations
in critical current throughout the length of a superconducting tape. This leads to the
potential for localised thermal runaway when implementing this control approach as
MRC is not equal throughout the component. The degree to which this could be a
limiting factor depends on both the amount of inhomogeneity in the component, which
is reducing as manufacturing improves, and the whether thermal energy can be quickly
transferred to the surrounding area, reducing the potential for a hotspot. This could
make the control approach less practical for superconducting components with resistive
Stabilisers (FCL Cable Design) as these have poor thermal conduction properties.

Another key requirement for this control method is that it must be able to curtail
current fast enough to prevent thermal runaway from occurring. The length of time in
which the control needs to act will depend on the thermal capacity of the component
and the amount of energy in the fault. As seen in Chapter 4, the thermal capacity for
a cable is dependent primarily on the size of the Stabiliser and former, as well as the

material used in its construction.
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6.5 Chapter Summary

To maximise the benefits of superconducting technology in TeDP applications, new
control methods are required to ensure that the unique thermal requirements of su-
perconducting components can be accommodated without negatively impacting flight.
This chapter demonstrated a novel control method aimed at using electrical signals to
determine the temperature of a superconducting component, and subsequently regulate
the output current of a VSC, ensuring thermal runaway does not take place in the event
of higher than normal operating temperatures.

This method is designed to maximise the capacity of the superconducting network
operating in temperatures between the nominal and critical temperature of the compo-
nent, maximising the amount of power that can be delivered through superconducting
materials. This allows for a cable that has undergone transient heating to provide a
reduced supply while operating at higher than expected temperatures. This could have
the benefit of reducing the number of components isolated following a temperature rise
event, thus reducing the amount of power that must be supplied by alternative sources.
Additionally, this method would ensure that a reduced supply to critical components
such as BLI fans can be met.

The results shown in this chapter demonstrate that the extent to which current can
be limited within the superconducting network depends ultimately on the architecture
of the network and the location where current limitation is implemented. Implementing
current limitation upstream of the affected branch can have a significant negative effect
on the stability of the system. As well, the extent of limitation capability depends on
the type of loads on the network, and the architecture of the network itself. Specifically,
to maintain voltage stability while providing current limitation, a backup power source
will be needed to meet the demands of downstream loads and preserve the energy
balance within the network. This could increase energy storage requirements or an
architecture that is highly re-configurable will be needed.

Future work would include the implementation of this method within a test system

to provide experimental validation of the control algorithm. This would allow determi-
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nation of the required sensitivity of the electrical measurements, the speed of operation,

and safety margins required to ensure suitable DC-link current limitation.
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Chapter 7

Conclusion and Future Work

7.1 Thesis Summary

Commercial aviation faces challenges in the coming decades due to a combination of de-
mand growth and increasing regulatory pressures to reduce greenhouse gas emissions. A
potential solution for meeting regulatory targets while accommodating demand growth
is through the use of turbo-electric distributed propulsion. This concept design would
allow: greater utilization of airports by reducing runway field length requirements and
aircraft noise; reduction in fuel use by increasing the effective by pass ratio of the
aircraft and taking advantage of aerodynamic effects such as BLI.

However, the electrification of the propulsion system is a significant technological
step change, requiring an on-board electrical power system which is rated to an order
of magnitude higher than than is required by state of the art more-electric aircraft of
comparable size and range (e.g. 248 pax, 13530 km for a B787-8 Dreamliner). The
protection of such a compact, high-power, safety-critical, system is a complex problem
that needs to addressed to bring electrical propulsion aircraft to market. To this end,

this work contributed to the following research questions raised in Chapter 1:

1. What is the likely fault response of a compact superconducting DC network and

how will the network and superconducting cable parameters affect this?

2. What operating margins are required to protect superconducting cables from high

currents experienced fault ride-through and can this be optimised?
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3. What options do system designers have to improve power availability after a fault

that leads to temperature rise within a superconducting feeder cable?

Each chapter made contributions to these questions as summarized now. Chap-
ter 2 explored the background of superconductivity and its application as an enabling
technology for TeDP. It introduced the primary concepts for TeDP before discussing
superconducting cable designs and the main failure modes of superconducting compo-
nents identified in the literature thus far.

Chapter 3 approached question one in two ways: first the development and analysis
of a superconducting tape model, based on literature, for use in MATLAB’s Simulink
environment; and second, experiments involving the discharge of a capacitor through
superconducting tapes to capture the superconducting tape response to the initial mo-
ments of a converter interfaced fault. The former defined the superconducting fault
circuit within the context of the response being under, over, or critically damped and
the influence circuit and component parameters had on the response. Although super-
conducting systems are fundamentally different nature, this behaviour still shares may
similarities with conventional DC systems and shows the value in encouraging read
across from these two domains. The experimental work at the end of Chapter 3 also
demonstrated the very large currents experienced during a filter capacitor discharge due
to the minuscule damping provided by superconducting tapes with highly conductive
stabilising layers, as well as the damaging potential this can have on superconducting
components with resistive stabilising layers.

Chapter 4 bridged the gap between question 1 and 2 by using a component level
model to understand how different cable design philosophies can affect the failure modes
of a superconducting TeDP cable under fault conditions. It was discussed that at
conditions near the critical current FCL based cables can be much more prone to
hotspot formation and localized thermal runaway. As well, it was demonstrated that
given the relatively short lengths of cable run expected on a TeDP aircraft, FCL cables
are unlikely to be suitable to limiting fault current to a significant degree without an
unacceptably large temperature rise that is likely to lead to degradation, as seen in the

experiments of Chapter 3. Chapter 4 concludes by defining operating limits for FCT
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cables in terms of maximum temperature rise and current capability following a fault
within a TeDP system.

Chapter 5 contributes to question 2 by taking the MRC and MRT operating limits,
developed from theory at the end of Chapter 4, and applies them as constraints within
an optimisation framework aimed at minimising the cost of the FCT superconducting
cable over the lifetime of the aircraft. It does this by taking a range of system, compo-
nent, and economic inputs and shows how PSO can be applied within this framework
to find a cable critical current and stabilising layer size that minimises overall cost
while still obeying the protection requirement constraints. Using this method it was
shown that system variables can have a large impact on overall cable design and that
the protection system operating speed and superconductor operating temperature are
strongly correlated with overall component cost.

Chapter 6 provides a potential solution to question 3 in form of a control strategy
within a DC superconducting TeDP network using power electronic interfaces. By
determining the temperature of the cable using its known Current-Voltage response, it
was shown that the current could be regulated to ensure thermal runaway did not take
place during higher than normal operating temperature conditions. This can allow more
power to flow in such a situation than would otherwise be possible through limitation
of the current to the maximum carrying capacity of the conventional materials in the
cable. The chapter discussed the limitations this would have on the stability of the
network and how energy storage and or redundant paths would be required for full
power provision during these conditions.

In conclusion, this thesis has built a framework for improving the fault ride through
capability of superconducting cables in the context of future sTeDP aircraft. Chap-
ter 3 conducted modeling, simulation, and experimentation of superconducting tapes,
providing the necessary groundwork for the optimization method introduced in Chap-
ter 5 and the control method presented in Chapter 6. Chapter 4 complemented these
efforts by establishing the thermal protection requirements of MRT and MRC for the
superconducting cables. Chapters 5 and 6, the core contributions of this thesis, intro-

duced an optimization method capable of designing FCT cables capable of withstanding
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fault ride-through, alongside a control method that enables the maximization of power
transmission in degraded cables. These two methods offer advantages to future sTeDP
aircraft designers by providing a wider array of options when selecting the electrical

protection strategy.

7.2 Future Work

A number of areas have been identified for future work throughout this thesis and will

be summarized here:

1. The Simulink modelling and analysis presented in Chapter 3 aims to find the im-
pact that system variables have on whether the response of the circuit is critically
damped. However, it would be really valuable to develop an methodology which
can take the system variables and automatically determine the response (over,
under or critically damped) of the system. This could be beneficial in determining

the size of fault current limiting components required to dampen electrical faults.

2. There is a need to expand the experimental work presented in Chapter 3 to
replicate the full fault response including not only the initial discharge of the
DC capacitor but also the steady state response being fed from the generators.
Additionally it would be ideal if the parameters, voltage, current and power are
raised to values closer to that of the TeDP Targets. This would allow a greater
variety in the types of cable and tapes that could be tested within the experiment.
This would provide greater insight to the damaging effects of electrical faults on

superconducting components and enable refinement of protection requirements.

3. The optimisation framework currently only considers the use of the particle swarm
optimisation method. The advantages of using this technique are explained in
Chapter 5. However, a comparison with other optimisation methods would be
useful to determine whether particle swarm optimisation provides the fastest so-

lution.

The particle swarm optimisation method requires a fault simulation to be exe-
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cuted for each particle, the time step has a significant impact on computation
speed. One improvement that could be of value would be to implement a variable
time step such that early in the process accuracy is traded off for computation
speed, while the opposite occurs later in the process as particles begin to converge
on an area of good solutions. The impact this may have on computation speed

and particles ability to find valid optimal solutions would be of interest.

4. The control method in Chapter 6 relies on the current-voltage-temperature re-
lationship within the superconducting cable to be well known. It is not known
how an inaccuracy in measurement of this relationship could affect the capability
of the method to prevent thermal runaway or the impact inhomogeneity of the
critical current could have in this respect. Whether the method could be modified
to use a standard PI response to a voltage feedback could also be investigated as

this may be a simpler approach.
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