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Abstract

Fault current levels in electrical systems are rising due to natural growth in de-
mand, the increasing presence of distributed generation (DG), and increased net-
work interconnection. This rising trend is expected to continue in the future.
Marine vessel power systems are highly power-dense and are often safety-critical.
Power system protection is increasingly challenging in these systems. Supercon-
ducting fault current limiters (SFCLs) offer an attractive solution to many of the
issues faced.

This thesis establishes and reviews the state of the art in resistive SFCL tech-
nology and application knowledge, and provides crucial research-based guidance
for the adoption of resistive SFCLs in future power systems.

The issues associated with the application of resistive SFCLs—including lo-
cation, resistance rating, the recovery period, and interaction with protection
systems—are demonstrated. The relationship between several resistive SFCL
design parameters is established using a generic analytical approach, hence pro-
viding a framework for validating SFCL designs. In particular, it is shown that a
particular SFCL resistance rating leads to a peak in the superconductor energy
dissipation, which generally should be avoided.

It is proven that resistive SFCLs have an inverse current-time characteristic,
i.e., they will operate in a time that inversely depends upon the initial fault
current magnitude. This knowledge is critical for underpinning the operation
of a novel protection scheme using multiple resistive SFCLs. The scheme offers
several advantages: very fast-acting operation in response to faults anywhere on
the system under study; maximum prospective fault currents are prevented from
occurring, reducing the duty on circuit breakers; inherent, fast-acting backup;
and communications is not required. It is shown that the scheme is suited to
highly-interconnected systems with a high presence of DG. The scheme is readily

applicable to the design of future utility and marine vessel power systems.
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Chapter 1

Introduction

1.1 Introduction to the Research

Power systems are growing and changing significantly. Global demand for electri-
cal energy is projected to double by 2050 [Wor07], continuing the trend from the
previous 40 years [Int12]. This growth will be caused by an expanding popula-
tion [Uni09], improved availability of electricity in developing countries [Wor07],
and the increasing electrification of loads such as domestic heating and vehicles
[LTHP12]. The importance of using sustainable sources of energy will have a
critical impact on future power systems [Mac08b], and is already leading to an
increased presence of distributed generation (DG), microgrids, DC systems, and
power electronic devices. These developments add further diversity to electrical
sources and loads, and thereby complicate the system protection and control.
For future power systems to cater for these fundamental changes, in many
cases fault current levels will increase. For example, resiliency against blackouts
is of importance in both grid [PSA*11, AABT06] and isolated [Marl1] networks.
This, amongst other factors, may necessitate increased electrical network inter-
connection, which normally increases fault current levels [Ten10]. The connec-
tion of DG can also significantly increase fault levels [BRBT10, STB*10] and
disrupt protection coordination [DBG*07]. Furthermore, the fault current lev-

els in power-dense marine vessel and aircraft power systems are inherently high



[BBE*11, BEST08, FNGB11].

Safe network operation is very challenging in systems with a high fault level.
Power system faults can cause significant damage—to life and to equipment—at
the point of fault and to any equipment carrying fault current [BBE*11, MKO1].
Circuit breakers must be rated to clear faults for a particular system fault current
level; higher fault currents lead to higher circuit breaker costs.

A key solution to these issues is the adoption of fault current limitation in
electrical systems. Fault current limiter (FCL) devices typically do not affect
power system operation during normal conditions, yet rapidly act to mitigate the
destructive and other undesirable effects caused by power system faults. This the-
sis examines the application, design parameters, performance, and applicability
of resistive superconducting fault current limiters (SFCLs), in both land-based

and marine vessel power systems.

1.2 Research Motivation

There is a growing impetus for a “smarter” power grid, with ever greater reliabil-
ity and efficiency. The future smart grid should: be built upon sustainable sources
of power [Mac08b]; allow increased network interconnection [McN12, Enell]; al-
low flexible and adaptive networks [BC12]; provide better management of power
demand [CSI09]; incorporate an increased use of communications and standardi-
sation for improved data sharing [BCBB13, EPR11]; and implement faster-acting
power system protection [BEST08].

There are several barriers to this vision:

e Power networks need substantial growth, but also need a cost-effective way
to delay or avoid significant upgrades. The prospective long life of power
system assets leads to a largely expensive and static infrastructure. For
example, for transmission network reinforcement, a 39 GW increase (a
50% increase) in UK generation capacity is expected to cost approximately
£8.8bn [ENS12]. Consequently, National Grid Electricity Transmission is

planning for capital expenses of £2-2.5bn per year over the next decade



[McG12]. Similarly large investments will be needed by distribution net-
work operators [Elel2], leading to an estimated £53.4bn total transmission

and distribution investment by 2025 [Ofg09].

e The UK has the ambitious target of an 80% CO, emissions reduction by
2050 (relative to 1990 levels) [Cro08], and to achieve this goal significant
DG using renewable sources of energy must be installed [Mac08b]. Increased
electrical system interconnection can improve the security of supply during
periods of generation intermittency which are inherent for many forms of re-
newables [Enell]. Increased interconnection also reduces transmission and
distribution losses, supports the system voltage along the length of feed-
ers, and provides greater flexibility in the use of available network capacity
[McN12]. Despite these benefits, a highly-interconnected power system will
typically experience very high fault currents during faults, and faults can
affect a greater area of the system. Furthermore, the coordination of pro-
tection can be difficult, expensive, or impractical for distribution networks
with a high penetration of DG [BG04] and for networks which are highly-
interconnected [PI09] because ensuring proper coordination often requires

communications for protection signalling.

e Full-electric marine vessels and aircraft have increasingly power-dense elec-
trical systems, which leads to extraordinarily high fault currents [BBET11,
BEST08, FNGB11]. These compact, isolated systems are also particularly
prone to the dangers of arcing faults and blackouts [Marll, SE12].

e There are several instances where circuit breakers in UK distribution sys-
tems are already over-stressed [BRBT10], which limits the network perfor-
mance and flexibility, and prevents the connection of DG—including renew-
able sources. Therefore, higher fault levels can result in early obsolescence of
existing circuit breakers, as well as incurring the replacement costs or other
forms of network reinforcement. The size and weight of circuit breakers are

additional constraints for marine vessel, aircraft, and offshore applications.

Therefore, in many circumstances fault current levels are already high or are



expected to rise. Conventional methods of reducing fault currents, which include
splitting busbars and increasing system impedance, have significant operational
shortcomings, such as reduced security of supply for customers or increased sys-
tem losses. There has been an increased need for technologies, such as SFCLs,
which avoid these issues. Consequently, significant world-wide SFCL develop-
ment, including several system trials, has been undertaken over the past decade
[INS07, Eck08], particularly in the UK, the USA, South Korea, Japan, Germany,
and Italy.

Nevertheless, SFCLs are a relatively new technology and network operators
need to understand the best ways to use SFCLs. This thesis provides such guid-
ance. In particular, this thesis highlights the challenges with using SFCLs, advises
on key SFCL design decisions, and analyses the application of multiple SFCLs in

electrical networks, including the relevant control and protection issues.

1.3 Principal Contributions

This thesis provides the following contributions to knowledge:

e Investigation and quantification of the challenges involved with the appli-

cation of fault current limitation in power-dense electrical systems.

e Evaluation and implementation of appropriate SFCL models for power sys-

tem simulation.

e Analysis of the key SFCL design factors which determine the energy dissi-
pation in resistive SFCLs. This affects the SFCL device recovery time and
the level of fault current limitation, which are important for grid applica-
tions. This work thereby provides a generic methodology for validating the

design of a resistive SFCL.

e Establishment of the fact that the minimum required volume of supercon-
ductor varies linearly with SFCL resistance but, for a given level of fault
current limitation and power rating, is independent of system voltage and

superconductor resistivity.



e Establishment of the fact that resistive SFCLs intrinsically have inverse
current-time characteristics, and analysis of the implications of this for
power system protection. This has been achieved through a mathemati-

cal derivation and also has been illustrated using simulations.

e Design, demonstration, and analysis of a fast fault detection method using
multiple SFCLs. This method can provide the same—or better—performance
as unit protection over a wide area, but without the need for communica-

tions.

e Recommended applications of and caveats with a fault detection method

using multiple SFCLs.

1.4 Thesis Overview

Chapter 2 reviews the relevant background material. The chapter introduces
power system protection, and emphasises the challenges with protecting present
distribution and marine vessel networks. An overview of FCLs, focussing on
resistive SFCLs, is provided in Chapter 3. Chapter 4 builds on this discussion to
highlight the challenges related to the application of fault current limitation.

Energy dissipation in resistive SFCLs is investigated in Chapter 5. The im-
plications for power system performance, SFCL recovery time, and the volume of
superconductor required—and therefore SFCL cost—are analysed.

In Chapter 6, a representative resistive SFCL model is analysed to evaluate
its dynamic characteristics during faults. The results are used in Chapter 7 to
evaluate a fast-acting method of detecting and isolating faults in electrical sys-
tems using multiple SFCLs, without needing communications. The recommended
applications and potential disadvantages of this method are explored in detail.

Chapter 8 concludes this thesis by summarising the contributions of the re-

search. Further work, which leads on from this thesis, is also suggested.



1.5 Publications

The following publications have been completed during the course of this PhD:

1.5.1 Journal Articles

Measurement of 40 Power System Harmonics in Real-Time on an Economical
ARM Cortex-M3 Platform
A.J. Roscoe, G. Oldroyd, T. Sklaschus, S.M. Blair, and G.M. Burt

IET Electronics Letters (in review)

Application of Multiple Resistive Superconducting Fault Current Limiters for
Fast Fault Detection in Highly-Interconnected Distribution Systems

S.M. Blair, C.D. Booth, G.M. Burt, and C.G. Bright
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Chapter 2

Review of Developments in

Power System Protection

2.1 Introduction

This chapter reviews the background material which is relevant to the contri-
butions of this thesis. The chapter begins by introducing the topic of power
system protection, and hence establishes the motivation for curtailing the dan-
gerous and costly effects of power system faults. Section 2.3 illustrates typical
utility and marine vessel electrical systems—two key applications for fault current

limitation—to highlight the main challenges associated with their operation.

2.2 Power System Protection

2.2.1 Faults

Faults can occur in power systems due to a variety of causes, including [IEE01]:

e Lightning strike to an electrical tower or to overhead lines.
e Tree branches touching overhead lines, due to weather or overgrowth.

e Overhead conductors clashing due to the wind.
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Wildlife coming into contact with equipment, such as transformer bushings.

Accidental damage to underground cables, caused by utility maintenance

personnel or by construction activities.

Internal faults within generators, transformers, or other primary equipment,

due to aging, moisture, or breakdown of insulation.

Overvoltages due to electrical switching transients.

Faults in three-phase AC power systems are usually classified as one of the
following: single-phase to earth; phase to phase; or three-phase (a “balanced”
fault). Phase to phase and three-phase faults may or may not involve contact
with earth. Another possible fault type is an open phase, which can be caused by
a break in a conductor [IEE01]. Tt is also possible for one type of fault to develop
into another type over time [MKO1]. For example, a single-phase to earth fault
may evolve into a phase-earth-phase fault [Loul0O]. If the path of fault current
flows through an external impedance, such as through a tree branch to earth,
then this impedance is known as the fault impedance. A fault with negligible
fault impedance is normally referred to as a short-circuit.

Faults can also be classified as being transient (e.g., caused by a lightning
strike), permanent (e.g., a break in an underground cable), or semi-permanent
(e.g., a tree branch across conductors which “burns-out” after sufficient fault
current has passed through). Approximately 80-90% of faults on overhead lines

are transient [Als11], and approximately 85% of faults are single-phase to earth

[Cof12].

2.2.1.1 Arcing Faults

Most faults will include arcing at some stage, typically at the point of fault and
between the contacts of the circuit breaker which isolates the fault [MKO1]. An
arc is a “cloud” of vaporised conductor which forms an ionised plasma, allowing
current to pass through a dielectric material. An arc is initiated when there

is sufficient ionisation of the air gap (or any dielectric medium) between two
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(a) Evidence of vaporised conductor due to (b) 480 V arc flash experiment [Sholl]
an arcing fault on a marine vessel transformer
[Daf09]

Figure 2.1: Arcing fault examples

conductors such that their voltage difference exceeds the dielectric breakdown

voltage. There are many dangers associated with arcing faults, including:

e High risk to human life: burns, damage to eyesight and hearing due to

intense pressure waves, permanently impaired balance, and loss of sense of

smell [IEE02].

e Vaporised conductor (see Figure 2.1a) leads to very high temperatures (up
to 20,000 °C [Lee82]), and gaseous copper, for example, expands in volume
by a factor of 67,000 compared to solid copper [Lee87]. This can cause fires

and severe damage to other equipment, as illustrated in Figure 2.1b.

e Due to the relatively low fault current, arcing faults can be difficult to
detect, or can result in relatively long clearance times if time- and current-
graded overcurrent protection is used [Loul0O]. Therefore, if allowed to
persist without interruption by a circuit breaker or otherwise, an arcing
fault may develop into a more serious short-circuit fault. Furthermore, a
long-lasting, low-current fault may cause more total damage than a short-
circuit fault, which would be cleared by overcurrent protection relatively

quickly [Loul0].
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occurs  operates open Reclosure closed

Dead time

Time

Figure 2.2: Typical autoreclose timing for a transient fault

2.2.2 Autoreclose

Autoreclose systems are commonly used to mitigate transient faults, which may
include arcing at the point of fault [Als11]. After opening a circuit breaker to
clear a fault, the circuit breaker is held open for a period of time, known as the
dead time. The dead time allows for de-ionisation of the air gap at the fault
location (or, if single-pole autoreclose is used, the dead time must also allow for
the secondary arc to extinguish [Web95]). Following the dead time, the circuit
breaker is reclosed to attempt to restore the supply of power. This process is
illustrated in Figure 2.2.

If the fault is still present after reclosing—indicating a permanent fault—the
circuit breaker will be opened and locked-out until the fault is repaired. Multi-
shot autoreclose schemes involve two or more reclose stages, which can be useful
for “burning-out” semi-permanent faults [Als11], but this approach has associated

safety risks.

2.2.3 Earthing

The effects of faults in power systems will depend significantly on the system

earthing scheme used [IEEO1]:

e Solidly-earthed neutral.
e Resistance-earthed neutral.

e Inductance-earthed neutral, commonly known as a Petersen coil, or reso-

nant earthing.
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Solidly-earthed Resistance-earthed Inductance-earthed Unearthed

Figure 2.3: Comparison of system earthing types, shown at generator or transformer
star-point connection

e Unearthed neutral, or isolated.

These earthing types are compared in Figure 2.3. In general, impedance-based
earthing can significantly reduce the fault current experienced during earth faults.
Unearthed systems are susceptible to transient overvoltages, particularly during

single-phase to earth faults.

2.2.4 Calculating Fault Levels

The term “fault level” is used to express the prospective maximum effect of a
fault at a particular location in a power system. It is typically given as a current
value (in kA), or as a power rating (in MVA) at an associated voltage level. For
example, typical maximum distribution system fault levels in the UK are 250
MVA at 11 kV, and 750-1000 MVA at 33 kV [Sco07, Elel0].

The IEC 60909 standard [IECO01] establishes methods for calculating fault
currents in three-phase AC power systems, and defines naming conventions. The
peak short-circuit current is the maximum instantaneous fault current experi-
enced during a spontaneous short-circuit, or when a circuit breaker is closed onto
a faulted circuit [Gri09].

Figure 2.4 illustrates a typical fault current waveform, for a single phase.
Due to the nature of switching events in a (predominantly) RL-circuit, the fault
current contains both an AC component and a decaying DC component. The
magnitude of the DC component depends upon the current phase angle and the
point on wave of fault occurrence, relative to the pre-fault voltage waveform.

The DC decay time depends upon the system X/R ratio; a larger X/R ratio
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Figure 2.4: Typical fault current waveform (only phase A shown for simplicity)

leads to a longer decay time. The steady-state, or symmetrical, fault current
value includes only the AC component, which is the value of fault current likely
to be experienced when opening a circuit breaker.

In general, for three-phase faults, a power system can be simplified as a single-
line diagram, with the fault current expressed as a differential equation, given by
Equation 2.1 [Duf03]:

di(t)

V sin(wt 4+ a) = i(t)R + L—= (2.1)

where V is the peak phase voltage, R and L are the resistive and inductive
components of the system impedance, respectively, and i(t) is the instantaneous

phase current.

2.2.5 Conventional Protection Functionality

The role of power system protection is to detect and isolate faults. Clearly,
this must be done for safety reasons, but protection is also needed to minimise
the damage to power system equipment, and therefore to minimise the cost and
duration of repairs. Protection systems should ensure that the minimal number of
power consumers are affected by faults and, in the most extreme cases, protection
aims to prevent wide-scale disruption or even blackouts in the power system.

A protection system conventionally consists of current and voltage measure-
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Figure 2.5: Typical two-terminal differential protection arrangement

ments, a protection relay, and one or more circuit breakers, as shown in Figure
2.5. There are several types of well-established protection functions, including:
phase overcurrent, earth fault overcurrent, distance, differential, and loss of mains
(which includes a variety of methods, such as under- or over-voltage, and under-
or over-frequency [ENA10]). Multiple protection devices must be properly coor-
dinated, or graded, to ensure correct and timely isolation of faults at any location

throughout a power system.

2.2.6 Active Protection Research Areas

Several specific areas within power system protection are presently the subject of

significant research:

e Communications is becoming increasingly important to the operation of
modern and emerging protection and control schemes, particularly for man-
aging the impact of DG [TLY09] and low voltage microgrids [Laal0, CSRAGB*12],
for enabling fast-acting protection and restoration [YAAT02, BEST08, PSAT11],
and for ensuring wide-area integrity of a power system [AABT06]. TEC
61850 is an international standard which offers several benefits to these
schemes, such as: high-speed Ethernet communications, a standardised
data model, a formal configuration language, reduced life-cycle costs, and

interoperability [Bra04, Mac06].

e Adaptive protection involves modifying protection settings in response to
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changes in the electrical system. It is particularly relevant for networks
with DG (see Section 2.3.1.1), for permitting islanding, and where Active
Network Management (ANM) schemes may dynamically alter the electrical
system topology [BC12, CBB*13].

e DC systems are of interest for several power system applications, including;:
relatively compact microgrid, marine vessel, and aircraft power systems
[XC11]; long-distance HVDC transmission lines; and for interfacing non-
synchronous sources of generation to AC systems. Protection of DC systems
involves major challenges, such as the lack of a current zero-crossing for
interrupting fault currents, the extremely high transient fault currents due
to the discharge of capacitive filters on voltage source converters [Flel3],

and the detection of faults in multiterminal systems [YFO10, FNG*12].

2.3 Typical Utility and Marine Power Systems

This section provides a summary of typical utility (i.e., land-based) distribution
and marine power systems in use today, and the main protection and other op-

erational challenges.

2.3.1 Utility Distribution Systems

Distribution systems are evolving in a number of ways, as described in the fol-

lowing subsections.

2.3.1.1 Increasing DG

There is an increasing presence of DG in distribution networks, as illustrated
in Figure 2.6. DG can offer several benefits, such as voltage support, reduced
electrical network losses, and the inherent environmental benefits from connecting
renewable forms of generation. Nevertheless, DG can lead to increased fault
levels at the point of connection, bi-directional power flows, and the potential for

islanded operation. Each of these factors has a consequent impact on protection:
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e Increased DG has the potential to significantly increase fault current levels
[SB07, Neu07]. In some cases, circuit breakers in the UK’s distribution sys-
tem are already stressed beyond their current breaking capability (requiring
restricted network operation to alleviate the fault level constraint), and it
has been shown that growth in DG may result in 1-6% of all distribution
circuit breakers in the UK failing to meet prospective fault current levels
[BRBT10]. This rise in fault levels must be dealt with in a cost-effective

manner.

Some forms of DG—such as photovoltaics, wind turbines, and fuel cells—are
typically grid-connected via power electronic converters. To avoid damage
to the internal semiconductor devices, converters must limit their fault cur-
rent contribution to approximately 1-2 pu of their rated current output;
these forms of DG therefore have a lower impact on fault current levels
than directly-connected synchronous machines. A very high penetration of
asynchronous generation could, overall, significantly reduce fault levels in

the UK [Nat12].
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e Several protection issues can arise due to relatively high levels of DG pen-
etration, and the consequent opportunity for bi-directional power flows.
These issues include false tripping of overcurrent relays for faults on adja-
cent feeders, protection blinding (where DG supports the system voltage
during a fault, and thereby delays or blocks network protection due to the
lower grid fault current contribution), and disruption of the grading between

multiple overcurrent relays [BD00, Cof12].

e [slanding is not normally permitted within utility distribution systems.
This is due to the issues involved with ensuring that the islanded sys-
tem’s voltage and frequency remain stable, and due to the difficulties in-
volved with detecting faults in both islanded and grid-connected conditions
[Cof12, BCBB13]. Presently, each DG owner must implement loss of mains
protection to ensure that generators are tripped off in the event of discon-
nection from the grid [DBG*07]. Nevertheless, islanding may be permitted

in the future to improve the security of supply for customers.

2.3.1.2 Network Interconnection

There is a desire to increase network interconnection to improve voltage support,
increase the available network capacity (and to allow more flexibility in the con-
nection of large loads), reduce losses, and improve power quality [Ada06, McN12].
Furthermore, the connection of intermittent, renewable DG—such as wind—
demands greater interconnection at both distribution and transmission levels to
ensure adequate security of supply. In distribution networks, particularly at 11
kV in the UK, increased interconnection can be achieved by closing normally-open
points (NOPs), as illustrated in Figure 2.7.

DG connected via power electronic converters can also inject additional har-
monics into the AC power system due to their non-linear nature. This reduces
power quality, leading to issues such as increased transformer losses [TEE93,
Mas04]. Interconnection can mitigate this because lowering the system impedance

reduces the voltage harmonic distortion resulting from non-linear currents.
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Figure 2.7: 11 kV distribution system, with potential for increased interconnection by
closing NOPs

The protection issues associated with allowing electrical “loops” must be con-
sidered. In many cases, differential protection, and the associated communica-

tions, is required [Sco07].

2.3.1.3 Active Network Management

ANM schemes can provide flexible, optimised operation of distribution systems.
For example, ANM can facilitate the operation of networks with DG, by ensuring
that constraints in fault levels (often referred to as Fault Level Management),
line thermal ratings, and voltage profiles are met [MACO08a, Cof12]. Greater DG
penetration is thereby possible. ANM schemes can also be used to minimise

network losses, manage energy storage, and provide post-fault restoration.

2.3.2 Marine Vessel Power Systems

2.3.2.1 The Electric Ship

There has been significant motivation for full-electric designs of marine vessels
[HM95], commonly referred to as Integrated Full-Electric Propulsion (IFEP)
[NBS*06]. In these systems, propulsion is provided via electric motors, and all
of the vessel’s electrical loads share the same power distribution system. This is

compared with the traditional approach in Figure 2.8.
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Figure 2.8: Comparison of marine vessel electrical and propulsion power systems
There are several benefits to full-electric vessel design, including [KR02, BEST08]:

e Reduced fuel use, particularly throughout the lifetime of the vessel. The
unified power system allows for prime movers to be dispatched and loaded

efficiently.

e Reduced space and weight requirements, because fewer generators may be

needed.

e Greater flexibility in the vessel’s layout, because prime movers do not need
to be adjacent to propulsion devices (or coupled by long rotating shafts).
Furthermore, a greater number of smaller propulsion devices can be used

to improve the vessel’s maneuverability.

2.3.2.2 Marine Vessel Power System Characteristics

Marine vessel power systems have the following characteristics:

e The “survivability” of the vessel is critical, particularly for naval vessels. A
blackout of the power system can result in loss of propulsion, and therefore
loss of control of the vessel. Electrical faults, particularly arcing faults,
present a substantial risk to the operation of IFEP systems. Consequently,
the electrical system must be designed for reliability [SEB*07], and DC
zonal architectures have been proposed to provide greater redundancy and

survivability [RBD11].
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e Marine vessels need to support highly flexible levels of load, particularly
for “cruise” and “boost” propulsion modes [HM95]. In some situations,
the load, and the connected generation, may be as low as 10% of the full
rated value [BEST08]. Vessel operations such as dynamic positioning (DP)
[Rad08] and Replenishment at Sea (RAS) can involve both cyclicly varying
and regenerative motor loads [ENS*07, Eld11].

e The presence of power electronic converters with high power ratings leads
to severe distortion of current and voltage [SE08]. In many cases, harmonic

filters are needed [CMP*T07, SNG'08], with the consequent cost, weight,

and space requirements, and safety issues [Marll].

e Relatively low voltages must be used, typically no higher than 11 kV. The
preference for use of low voltage marine electrical systems is driven by the
costs of increased insulation associated with higher voltages, employing crew
with particular operating qualifications, and increasingly stringent safety

regulations.

2.3.2.3 High Fault Levels

Marine vessel electrical systems, by design, are very power-dense—in some cases
with over 100 MW of generation onboard [BEST08, Roy13]. The UK Royal Navy
is scheduled to become the UK'’s largest independent power producer by 2022,
at 1.2 GW combined [Daf09]. Such power-dense, low voltage systems have the
potential for extremely high fault currents [HBO0G6].

Figure 2.9 illustrates the electrical system for a typical offshore anchor han-
dling/supply vessel. The vessel under consideration has six synchronous diesel
generators, four 2.1 MW and two 4 MW units. The 4 MW generators are asso-
ciated with local propulsion and thruster motors; they are also connected to the
main switchboard and are therefore capable of supplying other non-propulsive
loads. The motor-generator set provides the capability for providing improved
power quality—such as constant 60 Hz, 230 V output—to some 230 V loads,

despite moderate variations in frequency and voltage at the 690 V switchboard.
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Figure 2.10 illustrates the fault current for a short-circuit fault at the main 690

V busbar (at the location indicated in Figure 2.9).
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Figure 2.9: Typical marine AC electrical system
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Figure 2.10: Short-circuit fault on the 690 V bus

Clearly, the prospective fault currents—with a peak value of 232 kA—are ex-
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cessively high. The difficulty in procuring suitably rated circuit breakers! requires
that the fault level must be reduced by, for example, splitting the electrical system
(by opening the bus-tie circuit breakers) or inserting current-limiting reactors.
These measures place operational restrictions on the vessel, such as preventing
safely powering the entire system using a single generator in some circumstances;
these restrictions can also reduce the security of supply.

Furthermore, high fault currents impose severe stress due to heating and elec-
tromagnetic forces [HB06, Daf09, MKO1] on any equipment carrying fault cur-
rent, including switchgear, cables, busbars, and transformer windings [BHH*11].
Cables must be mechanically braced to cope with the electromechanical forces
[Daf09]. There is also an increase in arc incident energy [IEE02], and therefore a
greater arc flash hazard, associated with higher fault currents [Blal0]. Arc flash
hazard is of particular concern in marine vessels due to the confined spaces and

the potential for toxic fumes [IMall].

2.3.2.4 Other Protection Challenges

The requirements for marine protection schemes are even more stringent than for

utility systems. Marine protection systems must [BEST08]:

e Be fast-acting to minimise the risk of a fault developing into a system-wide

blackout.
e Operate only for faults in the desired area (unless for backup).

e Operate only the minimum number of circuit breakers needed to isolate the

fault.

e Have backup protection, but which operates only if the primary protection

fails.

e Adapt to highly variable fault levels, due to the large variation of load and

connected generation.

For example, reference [GE 13] reports a peak current rating of 108 kA and a maximum
symmetrical breaking capability of approximately 40 kA RMS for 38 kV circuit breakers, and
63 kA for 15 kV circuit breakers. This is in accordance with the preferred ratings in ANSI
C37.06-2000 [ANS00, Ada06]
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Traditional overcurrent protection systems may be ineffective at detecting
faults in all vessel operating conditions, due to the highly variable fault levels
[SBBMO07]. The impedances of the electrical system are typically very low due
to the short cable lengths. Distance protection and current-graded overcurrent

protection are impractical in these circumstances [TMO06].

25



Chapter 3

Fault Current Limitation

References [Ada06, NS07, MF07, Eck08, Unill] provide excellent reviews of the
various methods and technologies for limiting fault currents. Section 3.1 sum-
marises the main conventional methods, and Section 3.2 examines SFCLs in de-

tail.

3.1 Conventional Methods of Fault Current
Limitation

3.1.1 Network Strategies to Limit Fault Levels

Network operators can use several techniques to minimise fault levels. The rela-
tive merits of each method are discussed in the following subsections.

3.1.1.1 Reduce Network Interconnection

The network topology can be changed to a configuration with a lower fault current
level. Typically, this involves splitting barbars by opening a busbar sectionaliser

or bus coupler, as illustrated in Figure 3.1.
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Figure 3.1: Opening a busbar coupler

This technique reduces the security of supply because it tends to separate
sources from loads, increases losses, reduces voltages, and reduces grid flexibility.
It can also be expensive to implement if, for example, a busbar sectionaliser does
not already exist. If the busbar must be re-coupled to, for example, disconnect
a supplying transformer for maintenance, generation may need to be curtailed
during this period to ensure that the fault level remains within the breaking
capability of the available switchgear [EA 03].

Similarly, normally-open points can be moved, such that new DG connec-
tions are made at a location with higher impedance, due to the greater electrical

distance between the generator and the substation.

3.1.1.2 Increase System Impedance

Air-cooled reactors or transformers with relatively high reactance can be installed
to increase the system impedance. Reactors are most commonly installed between
two busbar sections [KK09]. However, increasing the system impedance leads to

the following disadvantages:

e Capital expenditure for the additional equipment. However, reactors may
be easier to install and operate (although they are often very large [EA 03])
and may be cheaper than SFCLs [KYT05].

e Undesirable continuous power losses, hence increasing network operational

costs [Ada06].

e Power quality issues, such as increased voltage harmonic distortion and

reduced transient stability margins [MFO07], due to the associated voltage
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drop across the additional impedance [Cer99]. This is highly undesirable in
present and future networks [SB07].

Assuming the fault level increase is the result of increased DG, these disad-
vantages may lead to a sub-optimal supply to customers during periods where
the DG is disconnected [EA 03].

Current-limiting reactors have been installed in marine vessels, such as for

limiting DC current on the RMS Queen Mary 2 [Marl1].

3.1.1.3 Higher System Voltage

Higher voltage levels, where possible, can be introduced to reduce currents [Ada06].
Due to the greater cost of high voltage equipment, this option is unsatisfactory in
many cases. Furthermore, this option is also not likely to be applicable to existing

systems, and other methods of fault current limitation must be considered.

3.1.1.4 Sequential Circuit Breaker Tripping

Sequential circuit breaker tripping is a protection scheme which typically involves
opening an upstream circuit breaker, relatively far from the fault, that is rated
to handle the maximum prospective fault current. A downstream circuit breaker
(ideally, the circuit breaker nearest the fault), which has a much lower rating and
is cheaper, can then be opened due to the reduced, or zero, current flow. Finally,
the upstream circuit breaker is re-closed.

This scheme increases the overall time required for fault clearance and load
restoration. Opening an upstream breaker causes disruption to a wider area of
the network (including non-faulted zones) than a downstream breaker located
closer to the fault.

A similar approach, which may avoid expensive circuit breaker upgrades, in-
volves tripping a contributor to the fault current (such as DG) to reduce the fault
current such that the fault can then be cleared by the appropriate circuit breaker
[EA 06]. However, fault clearance times are increased, tripping the sources of sup-
ply is undesirable, communications may be needed, and the safety repercussions

are severe if the scheme fails.
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3.1.2 Non-Superconducting FCL Devices

3.1.2.1 I,-Limiters

I-limiters (where I stands for “short-circuit current”) are devices which quickly
route fault current through a high-impedance shunt or a current-limiting fuse,
by detonating a small explosive charge. This process must be initiated by fault
detection circuitry. It is particularly attractive for MV systems with high prospec-
tive fault currents, as a cost-effective and faster-operating alternative to a circuit
breaker [SSM™T05]. At present, devices are available to interrupt a symmetrical
fault current of up to 300 kA at 15.5 kV [Aarl3]. Over 2,500 devices are in
operation throughout the world [Har12] and have been required for naval vessel
systems [SSM™05].

However, there are concerns if the device fails to operate; the probability of
failure to operate has been estimated at 1 in 1.75 x 10 [Par04]. The cost of
an [ -limiter is comparable to an equally-rated circuit breaker, but [ -limiters
are restricted to a single-use, require isolators (at additional cost) for safe re-
placement, require a special enclosure in the substation [EA 03], and the fault
current triggering threshold cannot easily be varied after deployment. The use
of I,-limiters could increase customer interruptions and customer minutes lost if

nuisance-tripping occurs.

3.1.2.2 Solid State FCLs

There are several methods for limiting fault currents using power electronic de-

vices:

e As described in Section 2.3.1.1, converter-interfaced generation will inher-

ently limit its contribution to fault current.

e Solid state circuit breakers (SSCBs) use power electronic switches to quickly
interrupt fault currents. Nevertheless, SSCBs based on insulated-gate bipo-
lar transistors (IGBTs) have relatively high on-state losses of approximately

1% of the rated load power during normal operation [APRPO06]; switches
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based on thyristors can have lower losses and faster switching [MF07]. Varis-
tors are needed to prevent overvoltages across the IGBTSs or thyristors due
to the high L% experienced during current interruption [MF07]. At present,
few devices are commercially available, particularly at high fault current

ratings [Flel3]. The devices have a high cost and low reliability [Neu07].

Thyristor-controlled series capacitors (TCSCs) can be used to provide both
series compensation during normal conditions, and fault current limitation
during faults. As shown in Figure 3.2, thyristors (or gate turn-off thyristors)
can be controlled to insert a resonant LC' circuit, which is tuned to impede
current at the fundamental power system frequency. A mechanical circuit
breaker can thereby more easily isolate the fault due to the reduced fault
current. Typically, fault detection circuitry is required, although passively-
triggered devices have been proposed [GF12]. Due to the cost of TCSCs,
their use for fault current limitation is mainly applicable if a TCSC device
already exists for series compensation.

Thyristor 1

Thyristor 2

Swi1 Sw2

C
|
I

Figure 3.2: Typical resonant fault current limiter [Kar92]

Static synchronous series compensators (SSSCs) are used to control real
and reactive power flows and to dampen power swings in transmission lines,
by injecting voltages using a voltage source converter [DMTHO0, Thel3].
Similarly to TCSCs, using SSSCs for fault current limitation is only recom-

mended if the device already exists in the system [MF07].
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3.2 Superconducting Fault Current Limiters

(SFCLs)

Superconductivity was first discovered by Kamerlingh Onnes in 1911 [Sta02],
where mercury was found to have zero electrical resistance at temperatures be-
low 4 K. There are several attractive applications of superconductivity in power
systems, including transmission cables, transformers, magnetic energy storage,
and electrical machines [Sta02]. The first superconducting fault current lim-
iters (SFCLs) were proposed in the 1970s [GF78], and significant research and
development has been undertaken, particularly since the discovery of so-called
high-temperature superconductors (HTS) in 1986. HTS materials typically per-
mit liquid nitrogen to be used for cooling the superconductor, rather than a more
costly cryogen such as liquid hydrogen.

Several types of SFCL have been proposed, but this thesis focuses on the
application of resistive SFCLs, as described in Section 3.2.1. For context, Sec-
tion 3.2.4 describes and compares the other main types of SFCLs. Appendix A

discusses the modelling of resistive SFCLs in detail.

3.2.1 Overview of Resistive SFCLs

Resistive SFCLs are the simplest and most obvious form of SFCL, because the
superconductors are electrically in series with the phase conductors. Resistive
SFCLs operate on the principle that passing a current, which is greater than
the superconductor’s rated critical current, I., through a superconducting wire
initiates “quenching” and results in a transition to a resistive state [HB06, NS07,
BSBB09]. Hence, there are virtually no electrical losses in the SFCL during
normal operation, yet an SFCL intrinsically inserts impedance into the fault
current path during a fault, as long as the transition threshold conditions are
satisfied. Nevertheless, the superconductors may experience AC losses [Sta02] (if
carrying AC), and there are power losses associated with the operation of the

cryogenic system, mainly due to heat loss from the current leads which connect
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the external power system to the superconducting element(s) [CK13]. Cryogenic
losses are especially problematic at lower temperatures [BHH"11] and thereby
have a significant bearing on SFCL design.

SFCLs are not restricted to a single current-limiting operation, but usually
require a recovery period after operation, ranging from several seconds [GRS™99]
to several minutes [NS07], during which the superconducting element is cooled
until it returns to its superconducting state. In general, SFCLs are a much more
favourable solution to addressing high fault levels than the traditional solutions
discussed in Section 3.1, all of which have a number of operational and safety-
related disadvantages. The operation of resistive SFCLs is described in more
detail in Section 3.2.2.

Several superconductor materials have been used for resistive SFCLs, includ-
ing Bismuth Strontium Calcium Copper Oxide (BSCCO), Yttrium Barium Cop-
per Oxide (YBCO), and Magnesium Diboride (MgB,). BSCCO is considered a
first generation (1G) HTS material, whereas 2G materials such as YBCO offer
higher critical current values for a given wire radius, particularly under an ex-
ternal magnetic field, and provide better mechanical stability. Superconductivity
in MgB, was discovered in 2001, and the material is of interest due to its rela-
tively low cost (approximately 2-3 USD/m) and due to its mechanical robustness
[BHH*11]. However, MgB, has a relatively low critical temperature of 39 K,
compared with 90 K for YBCO and 110 K for BSCCO.

A cross-section of a resistive SFCL device developed by Applied Superconduc-
tor Ltd., and deployed for testing in Lancashire, UK in 2009, is given in Figure 3.3
[BBET11]. Each phase of the device consists of several superconducting “tubes”
suspended in the cryogenic chamber. Each tube is made from BSCCO-2212 bulk
material [BEH95, Eck09, DKH*10].
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Figure 3.3: Example three-phase AC resistive SFCL device design [BBET11]

3.2.2 Operation of Resistive SFCLs

Current (A)

I e
o Resistive

State

Icl

~~~~~~ Flux-flow
State

Magnetic flux (T) Temperature (K)

Figure 3.4: Conditions needed for superconductivity [PC98, BHH"11]
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As depicted in Figure 3.4, superconductors remain in the superconducting state

whilst three conditions are met:

1. The temperature is below the critical temperature, T..

2. The magnetic field, whether self-induced by current in the superconduc-
tor or externally applied, is below the critical magnetic field, H.. This is
due to the expulsion of flux from an externally applied field, a property
of superconductors known as the Meissner effect, until the H, threshold is
reached [DHO1, Sta02]. For Type-1I superconductors, there are lower and
upper values of H,, as illustrated in Figure 3.4 [Cha03]. The intermediate
region between H.; and H.. is known as the flux-flow state [PCL*00] where
magnetic flux vertices begin to form, but the material is still considered to
be superconducting in this state. A magnetic field greater than H. will

cause breakdown of superconductivity.

3. The current is below the critical current, /..

Items 2 and 3 relate to the same phenomena; the critical current is a conse-
quence of the critical magnetic field [DHO1] and accordingly there are two critical
current thresholds, I.; and I.,. For a conductor with radius r carrying current I,

the magnetic field at the surface of the conductor is:

Therefore, the critical current is a function of the critical field value:

I, = 27rH, (3.2)

Hence, the critical current density, J,, is:

J. = (3.3)

For simplicity and consistency, J. is normally defined as the current density

value where the electric field in the superconductor, £, is 1 pV/cm [Sta02].
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These physical properties therefore allow superconductors to inherently limit
fault currents in power systems. During non-fault conditions, the superconduc-
tors act as ideal conductors. During a short-circuit fault, the relatively high
fault current causes the superconductor to transition to the intermediate flux-
flow state. Typically, I?R heating developed in the superconductor’s flux-flow
resistance causes T, to be exceeded, resulting in a transition to the resistive state
[PCO8]. This increases the electrical impedance in the path of fault current,
thereby reducing the fault current.

Figure 3.5 illustrates an example power system with an SFCL, where a three-
phase to earth fault occurs at ¢ = 0.01 s. The results are plotted in Figure
3.6. The SFCL model used for this simulation is described in Appendix A. The
distorted current waveform at approximately 0.015 s illustrates that the fault

current has been successfully limited from the prospective peak instantaneous

value of 29.9 kA.

11KV, 50 Hz oy Rsre
250 MVA short isreu() «
circuit level r\J 7 /N
XIR=7 Three-phase to
earth fault
Solidly-earthed Rshunt 10 MW,
neutral — 8 Mvar

load

Figure 3.5: Single-line diagram with resistive SFCL
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Figure 3.6: Resistive SFCL operation

3.2.2.1 Shunt Impedance

Resistive SFCLs typically have a shunt impedance that is connected electrically

in parallel with the SFCL, as shown in Figure 3.5. This impedance may re-

sult from the resistivity of metal which is bonded to the superconductor during

manufacturing to reduce hot-spots [NS07, DKH"10]. A resistance or inductance

may be installed outside the cryogenic environment and connected in parallel

with the superconductor to reduce the energy dissipated in the superconductor

[SLSN09]. The shunt impedance is sometimes a combination of both bonded and

external impedances [MBLRO5]. A shunt resistance may also serve the purpose
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of intentionally reducing the effective resistance of the SFCL, by diverting fault
current through the shunt resistance when the SFCL becomes resistive, to ensure
that enough fault current can be detected by existing designs of protection relays
[DKHT'10].

As noted in Chapter 5, there is a trade-off between the effective SFCL resis-
tance (i.e., the parallel combination of superconductor and shunt, which dictates
the level of fault current limitation) and the energy dissipated into the supercon-
ductor (which affects the superconductor temperature and the recovery time). In
general, increasing the shunt resistance decreases the fault current, but increases

the energy dissipated in the superconductor.

3.2.2.2 SFCL Inductance in Superconducting State

Although superconducting coils are typically wound to cancel-out inductance,
some inductance remains [OSHT09] and this particularly relevant for AC appli-
cations of SFCLs. However, this inductive impedance has the important bene-
fit of ensuring equal current sharing for multi-stranded superconducting wires.
Otherwise, the current sharing would be dictated by the resistance of the joints
connecting the superconductor strands and would lead to non-uniform currents
in each strand. This may result in premature quenching of strands carrying a

higher share of current [LLO05].

3.2.3 Benefits of Resistive SFCLs

Resistive SFCLs offer the following benefits to power system operation:

e SFCLs can typically limit the first peak of fault current. An SFCL with suit-
ably rated switchgear to interrupt fault current therefore acts much faster
than a circuit breaker alone; without SFCLs, no remedial action occurs un-
til a circuit breaker opens. This offers significantly reduced damage at the
point of fault, and reduced damage or heating to any equipment carrying
fault current [MKO1, HB06]. Consequently, the presence of an SFCL can

lead to improved overall reliability for other devices in distribution systems
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[KK11], and particularly to reduced erosion in circuit breakers [MKO01].

Another consequence of fast-acting fault current limitation, if multiple SF-
CLs are used in a network, is that the operation of one or more SFCLs will
delay or block the operation of SFCLs further from the fault due to the

reduced fault current; Chapter 7 examines this principle further.

There is an opportunity to use switchgear of a lower fault current breaking
capability, which is less expensive, smaller, and lighter. Alternatively, the
use of fault current limitation in existing systems could delay, or even avoid,
the replacement of existing switchgear, should fault levels rise due to system

changes or the connection of DG [NS07].

Increased opportunity for network interconnection. As noted in Chapter
2, this improves the security of supply, leads to lower network losses, and

improves power quality due to the lower system impedance.

Reduced voltage transients. Limiting fault current reduces the consequent
voltage disturbances on the healthy parts of the system due to a fault
[BBE*11, JNH*11]. Mitigating these disturbances can help both load and
generation ride through the fault. In particular, fault current limitation
has been shown to lead to improved transient stability of rotating machines

connected to the power system [TMTKO01, T105, SPPK09a, ETS*10].

Reduced circuit breaker transient recovery voltage (TRV). This topic is
examined in detail in Appendix B. In general, resistive SFCLs will limit
both the AC and DC components of fault current, and will dampen any
transients (while in the resistive state). Inductive SFCLs, by comparison,
will only limit the varying components of fault current, i.e., the level of

limitation depends upon %.

Reduced system frequency transients during and following faults, which is
especially important for the stability of relatively compact power systems

such as marine vessels. This is examined in Section 4.2.4.3.
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e SFCLs can be “reset” for multiple operations, unlike fuses. The recovery
time for resistive SFCLs is substantially shorter than the time needed to
replace a fuse in a distribution substation, and is certainly shorter than the
time to repair the damage caused by a fault (such as replacing an under-
ground cable). This avoids the cost and inconvenience of replacing fuses,

as well as avoiding the extended outage of a circuit.

For systems employing autoreclose schemes, there is an obvious concern
that SFCLs may not be suitable due to their requirement to recover after
operation; however, there is the possibility of using multiple superconduct-

ing elements to mitigate this, as discussed in Section 7.5.3.

e SFCLs provide intrinsic fault current limitation due to superconductors
starting to quench when the current rises above a critical value. Therefore,
a protection relay is not required to detect fault conditions and trigger the
SFCL. Despite this, the lack of discrimination of the direction of power flow
can be a disadvantage, particularly for the protection of systems with DG

[Cof12].

3.2.4 Comparison of FCL Types

References [NS07, Eck08, Eck09] compare the main distinguishing features of each
FCL type. This information is presented in Table 3.1. There are variations in
the design of saturable-core FCLs [AKEA11]. For example, a “magnetic FCL”
uses a permanent magnet to saturate the core instead of a superconducting DC

winding; the losses are consequently greater.

3.2.5 Notable Trial Projects and Present Status

Several grid SFCL trials have been conducted over the past two decades [Eck08].
Figure 3.7 illustrates the main SFCL projects as of 2007, in terms of current

rating and voltage level [Eck08].
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Figure 3.7: Overview of SFCL projects from [Eck08]

In 1996, ABB began testing a 1.2 MVA, three-phase shielded-core SFCL in a
Swiss substation. The purpose was to test the endurance of the device, particu-
larly the cooling system and superconductor material, after a year of operation—
the first test of its kind. No faults occurred during this time. The superconductor
did not degrade during the test, and the liquid nitrogen-based cooling system
operated correctly. However, it was suggested that a refrigeration-based system,
rather than an open system with large coolant storage, would require significantly
less maintenance. The device operated normally at 77 K, with a superconduc-
tor critical current of 93 K. Its recovery time was between 2 and 10 seconds.
A steel “bandage” around the superconductor provided an electrical bypass and
mechanical strength [PC98].

ABB developed a single-phase resistive SFCL in 2001, rated at 8 kV, 6.4 MVA.
No major SFCL developments have been announced by ABB since 2001 [Eck08].

In 2003, Siemens built and tested a three-phase, 7.2 kV, 1.23 MVA resistive
SFCL. It was build with YBCO superconductor material. However, the project
was abandoned due to the high cost of YBCO.

The Matrix FCL project involved SuperPower Inc., EPRI, the United States
Department of Energy, and Nexans SuperConductors, with the aim of designing
and building a 138 kV, 1.2 kA SFCL. A scaled single-phase prototype rated at 8.6
kV, 800 A was developed in 2004. However, no new results have been reported

since 2005 [KYT*05]. SuperPower Inc. is presently pursuing 138 kV SFCLs
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based on 2G HTS wires [LHD*11].

The CURLI10 project was completed in 2004 after 4.5 years of research and
development. It involved a three-phase resistive SFCL using BSCCO HTS and
rated for 10 kV, 10 MVA, with a maximum short circuit current of 8.75 kA
(for 5 ms). Tests in 2003 demonstrated that the device could almost halve the
fault current between the 15 and 2°¢ cycles (from approximately 7.5 kA to 4
kA). It was installed in the German utility Rheinisch Westflische Energiewerke
(RWE) network for one year, between April 2004 and March 2005. The device
was installed at a bus-tie location. No fault current limiting operations of the
device were required during this period. The CURLI10 design was extended to
use monofilar BSCCO-2212 coils, rather than the bifilar coils originally used, at
14.4 kV per-phase. This device was tested successfully in Korea in 2007. Nexans
SuperConductors produced a 15 kV rated SFCL based on this prototype.

The CULT110 project aimed to produce a 110 kV SFCL. A normal conduct-
ing metal coil is connected electrically (but not thermally, unlike the CURL10)
in parallel to protect the superconductor and to carry the majority of the fault
current. The device offered good fault current limiting properties, but the manu-
facturing process is difficult to reproduce [Eck08]. Testing of the CULT110 device
began in 2010.

In 2009, resistive SFCL devices were installed in the UK (rated for 100 A load
current, and a peak fault current of 50 kA) and in Germany (rated for 800 A load
current, and a peak fault current of 63 kA) [DKH'10].

Zenergy Power installed pre-saturated core SFCLs in a USA distribution sys-
tem in 2009, with a 138 kV transmission system installation planned [MDD*11].

The Energy Technologies Institute (ETI) in the UK is presently supporting
grid trials of both a pre-saturated core SFCL and a resistive SFCL [Enel3]. The
pre-saturated core SFCL will be provided by GridON in Israel. The resistive
SFCL will be build by Applied Superconductor Limited (ASL) in the UK, us-
ing MgB, superconductors. ASL also installed resistive SFCLs in the Electricity
North West Limited distribution system in 2009 and the Scottish Power M AN-
WEB distribution system in 2012.
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Bruker Energy & Supercon Technologies, based in Germany, has recently
developed a 10.6 kV, 1.25 kA shielded-core SFCL.
SFCL trials have also been undertaken, or are planned, in China, Japan,

Korea, Italy, Sweden, Spain, and Slovakia [Neu07, CSL*11, Int13].
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Chapter 4

Challenges in the Adoption of
Resistive SFCLs

4.1 Introduction

There are a number of technical issues which must be considered prior to the
installation of a resistive SFCL device. Accordingly, this chapter analyses these
issues, which include: location and resistance sizing of SFCLs; the potential effects
of an SFCL on system voltage, power, and frequency during and after faults; the
impact of SFCLs on protection systems; and practical application issues such as
the potential impact of transients such as transformer inrush current.

This chapter reviews the relevant literature, and uses simulations based upon
an actual marine vessel to help illustrate the main challenges in the adoption of
resistive SFCLs. Many of the examples relate to both marine vessel and utility

distribution systems.

4.2 Selection of SFCL Location and Resistance

For a given power system, there may be several options for the location and
desired quenched resistance value of a resistive SFCL. This section compares

the effect of various SFCL locations and resistance values for the marine vessel
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introduced in Section 2.3.2.3. The vessel’s electrical data are specified in reference
[BBET11]. Figure 4.1 illustrates four potential SFCL location strategies. These

SEFCL locations are analogous to those proposed for utility distribution systems

[NS07, BSBB09).

25m 25m

2.1 MW 2.1 MW F2 2.1 MW 2.1 MW

30m 30m

Figure 4.1: Fault locations, and possible SFCL locations (A, B, C, and D)

4.2.1 SFCL Model

The studies in this chapter use an “exponential” SFCL model, as described fully
in Appendix A. The model provides a good estimate of the transient response
of a three-phase SFCL, compared to empirical superconductor quenching results
[Smi07], but with low computational requirements. The typical response of the

model during a three-phase fault is illustrated in Figure 4.2.

4.2.2 Assessment of SFCL Location Strategies

Each SFCL location strategy has been tested with a quenched SFCL resistance
of 0.2 Q (chosen arbitrarily), for a fault at the 690 V bus-tie (fault F1). Table
4.1 compares the results and Figure 4.3 illustrates the total fault current (at the
point of fault) for location strategy A, where the fault current is approximately

halved in magnitude compared to the unrestricted case given in Figure 2.10. The
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Figure 4.2: Typical per phase SFCL resistance characteristic and effect on fault current,
for “exponential” SFCL model

SFCL location  Peak fault current (kA) RMS break
fault current (kA)
No SFCLs 2324 66.02
A 120.1 34.4
B 97.8 18.8
C 175.1 44.5
D 93.6 31.9

Table 4.1: Comparison of impact of SFCL location on fault currents

“RMS break fault current” refers to the RMS fault current measured after three
cycles following a fault. It is therefore representative, but not the exact value, of

the steady-state, symmetrical fault current.
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Figure 4.3: Fault current limitation for fault F1 at location A

It is important to note that even with one or more SFCLs, the peak fault
current can still be very high (approximately 120 kA for SFCL location A) and
this will stress the electrical system equipment, particularly the circuit breakers,
during a fault; this is inherent in low voltage, power-dense systems. A further
disadvantage of location A is that a single SFCL device is required to be rated to
carry the current caused by the fault, and hence to absorb the energy dissipated
in the superconductors during quenching.

Location strategy B limits the fault current contribution from all generators
(except for faults across a generator’s terminals), reducing the fault current to
less than 30% of its prospective value. However, this is unlikely to be used in
practice because the SFCLs may require post-fault recovery, necessitating all
generation (except the emergency generator) to be removed from service. In
addition, six separate fault current limiters are required, albeit of smaller current
rating compared to location A.

Location strategy C is a compromise of the advantages and disadvantages of
strategy B, and restricts the contribution only from the main 4 MW generators.

The result in Table 4.1 for peak fault current for this SFCL location is rela-
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tively high, because of the high peak fault current contribution from the 2.1 MW
generators (due to their relatively small sub-transient reactance; see [BBET11]).

Table 4.1 also illustrates that location D offers better fault current limitation
than location A, and has the advantage that it can limit fault currents for all

fault locations when the bus-tie circuit breakers are open.

4.2.3 Effects of Different SFCL Resistance Values

Figure 4.4 and Figure 4.5 illustrate how the quenched SFCL resistance affects the
peak and RMS break fault current values, respectively. It can be observed that
in most cases there is only a small reduction in fault current for resistance values
greater than approximately 0.2 €2 because, at this value, only the generators
supplying fault current which does not flow through the SFCL(s) contribute to
the total fault current. A value of 0.2 Q2 may appear to be very small, but this is

a consequence of the low system impedance of compact power systems.
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Figure 4.4: Total peak fault current for fault F1
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Figure 4.5: Total RMS break fault current for fault F1

For location B and with an SFCL resistance of greater than approximately 0.25
2, the peak fault current contribution from each generator is relatively small, and
diminishes to load current levels after the first peak. Despite the disadvantages
of location B due to the resistive SFCL recovery period, such severe fault current
limitation could potentially lead to use of smaller, lighter, and less expensive
switchgear.

The slight increase in the total fault current—for example, with location C at
0.5 © in Figure 4.4—is due to the fault current being limited sufficiently (below
I.) such that one phase of the SFCL does not quench. This implies that a two-
phase SFCL may sufficiently reduce fault currents in unearthed electrical systems
(noting that the voltage in the limited phases will rise by a factor of /3 of the
nominal value), leading to further savings in size, weight, and cost [SSM*05].
Furthermore, only a certain range of SFCL resistance values will result in a two-
phase quench in a three-phase SFCL, as discussed further in Sections 6.3.2 and
7.5.2.2.

By inspection, location D has the potential to limit approximately half of the
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SFCL resistance (2) Peak fault current (kA) RMS break
fault current (kA)

No SFCLs 141.8 53.0
0.02 129.5 50.7
0.1 108.0 38.9
0.2 98.9 34.7
0.5 92.9 32.8
1.0 93.8 32.9
2.0 91.9 32.3

Table 4.2: Comparison of limitation for SFCL location D, for fault F2

SFCL resistance (2) Peak fault current (kA) RMS break
fault current (kA)

No SFCLs 232.3 66.0
0.02 118.7 35.1
0.1 81.8 214
0.2 78.4 20.2
0.5 76.9 19.6
1.0 77.1 19.7
2.0 76.5 19.5

Table 4.3: Comparison of limitation for SFCL location D, for fault F3

steady-state fault current for faults at the bus-tie. Figure 4.5 shows that an SFCL
resistance of approximately 0.2 €) is necessary to achieve this. In the case study
system, a resistance of 0.2 () also reduces the peak fault current by more than
half of the unrestricted value due to the relatively small sub-transient reactance
of the 2.1 MW generators. However, this SFCL deployment strategy does not
limit the fault contribution from either of the two 4 MW generators, for faults at
the bus-tie or at one of the 4 MW generator feeders (fault F1 or F2). In the latter
case, relatively large values of SFCL resistance only trim approximately one third
off the fault current, as shown in Table 4.2. However, Table 4.3 illustrates that
location D is highly effective at limiting faults elsewhere on the 690 V bus, such
as for fault F3.

These results demonstrate that several factors must be considered before se-
lecting an SFCL deployment strategy. In the context of a marine application,
other factors must be accounted for, such as the the physical dimensions of the

SFCL and its auxiliary equipment (i.e., the cryogenic system and its operational
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requirements), and the corresponding naval architecture constraints of the vessel.

4.2.4 Impact of SFCLs on System Recovery

It is important to examine the effects that SFCLs have on system voltage, power,
and frequency, and to help assess the nature of system recovery following a fault—
and whether this recovery process is assisted by SFCLs. This is particularly
important for compact power systems with relatively low inertia, such as marine
vessels, aircraft, and microgrids.

For each scenario in this subsection, a bus fault (either F1 or F3) is applied
to the vessel power system illustrated in Figure 4.1 at ¢ = 1 s and the bus-tie
circuit breaker is opened after approximately 100 ms (depending on the individual
phase current zero-crossings). This clears the fault from the right subsystem. The
left subsystem must open further circuit breakers, at each of its three generator

feeders, to clear the fault but this is not considered further.

4.2.4.1 SFCL Location A

For SFCL location A, the voltage dip and power perturbations are reduced con-
siderably for the operational (right) subsystem, as shown in Figure 4.6 and Fig-
ure 4.7c, respectively!. The voltage waveform is calculated using the equation in
[BBE*11]. Note that for an SFCL resistance of 0.1 Q2 the voltage initially collapses
until the SFCL reaches an appreciable resistance value, and that the subsequent
overvoltage (to approximately 1.05 pu of the nominal value) is due to the ac-
tion of the generator exciter under certain large values of apparent “overload”.
Hence, for compact electrical systems such as marine vessels, it is important to
investigate the generators’ dynamic response to the relatively unusual scenarios
presented by SFCLs, as discussed further in Section 4.3. The transient overvolt-

age experienced for an SFCL resistance of 1 €2 is due to the imbalance caused by

' Before the bus-tie circuit breaker opens, the SFCL can simply be thought of as a (serially-
connected) resistive load of the appropriate power rating (i.e., P = V2/R = 690%/1.0 = 476
kW, for an SFCL resistance of 1 §2). This explains the transient increase real power delivered
by the generator, as illustrated in Figure 4.7b for an SFCL resistance of 1 €). The real power
delivered drops sharply, from approximately 5.8 MW to 4.8 MW, while the SFCL develops
resistance.
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the individual SFCL phases quenching at different times following the fault oc-
currence; the 690 V bus voltage returns to the nominal value after approximately

10 ms.
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Figure 4.6: 690 V bus voltage for SFCL location A, for fault F1 (or F3)

4.2.4.2 SFCL Location D

For SFCL location D, the bus-tie circuit breaker opens 100 ms after the fault
and the SFCL in the right subsystem is bypassed (such that the SFCL is not in
the path of load current during recovery) after a further 100 ms. This emulates
a possible control action which would be necessary for the right subsystem to
recover from faults F1 or F3. Figure 4.7 compares the impact of location strategies
A and D and highlights that, for fault F3 (and also for F1, but this is omitted
for brevity), location A is better suited for reducing the perturbations to power.

Similarly, location D results in greater disturbances to the 690 V bus volt-
age than location A, as is evident through comparison of Figure 4.6 and Figure
4.8%. Note that the voltage is measured at (the right of) the bus-tie point, but

higher voltages (approximately v/3 times the nominal value) can be experienced

2The oscillations in the calculated RMS voltage for an SFCL resistance of 1 Q during fault
F3 are due to imbalance in the voltage because phase A in each of the SFCLs does not quench.
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Figure 4.8: 690 V bus voltage for SFCL location D, for faults F1 and F3

elsewhere on the 690 V bus.

4.2.4.3 System Frequency

Figure 4.9 and Figure 4.10 illustrate the frequency of the power system during
faults F1 and F3, respectively. With the SFCL present at location A, the gen-
erators “slow down” during the fault due to the apparent overload. It can be
seen that SFCL location A, with a relatively large resistance value, is effective at
reducing both the magnitude of the transient frequency deviation and the time
to recover to nominal frequency after the fault is cleared. Hence the risk that
generators’ under-frequency protection systems would trip is also significantly
reduced. Location D is relatively ineffective at reducing the frequency distur-
bance, especially for fault F1; this is because the fault contribution from the 4
MW generators is fed directly into the fault without limitation. The damping
provided by larger values of SFCL resistance will be increasingly important for
generators with lower inertia values and particularly for generation interfaced by
power electronic converters.

It can be concluded that although small values of SFCL resistance such as 0.1
Q) can significantly reduce the peak and RMS break fault current values, larger
values are desirable to reduce perturbations in voltage, power, and frequency.
Although location D can offer greater fault current limitation than location A, it
is far less attractive in terms of the effect on system stability, both during and

after a fault. Accordingly, for the application of SFCLs at any location, it is
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necessary to examine the dynamic effects on the electrical system.

4.3 Implications for Control Systems

The use of SFCLs in compact marine networks has the potential to create unusual,
complex interactions with generator exciter and governor control systems. It has
been shown in Section 4.2.4 that the presence of SFCLs can cause unusual system
frequency deviations during and following faults in compact electrical systems.
Further work is needed to fully understand these relationships and to assess the
implications that the presence of fault current limitation may have on the design

of generator and power electronic converter control systems.

4.4 Post-Fault Recovery Time

When a superconductor in a resistive SFCL quenches during a fault, its temper-
ature is raised above the critical temperature threshold (7.) due to the energy
dissipated during the fault. To re-enter the superconducting state, a cryogenic
system must cool the superconductor below the critical temperature. This recov-
ery period may take up to several minutes [NS07]. This is a significant problem
because the SFCL is inoperable during this period; the SFCL, and potentially
part of the downstream network, must be disconnected. Note that this applies
to resistive SFCLs; some varieties of SFCL, such as the pre-saturated core and
diode-bridge devices, inherently do not require recovery.

The authors of [SYMMO02, SMYMO5] propose a solution using the flux-flow
state exhibited by Type-II superconductors. If the fault current exceeds the crit-
ical current, but the temperature remains below the critical temperature, the
superconductor presents a small resistance. Therefore, an SFCL can limit cur-
rents during abnormally-high current flow, but can return to normal operation
immediately after the fault is cleared; no recovery period is necessary. However,
a relatively large, and expensive, volume of superconductor (and the associated

cooling system) is needed, and the AC losses will be greater. Reference [SYMMO02]

26



estimates the volume of superconductor required for a given fault current reduc-
tion performance for a resistive SFCL to provide this behaviour. This type of
device fits into the “constant temperature” classification of SFCL suggested by
[PCI8]. The same operating principle is also proposed in [DOP*09]. This will
require careful design of the I. parameter and energy dissipation for each situ-
ation. However, the authors do not mention issues regarding multiple faults, or
faults that are not cleared quickly. The temperature may exceed T, thus forcing
a recovery period.

The potential for a resistive SFCL to recover while carrying load current
is demonstrated in [LHWO09], using 2G HTS material. The recovery period is
significantly longer in this configuration due to the additional I?R heating in the
superconductor during recovery.

Another solution is to install two SFCLs in parallel. The second SFCL is
switched into the circuit whilst the first SFCL recovers following a quench [PC98].
Assuming the switching can occur fast enough, the fault level is not compromised
during the recovery period.

For an SFCL located at a bus-tie, reference [YC06a] notes that it is acceptable
to remove the SFCL during recovery. A recovery time of 60 seconds is deemed

acceptable for bus-tie SFCLs [HHJT04].

4.5 Effects of SFCLs on Protection

4.5.1 Standardisation Work

FCLs add a non-linear impedance into the system which could negatively affect
protection relays or their measurement devices [Ada06]. In a survey, utilities in
the USA rated protection changes as an important issue, but considered the issue
of rising fault levels to be more important [Eck04]. In 2003, CIGRE Working
Group (WG) A3.10 [Sch03] suggested four impacts of SFCLs on protection:

1. Protection relay settings may need to change, depending on the relay loca-

tion: incoming feeder, outgoing feeder, or customer-side.

57



2. Change in selectivity (time coordination between overcurrent relays).
3. Protection blinding, particularly in the case of directional protection.

4. Compatibility with downstream fuses.

CIGRE WG A3.16 [Sch08] followed on from the work of WG A3.10, and pro-
duced guidelines for the impact of FCLs on protection systems. A framework
was proposed, which builds on the typical FCL characteristics established by
WG A3.10, and provides a comprehensive study of the impact of SFCLs on the
protection scheme [Eck08]. The framework correlates specific FCL characteristics
with typical protection methods (overcurrent, distance, directional, and differen-
tial). The process, which can be applied to any FCL type, outputs a report of the
severity of each potential impact on protection, based on rules and heuristics. A
crucial aspect is whether the FCL lies inside or outside the zone of the protection
relay. For example, a bus-tie FCL may have little impact on the distance protec-
tion for a fault in an outgoing feeder zone. However, if the FCL is installed on
the outgoing feeder, the impedance measured by a distance may be outside the
pickup threshold, causing delay or failure of the operation of distance protection.
The CIGRE WG A3.16 Technical Brochure does not cover situations involving

multiple FCLs locations, FCL failure, or autoreclose schemes.

4.5.2 Overcurrent Protection

The impact of an SFCL on an overcurrent relay is described in [LSPO0S]. As
one would expect, the authors propose that a SFCL would delay overcurrent
relay tripping, for a given relay current-time characteristic, because the fault
current measured by the relay is reduced. The authors also demonstrate that
the coordination time between upstream and downstream relays (which will have
different current-time characteristics, or grading margins [Als11]) would also in-
crease. This can be beneficial because there is more time to trip the downstream
circuit breaker before the upstream relay trips.

Reference [T105] suggests that FCLs can help overcome the overcurrent pro-

tection issues when DG is added to a traditional radial power system. The issues,
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as described in Section 2.3.1.1, include: relays must be direction-sensitive due to
the potential for bi-directional current flow; DG may reduce the reach of relays;
and DG may disturb the coordination between relays. The authors suggest that a
FCL that could be operated only if the fault current was in a certain direction—
hence only limiting the DG contribution—will involve very little change in exist-
ing protection settings. However, it is concluded that SFCLs (and other passive
FCLs) are not suitable because they automatically operate for fault currents in
either direction.

Reference [UGGT™01] proposes that a bus-tie SFCL application requires rel-
atively few protection changes. The authors also suggest that a careful choice
of superconductor quench characteristics could mean that, during a fault on one
side of the bus-tie, the healthy side could continue to supply customers. Hence
the fault is not “seen” by the healthy part of the system. In addition, the SFCL
should not quench when a source is disconnected and the remaining source(s)
must supply all loads, because this may significantly increase the load current
through the bus-tie. The paper also notes that mal-operation of a SFCL in the
bus-tie location as the result of excessive voltage harmonics, while possible, is
very unlikely. However, problems may arise if tap changers are used, as any volt-
age difference on each side of the busbar will cause current to flow through the
SFCL, potentially causing a mal-operation. The authors propose a switchable
bypass circuit could be used to mitigate these issues, to electrically bypass the
SFCL. These results are supported in [LSWT05, YC06a, LSPO0S].

Reference [UGGT01] also compares SFCL shunt types (without a shunt; fully
resistive; and fully inductive). A resistive shunt is the most effective at reducing
the transient overvoltage across the SFCL during a quench; the inductive shunt is
moderately effective. However, a resistive shunt reduces the ability of the SFCL
to limit the first peak of fault current; no change is shown for an inductive shunt.
For both resistive and inductive shunts, the next current zero-crossing point is
delayed, particularly for the inductive shunt. This may lead to larger overall I?R
loses compared to a SFCL without a shunt, but can be beneficial because it may

be feasible for protection to isolate the fault within first cycle of fault current.
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4.5.3 Marine Vessel Protection

As described in Chapter 2, high fault levels are an emerging issue in marine power
systems. The use of fault current limitation may merit a complete redesign of
the protection system, because conventional overcurrent relays may not operate
for significantly reduced fault current due to the presence of SFCLs, or relays
may operate spuriously for non-fault transient currents. Unit protection may
mitigate these issues. Reference [BEST08] proposes that faults could be located
and cleared, using a fault indicator from the SFCL and “current flow detectors” at
several positions throughout the system. This is a centralised protection scheme
which is particularly applicable for networks with SFCLs, but which requires
communications.

Furthermore, thorough investigation of the operational implications of SFCL
deployment, such as the role of SFCLs during supply restoration [BSWD9S,
GHSO08], is required.

4.5.4 Distance Protection

Reference [LSWT05] demonstrates the effects of an SFCL on distance protection.
A real-time power system simulator has been used to model a simple network
with a resistive SFCL, which was interfaced to a hardware distance relay. The
relay failed to correctly calculate the fault distance when the SFCL is placed
immediately downstream of the relay measurement location, and did not trip at
all when the fault was sufficiently further downstream from the relay, because the
SFCL increases the apparent impedance during a fault.

This can potentially be mitigated by measuring the SFCL impedance, by mea-
surement of the voltage across (which can itself be used to indicate the operation
of the SFCL) and the current through each phase of the SFCL. The distance
relay can then compensate for the instantaneous impedance increase due to the
SFCL; however, communications is needed. This is alluded to in [HBS03], but for
a solid state FCL which inserts a fixed resistance during a fault. The authors of

[HBS03] note that this arrangement improves the response of the distance relay.
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4.5.5 SFCLs with Autoreclose

In some cases, resistive SFCLs may interfere with autoreclose schemes, because
the autoreclose dead-time is typically much shorter than the recovery period for
resistive SFCLs [KMO04]. Ideally, SFCLs should have zero impedance before a
circuit breaker is reclosed [MBCT03]. The application of an FCL device can
prevent the loss of coordination between DG and existing autoreclose systems

[ZES10)].

4.5.6 Other Protection Issues

Reference [LSPOO0S8] notes that the ability of SFCLs to operate before the first
peak of fault current could force upstream circuit breakers to trip (to disconnect
the SFCL) for faults downstream of the SFCL location, which would normally be
isolated by downstream circuit breakers. This could lead to unnecessary disrup-
tion to supply.

Although resistive SFCLs are considered “fail-safe”, failure of an SFCL’s cool-
ing system could introduce an unexpected impedance into the system which, apart
from causing undesirable losses, could trip undervoltage protection [SBOT7].

The presence of an FCL at the grid connection point of a microgrid can im-
prove protection coordination, because the same overcurrent protection settings
can be used in both grid-connected and islanded modes of operation [NZW13].

The requirement for SFCL recovery time and the “automatic” nature of the
operation of resistive SFCLs are also pertinent for DG connections, because DG

is often required to provide “ride-through” for remote network faults [BRB*10].

4.6 SFCL Mal-Operation Due to Non-fault
Transients

Typical system transients, such as transformer inrush and motor starts, have the
potential to cause mal-operation of SFCLs and other protection devices. Protec-

tion relays can block protection operation during transformer inrush, by detecting
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the relatively high level of second harmonic in the current waveform during the
phenomenon, as shown in Figure 4.11; resistive SFCLs cannot restrain their op-

eration.
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Figure 4.11: Transformer inrush current for 350 kVA marine transformer

Large motor loads are often converter-interfaced (such as for the vessel studied
in Section 4.2) or use soft-start circuitry [Sch] to minimise the current transients.

However, for power systems where multiple transformers may be energised
simultaneously, or where larger transformers are used, inrush studies must be
carried out—for each SFCL location strategy—and the potential for SFCL mal-
operation must be established. The SFCL critical current rating must always
be selected with careful reference to transformer inrush currents [DKH™10]. For
larger transformers, inrush could be significant and might impinge on fault current
levels (and therefore on SFCL operation thresholds), particularly in situations
where prospective faults levels are reduced due to only partial generation being
in service.

SFCLs have also been proposed for deliberately limiting transformer inrush
current, and reference [SKR*10a] provides guidance on the appropriate SFCL

resistance selection.
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4.7 Summary

This chapter has demonstrated several issues pertaining to the use of resistive

SFCLs in marine vessel and utility distribution systems:

e [t has been shown that SFCLs, even with relatively small impedances, are
highly effective at reducing prospective fault currents in marine vessels,
yet there are trade-offs relating to the location and resistance sizing of
the SFCLs. The impact that higher resistance values have on fault current
reduction and maintaining the system voltage for other non-faulted elements
of the system is also presented and it is shown that higher resistance values
are desirable in many cases. It has been demonstrated that the exact nature
of the SFCL application will depend significantly on the vessel’s electrical
topology, the fault current contribution of each of the generators, and the
properties of the SFCL device, such as size, weight, critical current value,

and recovery time.

e The recovery period associated with resistive SFCLs leads to several opera-
tional complications, including: the SFCL must be isolated from the system
soon after quenching; resistive SFCL may not be suitable for use with au-
toreclose schemes; and transformer inrush and other transients must be
considered when installing an SFCL, to avoid operation of the SFCL under

these non-fault conditions.

e SFCLs have been shown to affect, and even prevent, the operation of over-
current and distance protection relays. Consequently, differential protection—
which requires costly low-latency communications—may be needed to pro-

tect power systems with one or more SFCLs, under all scenarios.

e SFCL energy dissipation must be carefully analysed to minimise the re-
covery period and, if required by the design of the SFCL, to ensure that
superconductors remain in the flux-flow state during faults to provide in-

stant recovery.
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Chapter 5

Analysis of the Trade-Offs in
Resistive SFCL Design

5.1 Introduction

This chapter describes factors that govern the selection of an appropriate resistive
SFCL design.

Ideally, the resistance of an SFCL should be chosen to limit the fault current
as much as possible. Not only does this benefit the electrical system through
reduction in the potentially damaging effects of high fault currents, the primary
purpose of an SFCL, but a higher level of fault current limitation has the con-
sequence of shortening the recovery time of the SFCL by reducing the energy
dissipated in the superconductors [DYF*08]. The SFCL recovery time affects
the design, planning, and operation of electrical systems using SFCLs to manage
fault levels. Furthermore, excessive heat dissipation may damage the SFCL and
cause undue vaporisation of the coolant [TPL*91].

Nevertheless, fault current limitation is subject to a compromise because a
significantly-limited fault current requires a high resistance SFCL and therefore
a relatively greater quantity of superconducting material, which increases capital
costs. Also, electrical protection elsewhere in the system requires a sufficient level

of fault current in order to operate correctly through the ability to distinguish
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between faults and highly loaded situations [DKH'10].

Section 5.2 examines the relationship between SFCL resistance, voltage level,
and energy dissipation using simulations. The results are analytically verified in
Section 5.3, which establishes a generalised equation for SFCL energy dissipation,
in terms of: the duration of the fault, SFCL resistance, source impedance, source
voltage, and fault inception angle. Single- and three-phase analyses are presented.

Furthermore, the volume of superconductor used in the SFCL must be suf-
ficient to absorb the prospective energy dissipation [DYFT08]. Another require-
ment is that the dimensions of the superconductor must ensure that the SFCL
discriminates between fault current, for which it must operate, and load cur-
rent, for which it must not operate. An SFCL should not operate in response
to transients such as transformer magnetic inrush. All of these considerations
are included in a method for estimating the minimum volume of superconductor
required. This method is independent of the type of superconducting material

itself, and is described in Section 5.4.

5.2 Selection of SFCL Resistance by

Simulation

5.2.1 Resistive SFCL model

To simplify the analysis, a binary SFCL model is used: the SFCL has zero
impedance before fault inception, but is assumed to reach its full resistance im-
mediately when the fault occurs. This will yield a reasonably accurate estimation
of the reduction of steady-state RMS fault current (as defined in [IECO01]), but
will overestimate the reduction of the peak fault current; hence the following sec-
tions only comment on the effect an SFCL has on reducing the steady-state fault
current. Although this model does not account for the development of SFCL
resistance during a quench, tests with a more realistic SFCL model (see Section

5.4.1) have shown that the results in this chapter only differ by approximately
6%.
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Figure 5.1: DG branch with source impedance, transformer impedance, and an SFCL

5.2.2 Comparison of SFCL Energy Dissipation at
Different Voltage Levels

Figure 5.1 illustrates a representative DG connection to an existing power system.
It is assumed that the fault level at the point of connection in the power system
is already near the breaking capability of existing switchgear. An SFCL may
be effective at several locations in the power system [NS07, BSBB09], but this
chapter concentrates on a DG application in which the DG is the source of the
fault level increase. Therefore, only one modification to the electrical network
is required, that is, the installation of an SFCL in series with the DG, rather
than installation of a number of SFCLs at different locations. Nevertheless, the
analysis is relevant to SFCLs at any location. A three-phase to earth fault with
negligible resistance is applied at the point where the DG is connected to the
existing network.

The power system has been simulated in PSCAD [Man13], using impedance
data from [SP-03] such that the X/R ratios—which are important for a fault
study—are indicative of a typical UK distribution system. The unrestricted
steady-state fault current contribution from the DG, i.e., without an SFCL, is
approximately 1 kA RMS (at 33 kV). Initially, the shunt impedance, Rspune, iS
ignored; this is explored in Section 5.3.3. The total energy, @), dissipated in each
phase of the SFCL during the fault is calculated in the simulation using Equation
5.1, where ¢ is the time of fault occurrence (0.0 s) and ¢y is the time the fault is
cleared (t; ~0.1 s, depending on the current zero-crossing required for the circuit

breaker to interrupt fault current).
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tr
Q :/ isren(t)*Rsror dt (5.1)
to

Figure 5.2 illustrates the level of fault current reduction and the corresponding
total energy dissipation in one phase of the SFCL for the fault indicated in Figure
5.1. For the parameters used in the simulation, the following regions have been

identified:

1. Rsreor < 12 €): the steady-state fault current is slightly reduced, reaching a
magnitude of approximately 3.4 times load current, but the corresponding

energy dissipation rises steeply as shown in Figure 5.2.

2. 12 Q < Rgpcr < 24 Q: the fault current reduces with increasing SFCL
resistance, but the increasing resistance causes the energy dissipation to
reach its maximum in this region. This large energy dissipation would
lengthen the recovery time and so this range of SFCL resistances should
be avoided. This result is in accordance with the maximum power transfer
theorem [NRO04]. The equivalent 33 kV Thevenin source has an impedance
of 18.7 Q (as derived from Figure 5.1), so maximum energy dissipation in

the SFCL occurs when its resistance equals the source impedance value.

3. Rsper > 24 Q: fault current continues to decrease with increasing SFCL
resistance (almost linearly with resistance, as shown in Figure 5.2), but the
energy dissipation reduces. This is the most desirable region: relatively
low fault current combined with low energy dissipation. It can be observed
from Figure 5.2 that an SFCL value of approximately 70 {2 reduces the

steady-state fault current to the same value as the maximum load current.

If the SFCL had been located at the 690 V side of the DG transformer in-
stead of at 33 kV then, for a given energy dissipation value, the resistance values
obey the relationship Rspcr,, v & RreLy e (33 KV/0.69 kV)?. Therefore, far
smaller resistance values are required for equivalent levels of fault current limi-

tation at 690 V; however the current-carrying capability of the SFCL must be
increased by a factor of (33 kV/0.69 kV).
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Figure 5.2: Energy dissipation and fault current limitation for various SFCL resistance
values (at 33 kV side of DG transformer)

At either voltage level, the energy dissipation is approximately the same for
a given level of fault current reduction relative to load current. Assuming an
SFCL device is available at both voltage levels, there is a tradeoff between the
quenched-state resistance of the superconductor and the current it must be rated
to carry; this is explored further in Section 5.4. Although either SFCL would
limit fault current, an SFCL at 690 V with a load rating of 15 MVA would be
required to have a full load current rating of over 12 kA per phase which would
present serious difficulties in design. By contrast, a 33 kV SFCL would have a
full load current rating of 250 A and would be easier to design, despite the higher
voltage rating. However, operation at lower voltages leads to higher AC losses in

the superconductor when in the superconducting state [Tix94].
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5.3 Analysis of Optimal SFCL Resistance

Values

5.3.1 Analytical Derivation of SFCL Energy Dissipation

The SFCL resistance value for the maximum energy dissipation in the SFCL,
as described in Section 5.2, can be analytically verified. At the 33 kV side of
the interfacing transformer in Figure 5.1, the equivalent phase source impedance,

ZSO’U/I’C@ ) 1s:

ZSO’U/I‘C@ = RSOU/I’CE + jXSO’U/I’CE

33KV \?
= & (0.69l<:V> +

il 33 kV 2+X 33 k12
T\ 9\ 069 kv TITMVA

— 0.6114 + j18.74 Q)

The circuit is characterised by the differential equation [STB*10, Duf03]:

di(t)
dt

Vsin(wt 4+ a) = i(t)R + L (5.2)

where V = 33 kV x \/5/\/37 R = Rource + Rsrcr, and L is the inductive
component of Z,.c.. The solution for the short-circuit current, including both

the symmetrical and asymmetrical components, can be stated as [PDAMNO5,

Als11]:

A

—Rt

i(t) = % sin(wt +a —¢) —sin(a—¢)e L (5.3)

where Z = V/R? + L?w?, « is the point on the voltage waveform of fault
occurrence, and ¢ = tan~! (wWL/R). The total energy dissipated in one phase
of the SFCL during the fault, @, is calculated using Equation 5.1. Substituting

Equation 5.3 into Equation 5.1 gives:
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ty VQR _Rrt72

QO = / % sin(wt +a—¢) —sin(a—@)et | dt (5.4)
to

Equation 5.4 can be numerically evaluated as shown in Figure 5.3 for Rgpor =

5.0 2, where the sum of the instantaneous power dissipation values multiplied by

the time interval equals 520.5 kJ. A generic algebraic solution to the integral can

be stated as shown below, when substituting ¢, = 0.0 and #:
V2Rsrer

—Rtf
Le™ T
R? + w22 (R2 + w2L2>

(Lw (sin (wtf + 2(a — ¢)) — sin (wty))

Q =

+R (cos(wty) — cos(wty + 2(a — ¢))))

L :
+ g (Reos(2(a = 6)) = R — Lwsin (2(a — )))
Lcos(2(a — ¢)) — 1] / —2By
+ iR (7 -1)
+t§f+sin(2 (wtf+a—zﬁ33+sin(2<a_¢))] (5.5)

Hence, substituting R = (Rspurce + Rsror) into Equation 5.5 gives the value
for the total energy dissipated in one phase of the SFCL, as a function of the SFCL

resistance; all other parameters are constant. The root of the partial derivative

of @ (i.e., where dR;lgCL = 0) determines the value of Rgpcy resulting in maxi-
mum energy dissipation in the SFCL, Q; for a = 0, this value is approximately
18.2 €, as illustrated in Figure 5.4. This differs from the magnitude of the source
impedance (18.7 §2) because the circuit is reactive and the maximum power trans-
fer analogy is not strictly valid. Furthermore, o affects both the magnitude of
the (decaying) DC offset in the fault current and the phase of the sinusoidal
component; hence o has a somewhat complicated effect on the area under the
fault current waveform, and the value of Rgpc resulting in Q consequently varies

between approximately 18.1 2 and 18.9 €2 as « is varied.
The equivalent peak resistance value for an SFCL located at the 690 V side of
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the DG transformer is approximately 0.00794 €2. This is in good agreement with
the simulation results in Section 5.2; the calculated values for energy dissipation
differ by less than 2% from the simulation values. A small error is expected due
to the delay associated with a circuit breaker interrupting fault current at a zero-
crossing point, which is modelled in the simulation; in the analytical approach,
the fault current is interrupted at a specified time regardless of the fault current

value.

5.3.2 Effect of Fault Inception Angle

Considering Equation 5.4, if the asymmetrical component of the fault current is
ignored (i.e., where oo = ¢), the equation for the total per-phase energy dissipation

can be approximated as shown in Equation 5.6.

Y V2Rsrer . o
= ———— i t)dt
Q /to 72 sin”(wt)
V2RSFCL tf sin(2wtf)
= 7 2 (56)

Therefore the partial derivative of (), with respect to Rgrcyr, is Equation 5.7;

a root of Equation 5.7 occurs when Equation 5.8 is satisfied.

_dQ VR Tty sin(ut)] [ _ 2RswonR (57)
dRspcr, 7% |2 4w 7?2 '
2Rsrcr R
% =1 (5.8)

Hence, with the approximation that @ = ¢, the energy dissipation is max-
imised when the SFCL resistance equals the source impedance magnitude, as
shown in Equation 5.9; as before, this is analogous to the maximum power transfer
theorem [NRO4|. Therefore, to reduce the fault current and the energy dissipation

in an SFCL, the optimal SFCL resistance value is any value that is substantially
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larger than the magnitude of the source impedance.

RSFCL = \/Rsour032 + L2w? = |Zsource| (59)

The accuracy of this approximation is evaluated by considering the total en-
ergy dissipation in all three phases; the sum of the results of calculating Equation
5.5 for each phase is compared with the value calculated using Equation 5.10
(three times the value of Equation 5.6). Figure 5.5 illustrates that there is only
a small difference in the total energy dissipation; the approximation provides an
accurate representation of the average energy dissipation per phase. Furthermore,
Figure 5.5 shows that the energy dissipation varies approximately linearly with
fault duration, which implies that faster acting protection is desirable to min-
imise the energy dissipation in the SFCL. This requirement may need to be taken
into account for the integration of SFCLs with time-graded protection schemes
in distribution systems, which can have relatively long trip times—in excess of

one second.

Q - 3‘72RSFCL t_f _ sin(2wtf)
three—phase 72 9 A
‘/rmSQ RSFCL Sin(2wtf)
N —————— |ty — —= 1

5.3.3 SFCL with Resistive Shunt

As noted in Section 3.2.2.1, resistive SFCLs typically have a shunt resistance
either bonded to the superconductor or external to the SFCL. It is assumed that
the bonded shunt type will provide very similar energy dissipation in the SFCL
as for an SFCL without a shunt (as described in Sections 5.2 and 5.3) because
the total heat energy to be dissipated within the cryogenic chamber is the same.
Equation 5.5 can be modified to examine the effect of an external shunt resistance

by replacing R = Rsource + RSFCL with:
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R= Rsource + 1 1

RsrorL Rspunt

and by recognising that the current in the SFCL branch is:

Rshunt

isrer(t) = tota(t) Rercr + R
SAUN

The four-dimensional plot in Figure 5.6 illustrates the relationship between
Rsrer, Rshunt, @, and the level of fault current limitation (in red/green). The
green regions offer the best reduction in steady-state fault current. A shunt with
a small resistance, relative to the SFCL resistance, can significantly reduce the
energy dissipation in the SFCL—and hence reduce the recovery time—but only
at the expense of a higher fault current value. The shunt would therefore carry
the majority of the fault current, and would have to be designed accordingly, but

this is considered feasible. The analytical results were confirmed by simulation.
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5.3.4 Case Study

Sharifi and Heydari [SHO9] establish a multi-objective optimisation method for
designing the parameters of a resistive SFCL. While this method will converge
on an optimal resistive SFCL design, the work in this chapter explains why this
answer is suitable. For example, for the power system parameters used in [SH09],
and summarised in Table 5.1, a four-dimensional plot can be drawn, as given by
Figure 5.7. As indicated in Figure 5.7, the optimisation process in [SH09] has
converged on an SFCL design which results in relatively low energy dissipation in
the superconductor, and which also significantly reduces fault currents. Although
the shunt resistance value determined by this method is relatively large, it can
be seen from Figure 5.7 that any value greater than approximately 10 2 may be
acceptable. Hence, the work presented in this chapter can be used to validate the

design of a resistive SFCL.
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Parameter Symbol Value

System frequency f 50 Hz

Source resistance R, 1Q

Source inductance L 0.0l H

Source reactance X 3.14 )

Source impedance magnitude Zmag \/ R+ X2 =3.297Q
Phase voltage vV 20000/\/§ = 11.55 kV
Maximum fault current (steady-state, RMS) I V/Zmag = 3.50 kA

Table 5.1: Power system parameters from multi-objective optimisation in [SH09]
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Figure 5.7: Visualisation of results from work in [SH09]
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5.4 Relationship of SFCL Energy Dissipation
to Minimum Volume of Superconductor
Required

An SFCL must be able to absorb the prospective energy dissipation during a
fault without failure, i.e., without the superconductor exceeding a thermal limit.
Consider a notional superconducting wire, or “unit”, with a quenched resistance
of Rynie 2 and an RMS current carrying capability of I,,; A (per phase). It
is assumed that the current rating is based on the prospective temperature of
the wire and the permissible time for which the temperature can be experienced,

as dictated by I,.; = \/ (dTunitCpVolumeynit) / (Runits), where dT,; is the

temperature change and C), is the volumetric specific heat capacity of the super-
conductor. This assumes an adiabatic process (where no heat is dissipated out
of the superconductor) but an alternative, non-adiabatic equation is derived in
[DYF*08]. The required resistance rating of an SFCL can be obtained by connect-
ing individual superconductor units in series; the current rating can be increased
by connecting units in parallel, equivalent to increasing the cross-sectional area of
the wire and thereby reducing the total resistance. Hence, the minimum number
of superconductor units required per phase—a material-independent indication of
the total superconductor volume—can be calculated using Equation 5.12. Note

that Ijinieq depends upon Rgpor.
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total units = unitsperaitel X UNIESgeries

B (I limited ) ( Rsporunitsparaiiel )
Lunit Runit
B ( Diimitea ) ( Rsrerliimitea )
Lunit Runit Lunit
Rsrer )
Runit

= U?’LitSparalleZQ ( (511)

_ [l@'mitedz RS’FCL (5 12)
]unit 2 Runit |

total power dissipation

unit power dissipation

Equation 5.12 implies that the minimum volume of superconductor required
is proportional to the total power dissipation. This suggests that it is significantly
more efficient, in terms of superconducting material, to limit the fault current as
much as possible, as described in [SYGT03]. This is, of course, advantageous from
the point of view of the electrical system because a lower fault current reduces
the fault current interruption duty imposed on switchgear, and also reduces the
fault current carrying requirements of other equipment in the fault current paths.
Higher SFCL resistances may also limit the voltage depression “upstream” of the
SFCL from the fault and therefore reduce the upstream impact on other loads,
and the potential for consequential and unwanted voltage-based protection during
a disturbance.

However, to avoid spurious operation of the SFCL, the superconductor units
must be arranged such that the effective critical current, I., of the SFCL is greater
than load current, I},.4, and the contribution from non-fault transients [DKH™ 10,
BRB*10]. Equation 5.13 states the minimum I, for the required headroom factor
of A.

I > AMpad (5.13)

If 1., is the critical current of one unit, /. can be calculated using Equation
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5.14:

Ic = unitspam”el X Ic (514)

unit

Equation 5.15 can be obtained by substituting Equation 5.14 into Equation
5.13:

unitsparallel X Icum-t Z )\Iload

. Ajload
UNtSparaiel > (5.15)

Cunit

Substituting Equation 5.15 into Equation 5.11 provides a more realistic esti-
mate than Equation 5.12 for the minimum number of superconductor units, as
described by Equation 5.16; the number of units required increases linearly with

SFCL resistance.

)‘Iload>2 RSFCL (516)

total units > (
Runit

Cunit

Figure 5.8 compares this relationship with the initial estimate described by

Equation 5.12, where Ijpqq = 250 A, Rynit = 1 €, L = 200 A, and I, ,, = 100

it
A. Tt is assumed that A\ = 2. This is based on fusing factors for fuses because
the manufacture of superconducting wire may be subject to similar tolerances,
but values of A such as 4 or 5 may be more appropriate [DKH'10]. When I,
is not considered as in Equation 5.12, Figure 5.8 illustrates that the required
number of superconductor units for a given fault current reduction is substantially
underestimated. Furthermore, the number of superconductor units required does
not depend on whether the SFCL is located at the 33 kV or 690 V side of the
transformer in Figure 5.1 and, as noted in [SYGT03, SH09, TPF*01, KM04],

is independent of superconductor resistivity. This is valid for a constant power

rating.
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The manufacturing process of the superconductor may dictate additional con-
straints, such as the minimum cross-sectional area of the wire. The SFCL must
be rated to handle the peak limited fault current which may be substantially
larger than the steady-state fault current; this may increase the required num-
ber of notional superconducting units because the thermal limit, dictated by

[ i(t)*Rsrerdt, must not be exceeded.

5.4.1 Comparison with Exponential SFCL model

Having shown that the analytical calculation for energy dissipation is valid by
comparison with simulation results, the simulation model can be improved by
approximating the development of the SFCL’s resistance over time, using the
exponential SFCL model described in Appendix A. In this model, 7 is the time
constant which determines the rate at which the SFCL develops its full resistance.

Figure 5.9 compares the total energy dissipation using the binary model and
the exponential model. a = 0 in each case. For relatively large values of 7 such

as 10 ms, because the value of Rgrcy, varies with time, the value of Rgpcr, which
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Figure 5.9: Comparison of total energy dissipation between binary and exponential
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maximises () changes: it is approximately 20.1 €2 rather than 18.2 {2 as derived
in Section 5.3.1. Similarly, the binary SFCL model will also underestimate )
when Rsper S Q and will slightly overestimate ) when Rspcor £ Q However,
the binary model still provides a satisfactory approximation of the total energy
dissipation. For 7 = 5 ms, the maximum difference between the two models

shown in Figure 5.9 is 6.03%.

5.5 Relationship to Other Research

Several studies advise on the optimal selection of the impedance of an SFCL, in
terms of: reducing the impact on existing protection schemes [KT99]; minimising
the power exchanged between regions of a power system during a fault [SPPK09b;
finding the smallest SFCL impedance to maintain fault levels in marine vessels
within circuit breaker ratings; and analysing the transient stability of induction
machines [ETS*10] and synchronous generators [TMTKO01, SPPK09a]. As de-

scribed in Section 5.3.4, a multi-objective optimisation technique is presented in
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[SHO09]. Reference [ZX11] proposes an optimisation method for selecting FCL
impedance values to counteract the additional fault current contribution from
DG. References [DYFT08, SKNO8| provide experimental results of the typical

energy dissipation in resistive SFCLs.

5.6 Conclusions

The focus of this chapter has been to thoroughly analyse the relationship between
energy dissipation and SFCL resistance, to highlight the compromises between
the factors that affect the choice of SFCL resistance, and to illustrate why a
particular SFCL design is appropriate (or inappropriate).

This chapter has presented a guide for selecting the resistance value of a re-
sistive SFCL, taking into account energy dissipation and the necessary volume of
superconductor material. It has been established that the volume of the super-
conducting material is proportional to the resistance of the SFCL.

It also has been established that the maximum energy dissipation occurs
when the SFCL resistance approximately equals the magnitude of the source
impedance, a result that would be expected from the maximum power transfer
theorem. Therefore, to reduce energy dissipation and therefore shorten recovery
times, the SFCL resistance should be much larger than the source impedance.
A larger SFCL resistance requires a larger volume of superconducting material.
Consequently, it has been shown that there is a compromise between lower en-
ergy dissipation, and therefore faster recovery times, and superconductor volume,
which incurs capital costs. The application of SFCLs in 11 kV and 33 kV dis-
tribution systems, compared to transmission systems, is especially cost-sensitive

due to the relatively lower costs of circuit breakers and other equipment.
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Chapter 6

Current-Time Characteristics of

Resistive SFCLs

6.1 Introduction

For SFCLs to be effectively applied in power systems, it is important to under-
stand their transient properties in order to coordinate their operation with power
system protection devices and to ensure that, in a system with multiple SFCLs,
only the SFCL(s) closest to the fault location operate in order to avoid unnec-
essary disturbance to healthy elements of the system. This chapter analyses a
typical transient SFCL model, and determines its current-time characteristics.
Section 6.2 introduces the SFCL model, and the model is analysed mathemati-
cally in Section 6.3.

6.2 SFCL Model

6.2.1 Requirements

For this study, it is important to realistically model an SFCL’s resistance char-

acteristics, in particular:

e In a three-phase power system, each phase of the SFCL must be modelled
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independently because they will operate independently, particularly during
unbalanced primary system faults, which represent the predominant mode
of fault in power distribution systems (particularly in overhead systems)
[Als11]. Each phase will have a dedicated superconducting wire (or several
wires) which form a superconducting element. This means that within the
first cycle of fault current during a three-phase to earth fault, each phase of
the SFCL will develop resistance at a slightly different time, hence creating
a momentary phase unbalance. Unbalanced faults may only cause a quench
in only one or two phases of the SFCL. Independent operation of each phase
must be represented such that the effects on the overall power system can

be evaluated for all fault types at various locations.

The SFCL model should be a reasonable approximation of transient SFCL
behaviour during faults, and therefore should consider thermal properties
[DYF*08]. The model should be adaptable, with little or no modification,
for different types of faults or other scenarios. It should be able to model the
effects of different fault durations, different times of fault occurrences, dif-
ferent fault current magnitudes, and cater for any point of fault occurrence
with respect to the voltage waveform. The model should execute without

excessively long simulation times.

The dimensions of the superconducting wires must be known. A given
superconducting wire will have a full load current rating. To achieve a

higher full load current rating, several wires may be connected in parallel,

as described in [DKH"10] and Chapter 5.

6.2.2 Implementation

Based on the requirements in Section 6.2.1, SFCLs have been modelled using the

equations from [PCLT00], as given in Figure 6.1 and described in Appendix A.

The model has been implemented for Simulink/SimPowerSystems [Mat11], and

is available at [Blal2a]. An independent, single-phase superconductor model has

been replicated to create a three-phase SFCL. Table 6.1 defines the symbols and
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values used.
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Figure 6.1: Superconductor E-.J characteristic (from [PCL*00])

The thermal sub-system has been modelled as follows:

(1) =T, + - / (Quelt) — Qremovea(D)] dt. (6.1)

It is assumed that the superconductor resistivity varies linearly with tempera-
ture, when T'(t) > T, as given by Equation 6.2. This is a reasonable assumption
and is justified and supported by the experimental results in [LLGT11]. The vari-
ation of J. with temperature is also assumed to be linear, as shown in Equation
6.3. Reference [KJKK™05] illustrates this property for BSCCO, and reference
[OSHT09] for MgBs; it is this variation of J. (and .Jy) with temperature which
allows the operating current for an SFCL to be adjusted.

E(LT) ~ p (%) I,  TM)>T, (6.2)
Jo(T) = J,, . (%T;?) (6.3)
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11 kV, 50 Hz RsroL

i t
50 MVA short. (~ Bk se
circuit level 7 [4)
XR=7 Three-phase to
earth fault
Solidly-earthed Rshunt 10 MW,
neutral = 8 Mvar
load

Figure 6.2: SFCL fault current limitation test network

Many of the parameter values given in Table 6.1 are taken from [LSW*05].
The resistivity at 7., p, was selected as 1 pfdm and the length, [,., was varied
to limit fault current to approximately the same root-mean-square (RMS) value
as load current. This results in an SFCL phase resistance of approximately 4.0
Q at 95 K, and 12.6 2 at 300 K. The diameter, d., was chosen such that the
superconductor does not enter the flux-flow state during normal load current, but
that each SFCL will enter the flux-flow state during the first cycle of fault current.
In reality, the wire diameter may be fixed, but several wires may be connected in
parallel to achieve a particular current rating, as discussed in Section 5.4. [ was
reduced to a value of 3 to reduce the rate of increase of flux-flow resistance. A
cylindrical superconductor wire geometry is used, rather than the cuboid shape

modelled in [LSWT05].

6.2.3 Example Operation

To test the fault current limitation properties of the model, the circuit in Figure
6.2 was simulated. Figure 6.3 illustrates the response of the model for a three-
phase to earth fault, with negligible fault resistance. The SFCL quenches in
each phase during the first peak of fault current. If the fault is cleared 0.1 s
after occurrence, each phase of the SFCL takes between 2 and 4 s to drop below
T,.. This SFCL design corresponds to the “slow-heating” category described in
[PCL*00], because the quench time is in the order of 10 ms.

To simplify the analysis in this chapter, it is assumed that the SFCL does
not have a shunt impedance. The effect of the shunt impedance will be most
prominent after an SFCL fully quenches to the resistive state, which does not

affect the analysis in the following section.
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Figure 6.3: SFCL model response for a three-phase to earth fault

6.3 Analysis of SFCL Current-Time

Characteristics

6.3.1 Analytical Solution

The SFCL model equations can be analysed to approximate the current-time
grading, i.e., the time taken to quench for a given fault current. The tem-
perature of the superconductor is calculated using Equation 6.1, where E(¢,T)
(within Qs (t)) is calculated according to [PCL*00], in the flux-flow region (where
E(t,T) > Eyand T(t) < T.). When T'(t) > T, it is assumed that the supercon-

ductor quenches. Equation 6.1 can be differentiated and manipulated as follows:
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a7 i [Qsc(t) - Qremoved(t)]

dt Coe

ar 17T @) - 1T,

- = C—Sc[z@)E(t,T)zsc—g—%]
T

dt = d

1 [z’(t)E(t,T)lsc - ﬂQ_J] |

Csc sc

To simplify the analysis, a constant DC fault current, I, is assumed. There-

fore, E/ can be simplified to be only a function of temperature:

where E(T) is [PCLT00]:

o = B () (). e

Substituting Equation 6.3 into Equation 6.5 gives:

s - n () (5) (22

_ (B i (T, — 77 I\
B 0 EO Tc -7 JC77KaSC .

For convenience, the non-temperature-dependent part of F(T), along with

and [, from Equation 6.4, can be combined as k as follows:
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T.—77
T.—-T
8

E\ " I\
EO JC77K Qse

B

E N\ ik Jans
E = Ey = — .
O(E(J) ( g

JC77K a/sc)

IE(Ml,. = k

This provides an expression for ¢, the time for the superconductor to reach a
particular temperature, 7', as given by Equation 6.6 [YXWZ05]. ¢ represents the

time the superconductor spends in the flux-flow state.

Te—T Osc

. / a (6.6)
[ch—’Z? T-T,

Equation 6.6 can be solved by Equation 6.7. The constant, C, given in Equa-
tion 6.8, can be calculated by substituting 7'(0) = 7, into Equation 6.7.

T,—2T+T. _
) arctan (\/—(Ta—Tc)2+4950k(Tc—77)) (T, - 1T,)

L= cCsclse

V= (T = T 4 40,0k (T, — 77)

In (7% + (=T, = T.) T + ToT. + 0,k (T, — 77))

_ 5 ) +C (6.7

To—T

arctan (\/—(Ta—TC)2+4esck(Tc—77)> (I, - 1T.) . In (O5ck (1o — 77))
\/_ (Ta - Tc)2 + 4esck (TC - 77) 2

C= Cscesc

(6.8)
In the common case, using liquid nitrogen as the cryogen, where T, = 77 K,
T. =95 K, and T' = 95 K, Equation 6.7 can be simplified to Equation 6.9 as

follows:
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Figure 6.4: SFCL model current-time characteristics (analysis and simulation). Fault
current for DC simulation is the initial fault current from a constant DC voltage source.

arctan (ﬁ)
V20,.k—9

Figure 6.4 illustrates the current-time characteristics for three different values

t = 6¢s.bsc

(6.9)

of the initial temperature, T,,. For example, for T, = 77 K, a fault current of at
least 1.9 kA (RMS or DC) is required to ensure SFCL quenching within the first
AC cycle (20 ms), compared with 1.4 kA when T}, = 85 K. The cut-off current for
which quenching would not occur is shown by the vertical asymptotes. It can be
noted that varying the initial superconductor temperature, T, affects both the
critical current and the position with respect to the y-axis of the current-time
curve, as illustrated in Figure 6.4, i.e., varying 7T, shifts the curve to the left or
to the right. Although this analysis excludes factors such as the instantaneous
values of AC current and the point on wave of fault inception (see Section 6.3.2),
it does show that an SFCL will inherently act in a manner that is consistent with
an inverse current-time graded protection system.

It should be noted that, unlike inverse current-time protection relays, the flux-
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flow resistance will reduce fault current before a circuit breaker opens, thereby
slightly delaying quenching, compared with the quench time predicted by Equa-
tion 6.9. For simplicity, this is ignored in the analysis above, but Figure 6.4 also
illustrates simulation results, using a single-phase constant DC voltage source.
The fault current only drops by approximately 1-5%, until very close to the
quench point. Very short quench times, in the order of 1 ms or less—where there
is the largest difference between the analytical method and the DC simulation—
may be unrealistic in practice because of the potential for transient overvoltages
due to the high rate of change of current through the circuit inductance, L, with

voltage given by L% [PCL*00].

6.3.2 Effect of the AC Point on Wave of Fault Inception

As described in Chapter 5, the instantaneous AC current during a fault can be

modelled using Equation 6.10:

it)y=1 (sin(wt +a— ¢) —sin(a — qb)e_Tm) (6.10)

where [ is the peak current magnitude, w = 27 f, f = 50 Hz, « is the point on
wave of fault inception, and ¢ = tan™! (%) = tan~! (%) The X/R ratio is kept
constant with a value of 7. Figure 6.5 illustrates how I and « affect the quench
time.

The point of wave can delay a quench by 5-10 ms, depending on the current
magnitude. The sharp transition between 7 and ?jf is due to the combination of
DC offset and current phase (« — ¢) which results in a relatively small area under
the current curve (and therefore low energy dissipation in the superconductor)
during the first half cycle. If quenching does not occur within the first half-cycle
of fault current, then there is a relatively long delay until quenching may occur at
some point during the second half-cycle. This is illustrated in Figure 6.6; the DC
offset is ignored for simplicity. SFCLs must therefore be carefully applied such

that quenching will occur within the first cycle of fault current (at the required

fault current magnitude), for any possible point on wave of fault inception. In
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other words, the choice of critical current should be based on the symmetrical

fault current which does not include the DC offset.
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Figure 6.6: Explanation of delay due to fault inception angle
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Figure 6.7: SFCL model current-time characteristics vs. Standard Inverse curve

6.3.3 Comparison of SFCL and Overcurrent Protection

Current-Time Characteristics

To place the SFCL current-time curves in Figure 6.4 into perspective, they can
be compared with an equivalent inverse definite minimum time (IDMT) curve,
commonly used for overcurrent protection. Figure 6.7 compares the SFCL char-

acteristics with the Standard Inverse curve [Als11], given by Equation 6.11:

0.14

r

L
Ts7

current. For Figure 6.7, TMS = 0.002 and I, = 750 A. Clearly, the curves

where T'MS is the time multiplier setting, I, = and I is the setting
differ, especially at higher currents, but this does demonstrate that an SFCL has
similar characteristics to IDMT protection, albeit with a T'M .S value that would
be extremely small in practice. This information could be used to coordinate the
operation of multiple SFCLs in a power system in a similar fashion to the method

used to coordinate overcurrent protection relays.
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6.4 Conclusions

This chapter has established, through analysis of an existing SFCL model, that
resistive SFCLs have an inverse current-time characteristic: they will quench
in a time that inversely depends upon the initial fault current magnitude. The
timescales are shown to be much shorter than those typical for inverse overcurrent
protection. This has been verified mathematically. A generic equation has been
derived which allows the quench time to be estimated for a given prospective
fault current magnitude and initial superconductor temperature, and for various
superconducting device and material properties. The analysis approach thereby

represents a generic design tool which could be of value for the following:

e Quickly investigating the effect that modifying parameters, such as super-
conductor length and diameter, has on the current-time characteristics and
the critical current value. An example of this has been implemented at
[Bla12b], with the source code available at [Blal2c|. Figure 6.8 illustrates
this tool. The tool allows various parameters to be varied, and the effect

on the SFCL current-time characteristic and critical current is visualised.

radins: 0.002 m
-2
length: 50 m

volume: 628 cm®

p at T.: 1.00 p@-m

-

resistance at T.: 3.98 0

Ta: 77 K

D —— ]

C,: 1000000 J/K-m*
-

x: 1500 W/E-m?

10.00kA

Figure 6.8: SFCL design tool

e To be used by power system designers in understanding the impact of SFCLs
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on network protection systems during faults, and for planning the relative

positions of multiple SFCLs.

e The coordination of multiple SFCLs, especially if they have different de-
signs, e.g., from different manufacturers. In particular, it will also conse-
quently permit the coordination of SFCL devices to ensure that only the

device(s) closest to the fault location will operate.

e As a guide for adjusting the superconductor temperature, while the SFCL
is in service, to cater for different system conditions and fault current re-

duction requirements.

e To determine the required superconductor volume for a desired current-time

characteristic (i.e., solving for k, or a particular component of k).

Note that these results are closely linked to this particular SFCL model; never-
theless, the technique is valid as long as the SFCL characteristics are well known.
The following chapter extends this work to examine the coordination of multiple

SFCLs, and the associated implications for existing protection systems.
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Chapter 7

Using Multiple Resistive SFCLs
for Fast Fault Detection

7.1 Introduction

This chapter analyses the application of multiple resistive SFCLs to locate and
rapidly isolate faulted circuit sections, as well as offering the typical benefits to
power system performance from fault current limitation. This protection scheme
uses an approach which is radically different from typical proposed applications of
fault current limitation, and which does not require communications. The tech-
nique is based upon the intrinsic inverse current-time characteristics of resistive
SFCLs, as established in Chapter 6, which ensures that only the SFCLs closest
to a fault operate.

Section 7.2 introduces the principle of operation and summarises the potential
benefits. Section 7.3 describes the SFCL and power system models, and Section
7.4 illustrates typical simulation results. Section 7.5 assesses the effectiveness of
this technique under a variety of scenarios and Section 7.6 thereby concludes with

recommended applications and caveats.
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Figure 7.1: Typical SFCL model current-time characteristics, from method in Chapter
6

7.2 Principle of Operation

Generally, in interconnected systems, circuit sections nearer to a fault will carry
more fault current than distant sections. This is a consequence of Kirchhoff’s
current law. If each circuit section is fitted with a protective device with the
same current-time characteristic, devices closer to a fault will operate instead of
devices further away, achieving the discrimination required to correctly isolate
only the faulted section, with backup being provided in the event of the failure
of a protection device close to the fault. This principle, which will be referred to
as current division discrimination (CDD), was first used in interconnected low-
voltage networks protected by fuses [IEE95], and has been extended to protection
relays which control circuit breakers [Bril0]. CDD is well suited to meshed net-
works and networks with significant DG, and will typically still operate correctly
despite system reconfiguration due to outages caused by faults or otherwise.
The analysis in Chapter 6 illustrates that a resistive SFCL will exhibit an

inverse current-time characteristic, albeit operating much faster than overcurrent
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7

Figure 7.2: SFCL CDD operation example

protection relays (which also typically use an inverse current-time characteristic).
Typical quench times, i.e., the time for the superconductor to transition from the
superconducting state to the resistive state, are illustrated in Figure 7.1, where
T, is the initial superconductor temperature. This intrinsic inverse current-time
characteristic therefore enables resistive SFCLs to be used in a CDD scheme.
An example of CDD operation is illustrated in Figure 7.2. If a short-circuit
fault occurs on the bus-tie circuit section, SFCLs 4 and 5 would be required to
operate. The circuit breakers in series with SFCLs 4 and 5 should then open
to interrupt the fault current. These circuit breakers could be operated by, for
example, trip coils supplied by voltage transformers connected across the SFCLs.
Note that this method only identifies the faulted circuit section for protection

purposes, not the exact position of the fault along the faulted circuit.

7.2.1 Benefits of CDD

A CDD scheme has the following benefits:

e Inherently locates (and isolates) the faulted circuit, because protective de-
vices closest to the fault operate instead of devices further away. This

is achieved without protection signaling, avoiding the cost of the required
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telecommunications and their vulnerability to failure, especially during ad-
verse circumstances which may have caused the power system fault in the

first place.

e CDD is suitable for meshed power systems, whereas conventional protection
schemes such as current-time graded inverse definite minimum time (IDMT)
overcurrent are difficult, or even impossible, to coordinate, especially if the
system suffers the loss of one or more circuit sections due to faults, or

following network reconfiguration due to maintenance or otherwise.

e CDD is well suited to circumstances where the network topology, and there-
fore the paths of fault current, may change, especially without notice. CDD
should be significantly simpler, more reliable, and easier to verify than a
solution involving adaptive protection, where overcurrent relay settings are

updated in response to network changes.

e Intrinsic, fast-acting back up: if a protection device close to the fault fails
to operate or is out of service, the scheme will still apply to devices further
from the fault. These devices will operate after a much shorter time grading
margin, or time delay, than traditional overcurrent schemes. Shorter time
grading margins help to maintain overall power system stability, and could
be particularly beneficial in marine vessel electrical systems, where a fault
that is not promptly and correctly isolated presents a high risk of causing

total blackout of the power system [BSWD98, MV11, Marl1].

7.2.2 Advantages of Using SFCLs for CDD

The benefits of using SFCLs for CDD, further to the general benefits of SFCLs
described in Section 3.2.3, include the following:

e The fast operation of SFCLs, when used in a CDD scheme, means that the
fault current in any circuit section will never reach the prospective short-
circuit fault current, i.e., the fault current that would flow without SFCLs

in service. This is demonstrated in Section 7.5.1. This allows the use of
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switchgear and other equipment with lower fault current ratings, offering

savings in cost, weight, and space.

An SFCL will typically operate within the first cycle of fault occurrence
(as established in Chapter 3), followed by one or more circuit breakers
opening several cycles later. Without SFCLs, no remedial action occurs

until a circuit breaker opens.

e In some circumstances, CDD will mitigate the inconvenience of the recovery
period for resistive SFCLs. However, in systems with overhead line circuits
which use autoreclose, CDD with resistive SFCLs may not be suitable.

Section 7.5.3 discusses these issues in detail.

7.3 Simulation Models

7.3.1 SFCL Model

As described in Appendix A, references [PCLT00, LSWT05] describe a practical,
generic resistive SFCL model for transient power system studies. The imple-
mentation and parameters of the SFCL model are documented in Chapter 6 and
Table 7.1. To simplify the analysis in this chapter, it is assumed that the SFCL

does not have a shunt impedance.

7.3.2 Power System Model

In order to test the SFCL model with the proposed CDD scheme, part of an 11
kV AC distribution system has been modelled, as illustrated in Figure 7.3. The
power system and SFCLs have been simulated using Simulink /SimPowerSystems
[Mat11] and, with some approximations, a Real-Time Digital Simulator (RTDS)
[RTD11]. The RTDS has the advantage of being able to investigate many sce-
narios relatively quickly, compared to using an offline simulation package; Sim-
PowerSystems is useful for exploring a smaller number of scenarios in greater

detail.
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Parameter description Value Unit
System voltage (line to line, RMS) 11 kV
Nominal system frequency 50 Hz

Source short-circuit power (each) 200 MVA
Source X/R ratio 7 —

Load real power (each) 20 MW

Load reactive (inductive) power (each) 4 Mvar
Neutral earthing resistance 16 Q

Cable resistance (per metre) 0.083x 1073 Q/m

Cable inductance (per metre) 0.387 x 107 H/m
Fault resistance 1x107° Q
Superconductor critical temperature (7,) 95 K
Superconductor ambient (initial) temperature (7}) 77 K
SFCL phase wire diameter 0.008 m
SFCL phase wire length 100 m

SFCL critical current rating per phase (I..) 2.39 kA
SFCL resistance per phase at T, 1.99 Q

Table 7.1: Summary of power system parameters
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Figure 7.3: Example 11 kV AC distribution system

The power system model is intended to represent two interconnected substa-
tions, where each substation has two fault current infeeds, modelled as voltage
sources. Each of the sources shown in Figure 7.3 could represent a grid infeed,
DG, or the infeed from another distribution substation. A load is connected at
each substation bus. The system parameters are summarised in Table 7.1, un-
less stated otherwise for a particular test. These parameters are representative
instead of specific, and they serve the purpose of testing the SFCL model for a
given critical current rating (i.e., the current value which initiates superconductor
quenching). In this case, the critical current of each SFCL is approximately 2.39
kA RMS, as illustrated in Figure 7.1.

The neutral earthing resistance, when required, has been chosen to limit the
single-phase to earth fault current to approximately 1 kA RMS, according to typ-
ical utility practice [IEE01]. The capacitive coupling to earth for the cables is not
modelled. Due to the relatively short lengths, cable impedances are represented
as a series resistance and inductance, using per-length values from [FENT09].

Four fault locations, F1-4, are examined in this chapter, as shown in Figure

7.3. All faults occur at 0.03 s. Without SFCLs in service, a three-phase to earth
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Figure 7.4: Fault currents without SFCLs, for three-phase to earth fault at F2
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fault at the middle of the interconnecting feeder (fault F2) results in a fault
current contribution from each source with a maximum peak of approximately

24.1 kA and a steady-state value of 10.0 kA RMS, as illustrated in Figure 7.4.

7.3.3 Application to Double Circuits

The power system model used in this chapter is, for illustrative purposes, the sim-
plest example of a network which supports the application of CDD. The concept
is generic and can be applied to more complex meshed systems. Figure 7.5 shows
how the scheme could be used to protect a double circuit configuration. Prefer-
ably, SFCLs should be installed at both ends of each circuit which interconnects

two buses.
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7.4 Simulation Results

7.4.1 Typical CDD Results

The tests described in this subsection demonstrate that CDD correctly locates
the faulted circuit section. These tests also provide the reference case for other
tests. Figure 7.6a plots the SFCL 1 resistance for a fault at F1, and Figure
7.6b plots the corresponding currents in each SFCL. As expected, only SFCL
1 quenches, and no other SFCLs develop resistance during the fault. Fault F3
produces similar results.

The resistances of SFCLs 4 and 5 for fault F2, at the middle of the bus-
tie circuit, are shown in Figure 7.7. For brevity, the other SFCLs (which do
not quench) and the fault currents are not shown. Again, the SFCLs quench
in a manner that unambiguously identifies the faulted circuit. Discrimination is
achieved regardless of the precise position of fault F2 between the two substations.

For faults located at F4, at the bus in the left substation, it is inevitable that
both SFCL 4 and SFCL 5 will carry the same fault current. Therefore, both of
these SFCLs quench. The quench of SFCL 5 is undesirable, but not particularly
problematic because it would not cause any interruption in supplies beyond that
caused by the fault at the substation in question. Furthermore, following such a
serious fault at a busbar, the bus-tie circuit would not be restored to service until
the busbar at the substation was also restored to service, a process that would
take far longer than the time for both SFCLs to recover. The operation of both
SFCL 4 and 5 for this fault would give an ambiguous indication of the faulted
circuit location, suggesting it might be in the middle of the associated circuit
instead of at the faulted bus. This ambiguity would be resolved by taking care to
note the operation of all other protective devices within each substation before
deciding on the location of the fault. Therefore, post-fault automation may be
required within substations which implement a CDD scheme.

It should be noted, however, that a fault on any circuit section which is not

protected by an SFCL, i.e., which is external to the CDD scheme, would be
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Figure 7.6: SFCL resistances and currents for three-phase fault at F1
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Figure 7.7: SFCL 4 and 5 resistances, for three-phase fault at F2

electrically equivalent to a bus fault (e.g., fault F4) and therefore may cause

several SFCLs to quench.

7.4.2 Backup Operation

Figure 7.8a illustrates backup operation for fault F1, where SFCL 1 has been
electrically bypassed or otherwise taken out of service. SFCLs 3, 4 and 5 quench
within the first half-cycle of fault current, providing a very fast-acting form of
backup which still significantly reduces fault currents, as illustrated in Figure
7.8b.

Nevertheless, it is difficult to readily use the information about which SFCLs
quenched to accurately locate the faulted circuit; the protection system is still
responsible for detecting the fault and, ideally, opening the circuit breaker adja-
cent to SFCL 1. Provided SFCL outages are uncommon, however, some loss of

discrimination may be acceptable in practice.

7.4.3 Fault Types and Neutral Earthing Type

Correct coordination for all fault types and all fault locations is achieved regard-
less of the point on wave of fault occurrence. This has been determined using
an automated script with the RTDS, to test a wide number of scenarios rela-

tively quickly. The point on wave value does, however, dictate which phase of
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Figure 7.8: SFCL backup operation for three-phase fault at F1
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the SFCL will quench first for two- or three-phase faults. No SFCLs quenched
in response to single-phase to earth faults with high-resistance neutral earthing,
or with the neutral unearthed, because of the relatively low fault current which
has been deliberately limited by other means. In solidly-earthed systems, how-
ever, there was enough earth fault current for the correct operation of the SFCLs
closest to the fault. SFCLs also provide backup for failure of the neutral earth-
ing impedance, e.g., by flash-over, although this is an unlikely event and is not

normally considered in the design of utility electrical systems.

7.5 Discussion of Potential Issues

This section addresses factors which may influence the operation of CDD with

SFCLs, and other practical concerns.

7.5.1 Comparison with Single Bus-tie SFCL

A system-wide implementation of the scheme proposed in this chapter would
clearly require many SFCL devices (one or two SFCLs per circuit). Installing
an SFCL at a bus-tie location in a power system, as illustrated in Figure 7.9, is
often preferred to other locations [BBE*11]. In the general case, for a meshed
system, techniques have been developed for determining the best placement of
SEFCLs, considering the rating of circuit breakers and the amount of fault current
limitation [TL10], and for selecting the optimal SFCL specification [SH09, HS10].
Although a single SFCL at a bus-tie does not help locate faults in the manner
achieved by CDD, which requires many SFCLs, the reduction in fault current can
be substantial. The total fault current in some circuit sections is approximately
halved, with only one SFCL being required. Furthermore, with an SFCL located
at a bus-tie, few protection changes are required compared with other SFCL
locations [BSBB09].

Nevertheless, CDD not only locates faulted circuits but also has another sig-
nificant advantage over the use of a single SFCL: the fault current in any circuit

section will never reach the prospective short-circuit fault current. Table 7.2 il-
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11 kV 11 kV
50 MVA short 50 MVA short
circuit level circuit level

Load L1 Load L2

SFCL 4 500 m

11 kV 11 kV

50 MVA short L — . 50 MVA short
circuit level Y1000 m ’;‘ 500m 7 circuit level
Figure 7.9: Single bus-tie SFCL location
Current Peak fault current Peak fault current
measurement for fault F1 (kA) for fault F2 (kA)
location Single Six Single Six
SFCL SFCLs SFCL SFCLs

SFCL 1 33.2 17.7 9.09 9.05
SFCL 2 9.10 6.40 24.1 9.06
SFCL 3 241 6.78 9.09 9.05
SFCL 4 17.3 11.7 48.4 17.2
SFCL 5 17.3 11.7 48.4 17.2
SFCL 6 9.10 6.40 24.1 9.06

Table 7.2: Difference in peak fault current between six SFCLs and single SFCL

lustrates the significant reduction in peak fault current that is possible with six

SFCLs (Figure 7.3), compared with a single SFCL (Figure 7.9).

7.5.2 Variable Fault Levels

The following circumstances will change fault levels: the connection or disconnec-

tion of circuit sections, and the connection or disconnection of generation. Each

case is discussed below.

Figure 7.10 illustrates the effect of the disconnection of the feeder connected to

SFCL 1, for fault F2. SFCLs 3 and 4 carry almost exactly the same fault current,
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Figure 7.10: SFCL 3-5 resistances, for three-phase fault at F2, without the incoming
feeder at SFCL 1

and therefore poor discrimination occurs due to SFCL 3 quenching when the fault
occurs. Similar results are obtained for other fault types and fault locations. In
general, this problem will exist if any bus has only two (possible) fault current
infeeds. In other words, for correct discrimination, each bus must have at least
three possible infeeds that can supply fault current. Hence, CDD is best suited
to highly-interconnected electrical systems.

For moderate changes in fault level (i.e., changes in source impedance mag-
nitude) for a single infeed, the scheme operates correctly, that is, as observed
in Section 7.4.1. If more significant variations in fault level are expected, two
SFCL design factors must be considered: the superconductor critical current,
and the superconductor length (which typically defines the quenched resistance
[BBS*11]).

7.5.2.1 Critical Current

SFCLs must be carefully specified at the design stage to ensure that the critical

current value caters for all operating conditions. If the amount of connected
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generation changes significantly over time, as could be the case for renewable
generation such as wind, it may be desirable to modify the SFCL characteristics
to better suit the load current and prospective fault current values. This can be
achieved while the SFCLs are in service by varying the operating temperature of
the superconductor T, [OSHT09, BBB12]. For example, at times of relatively low
demand, and consequently low levels of connected generation, it may be useful
to increase T, for each SFCL, thereby decreasing the critical current value, as
illustrated in Figure 7.1. Regular adjustment of the characteristics of the SFCLs

may be particularly relevant in industrial or marine applications.

7.5.2.2 Superconductor Length

In circumstances where the fault level from an infeed is significantly reduced,
yet the fault current is higher than the SFCL critical current rating, there is
a risk that SFCLs other than those closest to the fault will operate, and this
threatens discrimination. Low prospective fault current results in lower energy
dissipation in the superconducting elements, and therefore lower superconductor
temperature, and lower resistance in the quenched state. Consequently, if the
superconductor length is too short, the fault current is not limited sufficiently by
the appropriate SFCL(s) and one or more additional SFCL(s), further from the
fault, may quench also, resulting in the disconnection of healthy circuits.

Figure 7.11 illustrates this issue for Fault F2, where the fault level contri-
bution for the source at SFCL 1 has been reduced by a factor of 10, and for a
reduced superconductor length of 50 m. The lower quenched resistance of SFCL
4, compared to the example presented in Figure 7.7, results in phase B of SFCL
3 quenching. When the superconductor length is restored to 100 m, the CDD
scheme operates correctly, i.e., SFCL 3 does not quench, despite the lower fault
level.

To avoid this risk, each SFCL must be designed with sufficient superconductor
length for appropriate SFCL resistance in the quenched state. Alternatively, CDD
should only be applied to highly-interconnected systems where such significant

changes in fault level are unlikely.
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Figure 7.11: Incorrect quench of SFCL 3 for Fault 2, during reduced fault level

7.5.3 Mitigating Resistive SFCL Recovery Time

The fault location scheme described in the chapter permits increased interconnec-
tion due to SFCLs reducing fault levels. This means that a faulted circuit section
typically can be taken out of service while the SFCLs recover, without undue risk
to system security. Furthermore, if the circuit is a cable conductor, the fault is
likely to be permanent, requiring repairs that will take far longer than the SFCL
recovery time. However, CDD is less suited to overhead lines where autoreclose is
commonly used to mitigate the effects of transient faults. The autoreclose dead
time (typically 1-5 seconds) is much shorter than the likely SFCL recovery time
(typically up to several minutes).

This drawback could be overcome by using a second SFCL (or another FCL
device) that could be switched into service during the dead time to replace
the quenched SFCL. In compact power systems, such as marine vessels, two
or more superconducting devices—which may include SFCLs, motors, genera-
tors and cables—could share a common cryogenic system to improve space and

weight efficiency [ZD11b]. Alternatively, the quenched SFCLs could be electri-
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cally bypassed and protection would rely upon other SFCLs, further from the
fault, which did not quench. This would provide a lower standard of protection
until all quenched SFCLs recover and can be restored to service. Further work is
needed to assess whether or not the improved protection offered by using multiple
SFCLs justifies the consequent operational limitations on autoreclose schemes, or
whether other types of FCL, which do not require a recovery period, could be

used instead.

7.5.4 High-Impedance Faults and Earth Faults

The proposed CDD scheme with SFCLs is aimed at dealing with short-circuit
faults that produce excessively high fault currents. It is assumed that without
fault current limitation, the power system could not be operated safely in the
required manner. For example, it may not be safe to connect DG or to have as
many interconnections. However, an SFCL will not quench for fault currents less
that its critical current rating. There are practical limits for the critical current
of an SFCL to prevent quenching during normal power system transients such as
motor starts and transformer inrush, as analysed in Chapter 5.

Therefore, it is not possible to rely upon CDD with SFCLs alone for protec-
tion, because SFCLs will not respond to high-impedance faults which produce
fault current below the SFCL critical current rating. Furthermore, the use of
protection devices with inverse current-time characteristics involves the risk that
faults with relatively low fault current can require far longer clearance times
and thereby can cause greater damage (i.e., higher I*t) than short-circuit faults
[Loul0], and these faults may develop into high-current short-circuits [SZM*11].
Other well-established techniques, such as voltage-controlled overcurrent and sen-
sitive earth fault protection [Als11], could be employed to address high-impedance
fault scenarios. In a scheme with multiple SFCLs, traditional protection could be
set to be more sensitive and faster acting than would normally be the case, due to
the SFCL operating time being relatively much faster for low-impedance faults.
This would be beneficial because high-impedance faults would be cleared more

quickly from the system than is presently possible without SFCLs. The stability
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of traditional protection to transient phenomena such as motor starts would still
need to be accounted for, as discussed in [Bril0].

Many distribution systems are earthed via an impedance and this will limit
the earth fault current to a value below the critical current of the SFCL. This is
particularly true of high-impedance faults such as a tree branch touching a phase
conductor of an overhead line. However, the use of SFCLs and CDD could negate
the requirement for impedance earthing, because the SFCLs would inherently

limit fault currents for all combinations of phase-phase and phase-earth faults.

7.5.5 Implications of Several Different Types or Designs
of SFCL

This study has assumed that all SFCL are identical. Retrofitting or replacing
SFCLs may result in SFCLs of different designs being on the same network if,
for example, a manufacturer discontinues a particular design. It should also be
noted that superconducting materials may contain impurities or defects [ZTE"03]
which will affect the current-time characteristics of an SFCL—no two SFCLs will
be exactly identical. Further work is needed to examine the effects of a mixture
of SFCL designs within the same network, because the SFCLs may have different

current-time characteristics, resulting in poor discrimination of fault location.

7.5.6 Application to Networks with Superconducting
Cables

Superconducting cables offer attractive benefits of reduced losses [OOLT01] and
greatly increased power capacity [OTO99]. It is possible to use the intrinsic fault
current limiting properties of superconductors to design a superconducting cable
that has a fault current limiting feature such that the cable itself limits fault
current through it. This would be particularly advantageous in underground DC
superconducting cable networks because DC is more difficult to interrupt than
AC, and because the superconductor will not experience AC losses. A network

comprising interconnected superconducting cables would therefore possess intrin-

116



sic CDD protection. Circuit breakers or other means would still be needed to

interrupt fault current and provide electrical isolation.

7.6 Conclusions and Recommendations

This chapter has shown that multiple SFCLs are suitable for implementing a
fast system-wide fault detection and isolation scheme, without needing com-
munications between substations. This has been demonstrated by applying a
thermal-electric SFCL model within a representative distribution system sim-
ulation. CDD is especially suited to highly-interconnected utility systems, with
significant amounts of DG. Furthermore, the scheme is applicable to marine vessel
electrical systems, which are increasingly power-dense and require high power sys-
tem availability to avoid ship-wide blackouts. Although this chapter has focused
on distribution applications, CDD can also be applied to transmission systems,
whether AC or DC, and particularly to those involving superconducting cables.

A CDD scheme with SFCLs will limit all sources of fault current, which ensures
that no circuit ever suffers its prospective short-circuit fault level. Factors such as
fault type, earthing system, and fault point on wave have no significant adverse
effects on the scheme. CDD is better suited to applications involving underground
cables rather than overhead lines which typically use autoreclose.

Nevertheless, three important practical caveats have been identified in this
chapter. First, the fault level must be sufficient to ensure that the prospective
fault current exceeds the critical current of each SFCL in the path of fault current.
This requires appropriate design of the dimensions of the superconducting ele-
ments, and may require online adjustment of the superconductor temperature to
fine-tune the critical current. The analysis in Chapter 6 describes a methodology
for selecting an appropriate temperature, according to a particular fault current
level. Second, for correct discrimination, each bus must have at least three fault
current infeeds. The proposed scheme is intended for meshed networks, which
usually satisfy this requirement. Third, all SFCLs must have the same current-

time characteristic to ensure correct discrimination and location of the faulted
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circuit section.
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Chapter 8

Conclusions and Further Work

8.1 Conclusions

Chapter 1 presented evidence for the growing need for fault current limitation
in present and future power systems. High fault levels are already a challenging
issue for system designers and network operators, and this trend is expected to
continue in the future due to natural growth in demand, the increasing presence
of DG, increased interconnection, and the growing interest in multiterminal DC
systems.

Chapter 2 introduced power system protection, and described the relevant
protection needs for utility distribution and marine vessel systems. The benefits
and difficulties associated with increased interconnection and greater penetration
of DG have been emphasised. The high power-density and safety-critical nature
of full-electric marine vessels demands ever more stringent protection systems.

An overview of fault current limitation has been provided in Chapter 3, with a
focus on the operation, benefits, and present status of resistive SFCLs. Chapter 4
elaborates on this topic to highlight the challenges associated with the application
of resistive SFCLs. In particular, it has been shown that there are compromises
based on the SFCL location and quenched resistance rating, and there are issues
relating to the recovery period and the interaction of SFCLs with conventional

protection systems.
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Following on from these challenges, Chapter 5 establishes guidance on the
interaction of the following resistive SFCL design factors: quenched resistance;
shunt resistance; the level of fault current limitation; and the expected energy
dissipation, and hence the recovery time. There is a compromise between a shorter
recovery time, which is desirable, and the cost of the volume of superconducting
material needed for the resistance required to achieve a shorter recovery time.
A generic methodology has been proposed for easily validating the design of a
resistive SFCL, and this method has been shown to successfully validate work by
other researchers.

If SFCLs are to play a role in future electrical systems, it is important to un-
derstand their dynamic characteristics. This will allow the behaviour of multiple
SFCLs in a system to be fully understood during faults and other transient condi-
tions, and will allow SFCL behaviour and impact to be taken into account when
coordinating network protection systems. Chapter 6 provides this knowledge by
analysing the current-time characteristics of resistive SFCLs.

Chapter 7 builds on the contributions of Chapter 6 to propose a novel protec-
tion scheme involving multiple resistive SFCLs, dubbed current division discrimi-
nation (CDD). CDD offers a number of very compelling advantages which, despite
the relatively high cost of SFCLs, merit serious consideration for the design of

any new power system. These advantages are:

e Sub-cycle response to faults.

e Automatic isolation of the minimal faulted circuit, or “zone”, without com-

munications.
e Automatic backup if an SFCL is out of service.
e The scheme remains applicable if the electrical network topology changes.

e No circuit which is protected by SFCLs ever experiences its full short-circuit
fault current, which encourages the use of meshed systems and the connec-
tion of DG, and potentially allows circuit breakers with a lower rating to

be used (thereby avoiding or reducing replacement costs). A highly-meshed
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power system can help mitigate the recovery period of resistive SFCLs be-
cause alternate paths for load current may be available, whilst the quenched

SFCLs are disconnected following a fault.

e The scheme has the potential for online adjustment of the SFCL operating
threshold to cater for different network configurations and varying fault

levels.

The operation of CDD has been analysed under a number of network scenar-
ios and several application recommendations have been established. Nevertheless,
the scheme is a relatively radical approach to protection—and protection is, un-
derstandably, a conservative field.

This thesis has established and reviewed the state of the art in resistive SFCL
technology and knowledge, and has provided research-based guidance which will

be critical for the application of resistive SFCLs in future power systems.

8.2 Further Work

8.2.1 Further Analysis of CDD

The potential benefits of a CDD scheme with resistive SFCLs demands further
study, and merits a laboratory or field trial with multiple SFCLs. In particular,
the conditions where the scheme may result in the quenching of more SFCLs than
needed to isolate the fault, as discussed in Section 7.5.2, should be quantified. A
trial will ensure that a CDD scheme is effective despite slight differences in SFCL
characteristics, due to impurities in the superconducting materials.

The impact, if any, of resistive and inductive shunts on the operation of CDD
should be investigated. It is of particular interest whether or not a variable
shunt impedance can yield any advantage for dynamically altering the current-
time characteristics of a resistive SFCL. The effects of temperature on resistive
shunts must be considered. Furthermore, the applicability of CDD across different
voltage levels, and the requirements for SFCL current-time characteristics, should

be investigated.
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The use of CDD in DC systems is of considerable interest, particularly for
offshore multiterminal systems where protection and fault current interruption
will prove very challenging [JVHLT11]. As noted in Section 7.5.6, CDD may
be applicable to networks with AC or DC superconducting cables, and this also

merits further investigation.

8.2.2 Integrated SFCL Analysis and Design Tool

The analysis work in Chapter 5 could be combined with the resistive SFCL
current-time characteristic tool presented in Chapter 6. The unified software
tool should allow the effect of any resistive SFCL parameter to be investigated
and visualised. Work by other researchers could be integrated for finding optimal
SFCL parameters to automatically—and with confidence—satisfy the require-
ments of a particular SFCL installation. It would also be valuable for the tool
to assess the likely effect of specific SFCL parameters on regulatory limits for

system voltage during and following faults.

8.2.3 Centralised Protection

The difficulties involved with protecting marine vessel systems, as identified in this
thesis, has prompted research into alternative protection methods which require
a central device to detect and locate faulted circuits [MGBMO05, TM06, BES™08].
In particular, the protection schemes proposed in [BEST08]—in contrast with
conventional differential protection—do not require very low-latency communica-
tions and are tolerant of jitter. Further research is needed to fully evaluate these

centralised protection schemes, particularly for power systems with SFCLs.

8.2.4 SFCLs and Arcing Faults

Fault current limitation may help extinguish arcs present at the point of fault due
to the reduced arc current, thereby clearing arcing faults without the need for a
circuit breaker. Work is needed to assess the feasibility of this, and to determine

if this method conflicts with traditional autoreclose schemes. For example, this
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may reduce the potential for multi-shot autoreclose schemes to “burn out” semi-

permanent faults.

8.2.5 Analysis of Characteristics of Different Types of
FCL

The work in Chapters 6 and 7 only applies to resistive SFCLs. The application
of this methodology is of interest for other FCL types, such as the pre-saturated
core SFCL. Some work exists in this area for inductive SFCLs [MMO08, ZD11a].

8.2.6 Faster-Acting Backup Protection with Multiple
SFCLs

It has been proposed in Chapter 7 that, in the presence of primary protec-
tion using multiple SFCLs, the operating times of backup protection could be
improved—without sacrificing coordination. This may apply to voltage-controlled
overcurrent protection and earth fault protection. The feasibility and potential

caveats of this should be investigated.
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Appendix A

Literature Review: Modelling
Resistive SFCLs for Power

System Applications

A.1 Introduction

This appendix reviews the different types of resistive SFCL models that are de-
scribed in the literature, and highlights those which are practical for power system

simulation studies.

A.2 Simplified Models

A.2.1 Without SFCL Recovery

Reference [SB08| describes two simple methods for modelling resistive SFCLs for
power system studies: a “binary” model, and a non-linear look-up table of resis-
tance values. The binary model involves switching a resistance into the system
immediately after a fault occurs. This is useful for estimating the steady-state
reduction in fault current, but does not faithfully represent the dynamic charac-

teristics of superconductors; the superconductors will take a finite time to heat up
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and thereby develop resistance. This model will tend to overestimate the reduc-
tion in peak fault current and lead to inaccurate transient results until the final
SFCL resistance value is reached. The non-linear look-up table method (used in
[STB*10, ETST10, BBE*10]) attempts to correct this shortcoming by dictating
the value of an SFCL’s resistance over time. This technique is introduced in

[Smi07], where a generic quench characteristic equation has been established:

R(t) = R (1 - e?) (A.1)

where R,,.. and 7 define the properties of the curve. This is known an “ex-
ponential” SFCL model type. Values for 7, for a given prospective fault current
magnitude and the initial superconductor temperature, are suggested in [Smi07],
and have been obtained from experimental data of a MgBs-based SFCL pro-
totype. Similar exponential curves are described in [MDN"03, LCH06, LKY06,
KVIMT08, SSLC09], where [LKY06] proposes a similar equation for approximat-
ing the recovery time. This is useful for a first order approximation, with low
computational requirements, of the likely effect of a resistive SFCL in a power
system. However, this approach does not “automatically” react to fault currents;
it must be programmed to enter the resistive state at a specific time in a simu-
lation. This is inconvenient, but moreover it leads to uncertainty as to precisely
when the quenching should be initiated relative to the inception of the fault, for
each phase. If the type of fault or the fault impedance is changed, then the SFCL
model must be reconfigured.

In order to avoid this drawback, the quenching process can triggered when
the instantaneous current in each phase first exceeds the critical current value, 1.
[OSHT09]. Hence, the SFCL model intrinsically reacts to the current magnitude
in each individual phase and does not have to be configured to operate at a
specific time [BBET11]. The model is thereby effective at estimating the peak
fault current reduction, yet it avoids the complexities of thermal-electric models
such as those described in [DYFT08], [PCLT00], and [LSW*05].

Equation A.2 describes the modified exponential model, where: R is the

maximum SFCL resistance value; 7 is the time constant which determines how
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quickly the SFCL reaches Ry; and i(t) is the instantaneous phase current in the
SEFCL.

0, before |i(t)| < I.
Rsrer(t) = » (A.2)
Ry (1 - eTO> , after |i(t)| > I,
where the process is initiated when the phase current exceeds the critical

current:

to =1 — tiw)>1. (A.3)

For this model, the typical per-phase SFCL resistance characteristic and the
effect on fault current, for 7=0.01 s and Rq=0.1 €2, are illustrated in Figure A.1.
Note that any current transient which exceeds I, will trigger the quench operation

of this model.
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Figure A.1: Typical per phase SFCL resistance characteristic and effect on fault current

Another model is proposed in [YXWZ05], and relatively simple equations are
provided for estimating the resistance of the superconductor depending on the

state of the superconductor: flux-creep, flux-flow, or normal conducting.
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Clearly, these simplified methods do not model the thermal-electrical proper-

ties of superconductors, and do not cater for the following phenomena:

e As the fault current increases, the proportion of energy dissipated into the
cryogenic environment tends to decrease [KJKK*05, DYF108], hence in-

creasing the rate that resistance is developed in the superconductor.

e The resistance of the superconductor will continue to increase due to heating

after quenching, until the resistive SFCL is disconnected from the system.
e In most cases, the superconductor recovery period is not modelled.

e Current in an AC power system is sinusoidal, and hence ohmic heating in
the superconductor will be cyclic (i.e., two half-cycle “pulses” during each
current cycle, ignoring the decaying DC offset which may be present during
a fault), which should result in minor “dips” in an SFCL’s temperature
and resistance during the quenching transition. This effect can be seen in

[WCCT99] and [KKHT05].

e Design factors, such as increasing the superconductor length to increase the
quenched resistance, will affect the thermal properties of the superconduc-

tor.

Nevertheless, the main motivation for using an exponential type of resistive
SFCL model is the simplicity and the close fit with empirical quenching results,

as given in [Smi07].

A.2.2 With SFCL Recovery

Reference [Dud04] presents a model which uses a current threshold to activate the
SFCL resistance, as shown in Figure A.2. The resistance value increases or decays
linearly, according to configurable time constants. Although very simple, this
model can represent the recovery time, and it automatically reacts to the current
magnitude applied to the model. A similar model is presented in [SKR™10b] and
[KT99, KT08].
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A possible improvement to this model is to make the recovery time depend on
the total energy absorbed during the resistive mode. This type of “macroscopic”
model avoids the complicated thermal and physical aspects of a real SFCL device;
hence there are fewer parameters to configure. Nevertheless, the disadvantages
discussed in Section A.2.1 still apply.

&

RQUENCH

TON TO FF

Figure A.2: Resistance characteristic for the model in [Dud04]

A.3 Hardware in the Loop Models

References [KPK107, KPAT08] describe an experimental apparatus which allows
for power system simulation studies to incorporate an SFCL or a superconducting
cable. The arrangement involves a real-time digital simulator (RTDS), and a
hardware superconductor wire. A current amplifier takes an output signal from
the RTDS and passes the corresponding current through the superconductor wire.
The wire’s resistance is measured, and this value is fed back into the RTDS
simulation. This approach will accurately represent the dynamic properties of the
superconductor, including the recovery characteristics. The limitations associated
with having access to a superconducting wire and the associated cooling system
make this type of model suitable only for verification purposes. This method does
benefit from the merits of the RTDS’s real-time execution; other hardware devices
such as protection relays can also be tested, which is potentially more realistic
than using purely software models. A similar hardware in the loop arrangement

is described in [SLSNO9].
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A real-time hardware in the loop demonstration, scaled for testing purposes,

of a superconducting cable is presented in [DJK*12].

A.4 Neural Network Models

Reference [MSHO7] demonstrates that it is possible to model the non-linear, multi-
variable nature of a superconductor using a constructive neural network (CNN).
However, this type of model must be trained with suitable data. Obtaining
this data may be difficult, and the CNN may have to be re-trained for different
parameters, e.g., for different values of superconductor length. These models are

thereby impractical for power system studies.

A.5 Finite Element Analysis Models

Several resistive SFCL models have been developed using detailed finite ele-
ment analysis (FEA) [LM97, KJKK*05, DGAT06, DDGT07, DGAT07, OLVV08S,
TDC*07, RDGS08, GBMO07, SO03, FSS08].

Due to the time consuming process of implementing such a model, the spe-
cialised software which is needed, and the relatively long simulation times, this
approach is not suitable for power system simulation studies. Nevertheless, the
results from the existing FEA models can be used to help verify other models, as

demonstrated in [CM13].

A.6 Thermal-Electric Models

A thermal-electric SFCL model must consider two, inter-related physical phenom-
ena [DDGT07]: the thermal characteristics, and the electrical characteristics. For
an FEA approach, references [TDC*07, DGAT07, DDG07] note that there are
two ways to couple the potentially complicated interactions between the thermal

and electrical sub-systems:

1. Combined, and solved as one complex system.
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2. Solved independently; the outputs from one sub-system are used as the
inputs to the other sub-system, where this process alternates each time

step.

The “power-law” is commonly used to describe the non-linear relationship

between electric field and current density in Type-IT superconductors [PCL™00,

SGD*+02):

s o)

where n is known as the n-value of the superconductor, which defines the
“sharpness” of the superconducting-state to normal-state transition. .J. is the
critical current density which is defined as the current density when £ = E, =1
pV/em; J.(T) hence models the temperature dependence of J.. References
[PCL*T00, SGD*02, CTWC02, Muk03, SO03, YJ04, vWvdEW 105, YC06b, Sut06,
TDC*07, OLVV08, Mal08, EIm09, SH09, dSPS*12, CD12] have developed SFCL
models based on the power law equations, or variations.

The equations in [PCLT00], which are based on a BSCCO “Bi-2212” super-
conductor, define the how the electric field varies with current density, recognising
that this characteristic depends on the state of the superconductor (flux-creep,
flux-flow, or normal conducting). Figure A.3 illustrates the typical relationship
between electric field, E, and current density, .J, for these three states. Note
that, after entering the flux-flow state, the superconductor heats up significantly,
which in turn shifts the E-J curve to the left; i.e., F increases further. The
superconductor will enter the flux-flow state at Jy (and at the corresponding Ej
value) which will be a larger value than .J. [PCL*00]. The model is demonstrated
to fit well with experimental results.

A differential equation is given in [PCL*00] to calculate the heat diffusion from
the superconductor into its liquid nitrogen bath. The models in [YJ04, YCOGb,
Elm09] are based on power law equations, but they assume an adiabatic thermal
process; however the thermal transfer to the coolant should not be ignored, as

shown in [DYFT08]. A simplified, yet practical, thermal model (compared to
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Figure A.3: Superconductor E-J characteristic (from [PCLT00])

equation provided in [PCL*00]) is introduced in [LSWT05], which can be com-
bined with the E — J equations established in [PCLT00]. This provides a good
compromise on accuracy, complexity, and execution speed, and is therefore used
as the basis for resistive SFCL modelling in Chapters 6 and 7 of this thesis.
The model proposed in [PCL*00] and [LSWT05] does not consider vaporisa-
tion of the coolant, or phenomena such as the “film boiling” effect (also known
as the Leidenfrost effect, which normally follows a period of “nucleate boiling”)
where sudden changes in temperature reduce the efficiency of the thermal trans-
fer due to a vapour film, as demonstrated by [KJKK™05, DYF108, NKL*06,
ZTE'03, DGAT07, RDGS08, WCCT99]. In particular, [DGAT07] offers an equa-
tion for calculating the heat transfer coefficient; however, the authors state that
this value has negligible effect on the electrical sub-system, i.e., that the adiabatic
model matches their non-adiabatic model. This result may be valid during the
quench, but the thermal sub-system should be non-adiabatic in order to model

superconductor recovery.
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This model assumes a uniform temperature across the length of the supercon-
ducting material, and therefore assumes a uniform J. value, i.e., that quenching
will always occur at a particular temperature. In reality, the superconductor
temperature is not uniform, and J, will depend on the presence of defects in the
superconductor (which can cause “hot spots”) and the relative position of the
cooling head of the cryogenic system [KLR06, CKY*09].

Furthermore, in [LSW'05] and [SBO8] the coolant is assumed to be a per-
fect heat sink; the coolant is assumed to absorb energy without a change in its
ambient temperature. To be more realistic, the “ambient” temperature of the
coolant should increase after the onset of the fault (which will lessen the film
boiling effect), and the cryogenic control system should then act to correct this
change, albeit very slowly relative to the time taken for the superconductor to
quench. During a quench, the temperature at the surface of the superconductor
will be hotter than the temperature elsewhere in the coolant, until the tempera-
ture equalises (assuming the SFCL is removed from the circuit, and hence there
is no current flow).

A model using a similar, but simplified, thermal approach to [LSW105] is
presented in [HS08]. However, the model calculates the heat dissipated into
the coolant differently: it is based on predetermined values for the time of the
fault and the total simulation time, rather than dynamically calculating the heat
dissipation at run-time. Hence, the model in [HS08] is not as generic as that
in [LSWT05], because it is scripted rather than intrinsically reacting to faults.
The model does, however, offer an analytical equation for calculating the SFCL
resistance (as derived in [SYGT03]), which differs from the typical power-law
approach.

The superconductor in a resistive SFCL is often bonded to another non-
superconducting shunt conductor, and therefore the shunt resistance and thermal
interaction should also be modelled. This is described in references [vWvdEW05]
and [LSWT05]. As noted in [LSWT05], it may be necessary to model the effect
of an external resistive shunt heating up during a fault, because temperature will

affect its resistance.
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Reference [DYFT08] approximates the variation of superconductor resistivity
with temperature, by a quadratic equation. This was obtained by applying a
constant DC current of known magnitude through a superconducting wire, and
measuring the temperature and resistance of the wire. The authors explain that
the heat initially leaves the superconductor wire by conduction, and then (after
approximately 0.35 s) by convection; however, the authors only investigated the
conductive period. Hence, a model that accurately represents the recovery of the
superconductor should consider both conductive and convective heat transfer;
this approach is considered in [BAD10]. An important result from [DYF*08] is
that the proportion of energy that is dissipated into the coolant during a quench
lies between 30-60% of the total energy. Although this value varies with time and
current, it can be used as a guide for verification of other models.

The authors of [BAD10] argue that the superconductor heats up slowly, rel-
ative to electrical transients, and therefore the temperature does not need to be
updated as often as in other models; however this is not fully justified because
the comparison between this model and the experimental results is obscured dur-
ing the first cycle. Hence, it is difficult to verify whether or not the assumption
of an adiabatic system is valid during the initial stages of the fault. Reference
[DGAT06] compares the rise of temperature with current during a quench, and
shows that the temperature rise may lag the changes in current by approximately
1-2 ms. In addition, although the authors of [BAD10] mention film boiling, the
model does not appear to account for this, and a constant value for the convection
coefficient has been used.

The model presented in [MalO8] attempts to model the thermal characteristics
of an SFCL, using a pseudo-FEA approach. The superconductor is “sandwiched”
between two stainless steel plates. The superconductor and steel sections are di-
vided into layers (a similar layered approach for modelling the heat flow into the
substrate is described in [WCC*99]). Each layer has a particular temperature,
which is assumed to be the same value across the entire area of the layer; the
outer-most layers of steel (which are in contact with the coolant) have a con-

stant temperature of 77 K. The overall temperature of the superconductor is the
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mean of the layer temperatures. The flow of heat between layers is modelled,
taking into account the thermal conductivity of the two different materials. The
E — J behaviour is based on the power law equations, except that the variation
of temperature is ignored. In addition, the resistivity look-up table is simpli-
fied to depend only on temperature (but not current density). The model also
ignores the parallel resistance of the steel shunts, and assumes that the current
only passes through the superconductor. Two sides of the superconductor are
presumably also in contact with the coolant and the resulting thermal transfer
should be considered. Nevertheless, the model, although simplified, can represent
the recovery of the superconductor, and avoids the problem of the difficulty of
specifying the thermal convection coefficient, because the heat sink is a solid, in
this case steel, rather than a liquid or a gas.

Reference [VS05] describes an analytical approach for modelling the critical
current which is dependant on temperature, and hence the SFCL’s resistivity
can be calculated as a function of current and temperature. The model is used
in the context of an inductive SFCL, but the equations could be modified for a
resistive device. The thermal system is modelled using the conservation of energy
equation; a similar approach is used in [MBLRO5].

Reference [OBF*08] provides a thermal model for an SFCL using a thermo-
acoustic refrigerator.

An MgB,; SFCL model is described in [BHH'11], but the model does not
implement a full thermal system, and is therefore only suitable for simulating

relatively high fault currents, where quenching is guaranteed.
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Appendix B

Analysis of Transient Recovery

Voltage with Resistive SFCLs

B.1 Introduction

Switching events cause transients in any electrical circuit with reactive impedance.
In power systems, circuit breakers experience a transient recovery voltage (TRV)
across their terminals when opened, i.e., when current is interrupted at a current
zero-crossing [HKLS83|. TRV is developed immediately after the arc between the
circuit breaker terminals is extinguished [Col72], and is typically in the form of
high frequency (relative to the fundamental system frequency of 50 Hz or 60 Hz)
oscillations superimposed on the system voltage. These oscillations decay over
time due to resistive damping in the system. TRV is clearly undesirable because
the increased voltage may cause a restrike, resulting in re-ignition of the arc and
failure to interrupt the fault current [SSHL95]. Furthermore, circuit breakers
are usually opened in order to clear a fault, so there is already a significant
disturbance to the system. This appendix analyses the effect of resistive SFCLs
on TRV.
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B.2 Background

Although the benefits of an SFCL on circuit breaker transient recovery voltage
(TRV) have been shown in the literature [STBT10, LMCC07, ASPC06, ZJ09],
the phenomenon has not been analysed fully for resistive SFCLs. References
[CYS*02, DCP07, QHJLO8, LLZS09] analyse how inductive SFCLs can reduce
TRV. Reference [CYMO5] considers resistive SFCLs, and evaluates the required
limiting impedance for successful current interruption, assuming the SFCL is
downstream of the circuit breaker. The following sections analyse the effect of an
SFCL on TRV, when the SFCL is both upstream and downstream of the circuit

breaker.

B.3 Analysis

The procedure in [Cho96] can be followed to determine an equation for circuit
breaker TRV, with and without a resistive SFCL. A simplified circuit diagram
is shown in Figure B.1. The circuit breaker is opened at a current zero-crossing
shortly after the fault occurs. The SFCL is assumed to be located upstream of
the circuit breaker. The system is described by Equations B.1, B.2, and B.3,
where v(t) is the source voltage and Z; is the system impedance during the fault

(while the system capacitance is shorted).

R Circuit Breaker
L=0.001H R,=05Q SFeL (Initially Closed)

V=11kV AN M __—

50 Hz
VTRV
C=1.0pF ==

Three-phase to
earth fault
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c-eeeg

Figure B.1: Circuit used to examine effect of SFCL on TRV

v(t) = V sin (wt) (B.1)
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Z; =R+ jwL =R+ sL (B.2)

R =R, + Rsrcy, (B3)

The steady-state fault current, is(¢), is defined in Equation B.4, where wt, rep-

resents the current phase offset, t. is the time the fault is cleared, ¢ = tan™! (5),

R
X =wL, and |Z¢| = VR? + w?L2.

~

ir(t) = % sin (wt + wtp) (B.4)
to(t) =t — g (B.5)

A value of t. = g in Equation B.5 ensures that the current is interrupted at
a Zero-crossing.

The Laplace transform of Equation B.4 is given in Equation B.6.

1 (5) V [ssin(wty) wcos (witg)
ir(s) =
/ | Zs| | s%+ w? 52 + w?

(B.6)

When the circuit breaker is opened, the reflected current, i,(s), is equal to
the negative of the fault current; that is ¢,(s) = —is(s). The TRV of the circuit
breaker is calculated from the product of reflected current and the impedance

looking into the (open) circuit breaker terminals, as given in Equation B.7.

Vrrv(s) = ir(8) Zopen(s) (B.7)
o 1% ss;n (wt;) n wcgos <wZO) : 1 (B.8)
|Zs| | 8+ w s?+w ez +5C
where
Zupen() = —— (B9)
open S N
" 7z +5C
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Equation B.8 can be converted to the time domain using a package such as

MATLAB.

B.4 Results

Figure B.2 compares the TRV for an SFCL with 1.0 € of resistance to the TRV
without an SFCL. The plots begin at the instant when the phase A circuit breaker
opens. The analytical results have been confirmed by simulating the circuit given
in Figure B.1, using PSCAD. The results are also shown in Figure B.2. A very
small time-step, in the order of 10 ns, is needed to ensure that the relatively
high-frequency TRV is captured correctly. Similar to the analytical method, the
circuit breaker model in the simulation requires a current zero-crossing before

opening its contactors.
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Figure B.2: Effect of SFCL on TRV (analytical and simulated)

Note that the current zero-crossings occur at different times, relative to the
source voltage waveform, because the current phase angle (i.e., ¢) is affected
by the SFCL’s resistance. Therefore, with the SFCL, the current-zero crossing

occurs earlier, due to the additional resistance in the circuit. This is illustrated
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in Figure B.3. Similar TRV waveforms are experienced for phases B and C. The

resonant frequency of the TRV is fy = #ﬁ = 5.03 kHz.

No SFCL
0 With SFCL

Phase A
Supply Votlage (kV)
o

1
0.01 0.02 0.03 0.04 0.05 0.06
Time (s)

15 T T

No SFCL
—— With SFCL

Phase A
TRV (kV)

_15 ! ! ! ! !
0

0.01 0.02 0.03 0.04 0.05 0.06
Time (s)
20 T
< No SFCL
< ok —— With SFCL
<
o Qo
g5 O
T2
é -10 —
* -20 | | | | |
0 0.01 0.02 0.03 0.04 0.05 0.06
Time (s)

Figure B.3: System voltage, TRV, and fault current (with and without SFCL)

The SFCL may also be located downstream of the circuit breaker, as shown in
B.4. Figure B.5 illustrates the difference in TRV for each SFCL location, relative
to the circuit breaker. These results illustrate that a resistive SFCL upstream of
the circuit breaker will increase damping which causes the TRV to decay earlier
than without the SFCL. The initial TRV magnitude is not affected. Therefore,
there is some benefit to having a resistive SFCL upstream of the circuit breaker,
which is contrary to the advice in [ASPCO06]. The significance of this benefit will

depend on the specific impedance values for a given system.
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Figure B.4: SFCL located downstream of circuit breaker
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Figure B.5: TRV for SFCL location relative to circuit breaker

B.5 Assumptions
The following assumptions have been made in this analysis:

e The SFCL fully quenches rapidly and can be modelled as a constant re-
sistance. This is a reasonable assumption because the SFCL should be

rated to quench well before the typical operation time of a circuit breaker

[ASPCO06].
e No load is connected to the system.
e The system impedances are lumped as R, L, and C values.

e The circuit breaker waits until a current zero-crossing before opening. The

analytical model is also valid for other values of t., such that the circuit
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breaker does not operate on the current zero-crossing; this has been verified

in simulation. The TRV will be significantly higher in these cases.

For simplicity, the steady-state fault current is used in the analysis; i.e., the
fault current is assumed to reach its steady-state value before the circuit
breaker is opened. For the values used in this example, this simplification
has no effect on the TRV waveform because the time constant (X/R), which
dictates the maximum magnitude and decay of the DC component of the

fault current, is small.

141



Bibliography

[AAB+06]

[Aarl3]

[Ada06]

[AKEA11]

[Als11]

[ANS00]

[APRPO6]

M.G. Adamiak, A.P. Apostolov, M.M. Begovic, C.F. Henville,
K.E. Martin, G.L. Michel, A.G. Phadke, and J.S. Thorp. Wide
Area Protection-Technology and Infrastructures. IEEE Trans-
actions on Power Delivery, 21(2):601-609, April 2006. doi:
10.1109/TPWRD.2005.855481. (cited on pages 1, 16)

Aartech Solonics Limited. CLiP Fault Current Limiters, 2013. URL:
http://www.aartechsolonics.com/index.php/products/clip.

(cited on page 29)

R. Adapa. Fault Current Management Guidebook - Updated. Tech-
nical report, EPRI, 2006. (cited on pages 19,24, 26,27,28,57)

S.K. Abeygunawardane, J.R.S. Sisira Kumara, J.B. Ekanayake, and
A. Arulampalam. A magnetic-core based fault current limiter for
utility applications. Journal of the National Science Foundation of Sri
Lanka, 39(3):227-234, October 2011. doi:10.4038/jnsfsr.v39i3.
3626. (cited on page 39)

Alstom Grid. Network Protection € Automation Guide. Alstom Grid,
2011. (cited on pages 11,13,58,69,84,94,115)

ANSI. C37.06-2000 - American National Standard AC High-Voltage
Circuit Breakers Rated on a Symmetrical Current Basis- Preferred
Ratings and Related Required Capabilities, 2000. doi:10.1109/
IEEESTD.2000.95621. (cited on page 24)

M.M.R. Ahmed, G.A. Putrus, L. Ran, and R. Penlington. Develop-

ment of a Prototype Solid-State Fault-Current Limiting and Inter-

142


http://dx.doi.org/10.1109/TPWRD.2005.855481
http://dx.doi.org/10.1109/TPWRD.2005.855481
http://www.aartechsolonics.com/index.php/products/clip
http://dx.doi.org/10.4038/jnsfsr.v39i3.3626
http://dx.doi.org/10.4038/jnsfsr.v39i3.3626
http://dx.doi.org/10.1109/IEEESTD.2000.95621
http://dx.doi.org/10.1109/IEEESTD.2000.95621

[ASPCO6]

[BAD10]

[BBB12]

[BBE+10]

[BBE+11]

[BBS*11]

rupting Device for Low-Voltage Distribution Networks. IEEE Trans-
actions on Power Delivery, 21(4):1997-2005, October 2006. doi:
10.1109/TPWRD.2006.874584. (cited on page 29)

AF. Alcidas, M. Saint-Paul, and E. Calixte. FEwvaluation of Posi-
tion of a Fault Current Limiter with Regard to the Clircuit Breaker.
IEEE, September 2006. doi:10.1109/NAPS.2006.359614. (cited on
pages 136,139, 140)

P.J.C. Branco, M.E. Almeida, and J.A. Dente. Proposal for an RMS
thermoelectric model for a resistive-type superconducting fault cur-
rent limiter (SFCL). FElectric Power Systems Research, May 2010.
doi:10.1016/j.epsr.2010.04.002. (cited on page 133)

S.M. Blair, C.D. Booth, and G.M. Burt. Current-Time Character-
istics of Resistive Superconducting Fault Current Limiters. IEFEE
Transactions on Appiled Superconductivity, 22(2):5600205, April 2012.
doi:10.1109/TASC.2012.2187291. (cited on page 113)

S.M. Blair, C.D. Booth, I.M. Elders, N.K. Singh, G.M. Burt, and
J. McCarthy. Investigation of superconducting fault current limiter
application in a power-dense marine electrical network. In 5th IET
International Conference on Power Electronics, Machines and Drives
(PEMD 2010). IET, 2010. doi:10.1049/cp.2010.0024. (cited on

page 125)

S.M. Blair, C.D. Booth, I.M. Elders, N.K. Singh, G.M. Burt, and
J. McCarthy. Superconducting fault current limiter application in
a power-dense marine electrical system. IET FElectrical Systems
in Transportation, 1(3):93-102, 2011. doi:10.1049/iet-est.2010.
0053. (cited on pages viii, 2, 3, 32, 33, 38, 45,48, 51,110, 125)

S.M. Blair, C.D. Booth, N.K. Singh, G.M. Burt, and C.G. Bright.
Analysis of Energy Dissipation in Resistive Superconducting Fault-
Current Limiters for Optimal Power System Performance. IEEE
Transactions on Applied Superconductivity, 21(4):3452-3457, August
2011. doi:10.1109/TASC.2011.2129518. (Cited on page 112)

143


http://dx.doi.org/10.1109/TPWRD.2006.874584
http://dx.doi.org/10.1109/TPWRD.2006.874584
http://dx.doi.org/10.1109/NAPS.2006.359614
http://dx.doi.org/10.1016/j.epsr.2010.04.002
http://dx.doi.org/10.1109/TASC.2012.2187291
http://dx.doi.org/10.1049/cp.2010.0024
http://dx.doi.org/10.1049/iet-est.2010.0053
http://dx.doi.org/10.1049/iet-est.2010.0053
http://dx.doi.org/10.1109/TASC.2011.2129518

[BC12]

[BCBB13]

[BDOO]

[BEHY5]

[BEST08]

[BG04]

[BHH*11]

S.M. Blair and F. Coffele. Hardware in the Loop Simulation of
Adaptive Overcurrent Protection. Technical report, Power Networks
Demonstration Centre, University of Strathclyde, 2012. (cited on
pages 2,17)

S.M. Blair, F. Coffele, C.D. Booth, and G.M. Burt. An Open Plat-
form for Rapid-Prototyping Protection and Control Schemes with IEC
61850. IEEE Transactions on Power Delivery, 28(2):1103-1110, 2013.
doi:10.1109/TPWRD.2012.2231099. (cited on pages 2,19)

P.P. Barker and R.W. De Mello. Determining the impact of dis-
tributed generation on power systems. I. Radial distribution sys-
tems. In 2000 Power Engineering Society Summer Meeting (Cat.
No.00CH37134), volume 3, pages 1645-1656. IEEE, 2000. doi:
10.1109/PESS.2000.868775. (Cited on page 19)

J. Bock, S. Elschner, and P. Herrmann. Melt cast processed (MCP)-
BSCCO 2212 tubes for power applications up to 10 kA. IEEFE Trans-
actions on Appiled Superconductivity, 5(2):1409-1412, June 1995.
doi:10.1109/77.402828. (cited on page 32)

C.D. Booth, .M. Elders, J.D. Schuddebeurs, J.R. Mcdonald, and
S. Loddick. Power system protection for more and full electric
marine systems. Proceedings of IMarEST - Part B - Journal of
Marine Design and Operations, pages 37-45, 2008. (cited on
pages 2,3, 16,21,22, 24,60, 122)

S.M. Brahma and A.A. Girgis. Development of Adaptive Pro-
tection Scheme for Distribution Systems With High Penetration
of Distributed Generation. IEFE Transactions on Power Deliv-
ery, 19(1):56-63, January 2004. doi:10.1109/TPWRD.2003.820204.

(cited on page 3)

C.G. Bright, M. Hirst, M. Husband, A. Mackay, and J. McCarthy. The
design and benefits of MgB2 Superconducting Fault Current Limiters
for future Naval applications. Technical report, Rolls-Royce, 2011.
(cited on pages viii, 24, 32, 33,134)

144


http://dx.doi.org/10.1109/TPWRD.2012.2231099
http://dx.doi.org/10.1109/PESS.2000.868775
http://dx.doi.org/10.1109/PESS.2000.868775
http://dx.doi.org/10.1109/77.402828
http://dx.doi.org/10.1109/TPWRD.2003.820204

[Blal0]

[Blal2a]

[Bla12b]

[Blal2c]

[Bra04]

[BRB*10]

[Bril0]

[BSBB0Y)

[BSWDOS]

S.M. Blair. Implications of fault current limitation for arcing faults
and auto-reclosure. Technical report, University of Strathclyde, 2010.

(cited on page 24)

S.M. Blair. Resistive superconducting fault current limiter (SFCL)
model for Simulink and SimPowerSystems, 2012. URL: https://

github.com/stevenblair/simulink_sfcl. (cited on page 84)

S.M. Blair. SFCL current-time characteristics design, 2012. URL:
http://personal.strath.ac.uk/steven.m.blair/sfcldesign/.

(cited on page 95)

S.M. Blair. SFCLdesign - GitHub, 2012. URL: https://github. com/

stevenblair/SFCLdesign. (cited on page 95)

K.-P. Brand. The standard IEC 61850 as prerequisite for intelligent
applications in substations. In IEEE Power and Energy Soc. General
Meeting, volume 2, pages 714-718. IEEE, 2004. doi:10.1109/PES.
2004.1372909. (cited on page 16)

S.M. Blair, A.J. Roscoe, C.D. Booth, G.M. Burt, A. Teo, and C.G.
Bright. Implications of fault current limitation for electrical distribu-
tion networks. In 10th IET International Conference on Developments
in Power System Protection. IET, 2010. doi:10.1049/cp.2010.0355.
(cited on pages 1,3,18,61,78)

C.G. Bright. A protection arrangement for an electrical power dis-
tribution network, February 2010. URL: http://www.wipo.int/
patentscope/search/en/W02010015334. (cited on pages 98,116)

S.M. Blair, N.K. Singh, C.D. Booth, and G.M. Burt. Operational
control and protection implications of fault current limitation in dis-
tribution networks. In Universities Power Engineering Conference

(UPEC), pages 1-5, 2009. (cited on pages 31,45, 66,110)

K.L. Butler, N.D.R. Sarma, C. Whitcomb, and H. Do Carmo. Ship-
board systems deploy automated protection. IEEE Comput. Appl.

145


https://github.com/stevenblair/simulink_sfcl
https://github.com/stevenblair/simulink_sfcl
http://personal.strath.ac.uk/steven.m.blair/sfcldesign/
https://github.com/stevenblair/SFCLdesign
https://github.com/stevenblair/SFCLdesign
http://dx.doi.org/10.1109/PES.2004.1372909
http://dx.doi.org/10.1109/PES.2004.1372909
http://dx.doi.org/10.1049/cp.2010.0355
http://www.wipo.int/patentscope/search/en/WO2010015334
http://www.wipo.int/patentscope/search/en/WO2010015334

[(CBB*13]

[CD12]

[Cer99]

[Cha03]

[Cho96]

[CK13]

[CKY*09]

Power, 11(2):31-36, April 1998. doi:10.1109/67.659624. (cited on
pages 60, 100)

F. Coffele, S.M. Blair, C.D. Booth, J. Kirkwood, and B. Fordyce.
Demonstration of Adaptive Overcurrent Protection Using IEC 61850
Communications. In CIRED, 2013. (cited on page 17)

D. Colangelo and B. Dutoit. Inhomogeneity effects in HTS coated
conductors used as resistive FCLs in medium voltage grids. Super-
conductor Science and Technology, 25(9):095005, September 2012.
doi:10.1088/0953-2048/25/9/095005. (cited on page 130)

J. Cerulli. Requirements for a superconducting fault current limiter in
the utility bus-tie location. In IEEE Power Engineering Society. 1999
Winter Meeting (Cat. No.99CH36233), pages 950-955 vol.2. IEEE,
1999. doi:10.1109/PESW.1999.747298. (cited on page 28)

P. Chaddah. Critical current densities in superconducting materials.
Academy Proceedings in Engineering Sciences, 28(Parts 1 & 2):273—
282, 2003. URL: http://www.ias.ac.in/sadhana/Pdf2003Apr/
Pe1071.pdf. (cited on page 34)

P. Chowdhuri. Electromagnetic Transients in Power Systems (High
Voltage Power & Transmission). Research Studies Press, 1996. (cited

on page 136)

Y.S. Choi and M.S. Kim. Performance test of current lead cooled
by a cryocooler in low temperature superconducting magnet system.
Physica C: Superconductivity, null(null), May 2013. doi:10.1016/j.
physc.2013.04.085. (cited on page 32)

Y. Choi, D. Kim, H. Yang, B. Lee, and W. Jung. Cry-
ocooled Cooling System for Superconducting Magnet. In Proceed-
ings of the 15th International Cryocooler Conference, Daejeon, 2009.
URL: http://conferences.library.wisc.edu/index.php/icc15/
article/view/259. (cited on page 132)

146


http://dx.doi.org/10.1109/67.659624
http://dx.doi.org/10.1088/0953-2048/25/9/095005
http://dx.doi.org/10.1109/PESW.1999.747298
http://www.ias.ac.in/sadhana/Pdf2003Apr/Pe1071.pdf
http://www.ias.ac.in/sadhana/Pdf2003Apr/Pe1071.pdf
http://dx.doi.org/10.1016/j.physc.2013.04.085
http://dx.doi.org/10.1016/j.physc.2013.04.085
http://conferences.library.wisc.edu/index.php/icc15/article/view/259
http://conferences.library.wisc.edu/index.php/icc15/article/view/259

[CM13]

[CMP+07]

[Cof12]

[Col72]

[Cro08]

[CSI09]

[CSL*11]

[CSRAGBT12]

P.A. Commins and J.W. Moscrop. Analytical Nonlinear Reluctance
Model of a Single-Phase Saturated Core Fault Current Limiter. IEEE
Transactions on Power Delivery, 28(1):450-457, January 2013. doi:
10.1109/TPWRD.2012.2214404. (cited on page 129)

S. Castellan, R. Menis, M. Pigani, G. Sulligoi, and A. Tessarolo. Mod-
eling and Simulation of Electric Propulsion Systems for All-Electric
Cruise Liners. In 2007 IEEE Electric Ship Technologies Symposium,
pages 60-64. TEEE, May 2007. doi:10.1109/ESTS.2007.372064.

(cited on page 22)

F. Coffele. Adaptive Protection Solutions for Future Active Power
Distribution Networks. PhD thesis, University of Strathclyde, 2012.
(cited on pages 11, 19,20, 39)

R. Colclaser. The Transient Recovery Voltage Application of Power
Circuit Breakers. IEEE Transactions on Power Apparatus and Sys-
tems, PAS-91(5):1941-1947, September 1972. doi:10.1109/TPAS.
1972.293522. (cited on page 135)

Crown. Climate Change Act 2008, 2008. URL: http://www.

legislation.gov.uk/ukpga/2008/27. (cited on page 3)

CSIRO. Intelligent Grid - A value proposition for distributed energy
in Australia. Technical report, CSIRO, 2009. (cited on page 2)

W. Choe, J. Sim, G.-H. Lee, S.-H. Bang, K.-B. Park, Y.-H. Kim,
and O.-B. Hyun. The Test and Installation of Medium Class (22.9
kV) Hybrid Type Fault Current Limiter in KEPCO Grid. In 21st
International Conference on Electricity Distribution (CIRED), 2011.

(cited on page 43)

A. Colet-Subirachs, A. Ruiz-Alvarez, O. Gomis-Bellmunt, F. Alvarez-
Cuevas-Figuerola, and A. Sudria-Andreu. Centralized and Distributed
Active and Reactive Power Control of a Utility Connected Microgrid
Using IEC61850. IEEE Systems Journal, 6(1):58-67, March 2012.
doi:10.1109/JSYST.2011.2162924. (cited on page 16)

147


http://dx.doi.org/10.1109/TPWRD.2012.2214404
http://dx.doi.org/10.1109/TPWRD.2012.2214404
http://dx.doi.org/10.1109/ESTS.2007.372064
http://dx.doi.org/10.1109/TPAS.1972.293522
http://dx.doi.org/10.1109/TPAS.1972.293522
http://www.legislation.gov.uk/ukpga/2008/27
http://www.legislation.gov.uk/ukpga/2008/27
http://dx.doi.org/10.1109/JSYST.2011.2162924

[CTWC02]

[CYMO5)

[CYS+02]

[Daf09]

[DBG*07]

[DCPO7]

[DDGT07]

T.A. Coombs, K. Tadinada, R. Weller, and A.M. Campbell. Predict-
ing the effects of inhomogeneities in resistive superconducting fault
current limiters. Physica C: Superconductivity, 372-376:1602—1605,
August 2002. doi:10.1016/50921-4534(02)01082-1. (cited on
page 130)

E. Calixte, Y. Yokomizu, and T. Matsumura. Theoretical evaluation
of limiting resistance required for successful interruption in circuit
breaker with fault current limiter. In Proceedings of the 37th An-
nual North American Power Symposium, 2005., pages 317-322. IEEE,
2005. doi:10.1109/NAPS.2005.1560545. (cited on page 136)

E. Calixte, Y. Yokomizu, H. Shimizu, T. Matsumura, and H. Fujita.
Interrupting condition imposed on a circuit breaker connected with
fault current limiter. Transmission and Distribution Conference and
Ezhibition 2002: Asia Pacific. IEEE/PES, pages 408-412, 2002. doi:
10.1109/TDC.2002.1178392. (cited on page 136)

K. Daffey. Blueprint for Electric Propulsion and DC Distribution,
2009. (cited on pages 12,22,24)

A. Dysko, G.M. Burt, S.J. Galloway, C.D. Booth, and J.R. McDon-
ald. UK distribution system protection issues. IET Generation,
Transmission & Distribution, 1(4):679, 2007. doi:10.1049/iet-gtd:
20070054. (cited on pages 1,19)

P.A. Desrosiers, E. Calixte, and L.M. Pierre. Expression of Rate of
Rise of Recovery Voltage across a Circuit Breaker with Fault Current
Limiter in Bus-Tie Location. Power Symposium, 2007. NAPS ’07.
39th North American, pages 63—68, 2007. doi:10.1109/NAPS.2007.
4402287. (cited on page 136)

J. Duron, B. Dutoit, F. Grilli, M. Decroux, L. Antognazza, and O. Fis-
cher. Computer Modeling of YBCO Fault Current Limiter Strips
Lines in Over-Critical Regime With Temperature Dependent Param-

eters. IEEE Transactions on Appiled Superconductivity, 17(2):1839—

148


http://dx.doi.org/10.1016/S0921-4534(02)01082-1
http://dx.doi.org/10.1109/NAPS.2005.1560545
http://dx.doi.org/10.1109/TDC.2002.1178392
http://dx.doi.org/10.1109/TDC.2002.1178392
http://dx.doi.org/10.1049/iet-gtd:20070054
http://dx.doi.org/10.1049/iet-gtd:20070054
http://dx.doi.org/10.1109/NAPS.2007.4402287
http://dx.doi.org/10.1109/NAPS.2007.4402287

[DGAT06]

[DGA*07]

[DHO1]

[DJK*12]

[DKH*10]

[DMTHO0]

1842, June 2007. doi:10.1109/TASC.2007.898365. (cited on
pages 129, 129)

J. Duron, F. Grilli, L. Antognazza, M. Decroux, S. Stavrev, B. Dutoit,
and (). Fischer. Finite-element modelling of superconductors in over-
critical regime with temperature dependent resistivity. Journal of
Physics: Conference Series, 43(1):1076-1080, June 2006. doi:10.
1088/1742-6596/43/1/263. (cited on pages 129,133)

J. Duron, F. Grilli, L. Antognazza, M. Decroux, B. Dutoit, and
(. Fischer. Finite-element modelling of YBCO fault current limiter
with temperature dependent parameters. Superconductor Science and
Technology, 20(4):338-344, April 2007. doi:10.1088/0953-2048/20/
4/007. (cited on pages 129,129, 131)

D. Dew-Hughes. The critical current of superconductors: an historical
review. Low Temperature Physics, 27(9):713, September 2001. doi:
10.1063/1.1401180. (cited on page 34)

M.-C. Dinh, C.-H. Ju, S.K. Kim, J.-G. Kim, M. Park, and I.-K. Yu.
Performance Analysis of a Model-Sized Superconducting DC Trans-
mission System Based VSC-HVDC Transmission Technologies using
RTDS. Physica C: Superconductivity, 2012. doi:10.1016/j.physc.
2012.03.015. (cited on page 129)

R. Dommerque, S. Kramer, A. Hobl, R. Bohm, M. Bludau,
J. Bock, D. Klaus, H. Piereder, A. Wilson, T. Kriiger, G. Pfeif-
fer, K. Pfeiffer, and S. Elschner. First commercial medium volt-
age superconducting fault-current limiters: production, test and in-
stallation.  Superconductor Science and Technology, 23(3):034020,
March 2010. doi:10.1088/0953-2048/23/3/034020. (cited on
pages 32,36,37,42,62,65,78,79,84)

K. Duangkamol, Y. Mitani, K. Tsuji, and M. Hojo. Fault current
limiting and power system stabilization by static synchronous series

compensator. In PowerCon 2000. 2000 International Conference on

149


http://dx.doi.org/10.1109/TASC.2007.898365
http://dx.doi.org/10.1088/1742-6596/43/1/263
http://dx.doi.org/10.1088/1742-6596/43/1/263
http://dx.doi.org/10.1088/0953-2048/20/4/007
http://dx.doi.org/10.1088/0953-2048/20/4/007
http://dx.doi.org/10.1063/1.1401180
http://dx.doi.org/10.1063/1.1401180
http://dx.doi.org/10.1016/j.physc.2012.03.015
http://dx.doi.org/10.1016/j.physc.2012.03.015
http://dx.doi.org/10.1088/0953-2048/23/3/034020

[DOP+09)

[dSPS*12]

[Dudo4]

[Duf03]

[DYF108]

[EA 03]

[EA 06]

Power System Technology. Proceedings (Cat. No.00OEX/409), volume 3,
pages 1581-1586. IEEE, 2000. doi:10.1109/ICPST.2000.898207.

(cited on page 30)

B. Diaz, T.H. Ortmeyer, B. Pilvelait, M. Izenson, and N. Spivey.
System study of fault current limiter for shipboard power sys-
tem. In 2009 IEEE Electric Ship Technologies Symposium,
pages 376-379. IEEE, April 2009. URL: http://ieeexplore.
ieee.org/lpdocs/epic03/wrapper.htm?arnumber=4906539, doi:
10.1109/ESTS.2009.4906539. (cited on page 57)

W.T.B. de Sousa, A. Polasek, F.A. Silva, R. Dias, A.R. Jurelo, and
R. de Andrade. Simulations and Tests of MCP-BSCCO-2212 Su-
perconducting Fault Current Limiters. IFEEE Transactions on Ap-
plied Superconductivity, 22(2):5600106-5600106, April 2012. doi:
10.1109/TASC.2012.2187189. (Cited on page 130)

G. Dudgeon. Modelling of a Super-Conducting Fault Current Lim-
iter (SCFCL) and Marine Electrical Baseline Model in SimPowerSys-
tems. Technical report, University of Strathclyde, 2004. (cited on
pages x, 127,128)

D.G. Duffy. Advanced engineering mathematics with MATLAB. CRC
Press, 2003. (cited on pages 15,69)

IN. Dul’kin, D.V. Yevsin, L.M. Fisher, V.P. Ivanov, A.V. Kalinov,
and V.A. Sidorov. Modeling Thermal Process in a Resistive Element
of a Fault Current Limiter. IEEE Transactions on Appiled Supercon-
ductivity, 18(1):7-13, March 2008. doi:10.1109/TASC.2008.917544.
(cited on pages 64,65, 77,82,84,125,127,130,131,133)

EA Technology. Solutions for the Connection and Operation of Dis-
tributed Generation. Technical report, DTI, 2003. URL: http://www.

ensg.gov.uk/assets/solutions.pdf. (cited on pages 27,28,29)

EA Technology. A Technical Review and Assessment of Ac-

tive Network Management Infrastructures and Practices. Techni-

150


http://dx.doi.org/10.1109/ICPST.2000.898207
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=4906539
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=4906539
http://dx.doi.org/10.1109/ESTS.2009.4906539
http://dx.doi.org/10.1109/ESTS.2009.4906539
http://dx.doi.org/10.1109/TASC.2012.2187189
http://dx.doi.org/10.1109/TASC.2012.2187189
http://dx.doi.org/10.1109/TASC.2008.917544
http://www.ensg.gov.uk/assets/solutions.pdf
http://www.ensg.gov.uk/assets/solutions.pdf

[Eck04]

[Eck08]

[Eck09)]

[Eld11]

[Elel0]

[Ele12]

[Elm09)

[ENA10]

[Enell]

cal report, DTI, 2006. URL: http://www.ensg.gov.uk/assets/
dgcg000680000.pdf. (cited on page 28)

S. Eckroad. Fault Current Limiters - Utility Needs and Perspectives.
Technical report, EPRI, 2004. (cited on page 57)

S. Eckroad. Survey of Fault Current Limiter (FCL) Technolo-
gies - Update. Technical report, EPRI, 2008. (cited on
pages viii, 4, 26, 39,41, 42, 58)

S. Eckroad. Superconducting Fault Current Limiters. Technical re-

port, EPRI, 2009. (cited on pages 32,39)

I.M. Elders. Trade-off tool for evaluation of applicability of energy
storage applicability in supporting slowly varying loads. Technical

report, University of Strathclyde, 2011. (cited on page 22)

Electricity North West Ltd. Code of Practice 204: Network Compo-
nent Impedance Data. Technical report, Electricity North West Ltd,
2010. (cited on page 14)

Electricity North West Ltd. Electricity North West C2C project and
our future challenges, 2012. URL: http://www.enwl.co.uk/c2c/

future-challenges. (cited on page 3)

A. Elmitwally. Proposed hybrid superconducting fault current limiter
for distribution systems. International Journal of Electrical Power &
Energy Systems, 31(10):619-625, November 2009. doi:10.1016/j.
ijepes.2009.06.002. (cited on pages 130, 130)

ENA. Engineering Recommendation G59 Issue 2 - Recommendations
for the Connection of Generating Plant to the Distribution Systems
of Licensed Distribution Network Operators. Technical report, 2010.
(cited on page 16)

Energy and Climate Change Committee. A European Supergrid -
The benefits of increased interconnection. Technical report, House

of Commons, 2011. URL: http://www.publications.parliament.

151


http://www.ensg.gov.uk/assets/dgcg000680000.pdf
http://www.ensg.gov.uk/assets/dgcg000680000.pdf
http://www.enwl.co.uk/c2c/future-challenges
http://www.enwl.co.uk/c2c/future-challenges
http://dx.doi.org/10.1016/j.ijepes.2009.06.002
http://dx.doi.org/10.1016/j.ijepes.2009.06.002
http://www.publications.parliament.uk/pa/cm201012/cmselect/cmenergy/1040/104007.htm
http://www.publications.parliament.uk/pa/cm201012/cmselect/cmenergy/1040/104007.htm

[Enel3]

[ENST07]

[ENS12]

[EPR11]

[ETST10]

[FENT09)

uk/pa/cm201012/cmselect/cmenergy/1040/104007 .htm. (cited on

pages 2, 3)

Energy Technologies Institute. ETI - Energy Storage and Distribu-
tion, 2013. URL: http://www.eti.co.uk/technology_programmes/

energy_storage_and_distribution/. (cited on page 42)

I.M. Elders, P.J. Norman, J.D. Schuddebeurs, C.D. Booth, G.M. Burt,
J.R. McDonald, J. Apsley, M. Barnes, A.C. Smith, S. Williamson,
S. Loddick, and I. Myers. Modelling and Analysis of Electro-
Mechanical Interactions between Prime-Mover and Load in a Marine
IFEP System. In 2007 IEEFE FElectric Ship Technologies Symposium,
pages 77-84. TEEE, May 2007. doi:10.1109/ESTS.2007.372067.

(cited on page 22)

ENSG. ENSG Our Electricity Transmission Network: A Vision For
2020. Technical report, 2012. (cited on page 2)

EPRI. Common Information Model Primer. Technical report, EPRI,
2011. URL: http://my.epri.com/portal/server.pt?space=
CommunityPage&cached=true&parentname=0bjMgr&parentid=
2&control=SetCommunity&CommunityID=404&RaiseDocID=

000000000001024449&RaiseDocType=Abstract_id. (cited on

page 2)

A.S. Emhemed, R.M. Tumilty, N.K. Singh, G.M. Burt, and J.R.
McDonald. Analysis of Transient Stability Enhancement of LV-
Connected Induction Microgenerators by Using Resistive-Type Fault
Current Limiters. IEEE Transactions on Power Systems, 25(2):885—
893, May 2010. doi:10.1109/TPWRS.2009.2034859. (cited on
pages 38,81,125)

S.D.A. Fletcher, .M. Elders, P.J. Norman, S.J. Galloway, G.M. Burt,
C.G. Bright, and J. McCarthy. Consideration of the impact of skin
effect in the transient analysis of dc marine systems. In IMarEST En-
gine as a Weapon III Conference, pages 134-143, Portsmouth, 2009.

(cited on page 103)

152


http://www.publications.parliament.uk/pa/cm201012/cmselect/cmenergy/1040/104007.htm
http://www.publications.parliament.uk/pa/cm201012/cmselect/cmenergy/1040/104007.htm
http://www.eti.co.uk/technology_programmes/energy_storage_and_distribution/
http://www.eti.co.uk/technology_programmes/energy_storage_and_distribution/
http://dx.doi.org/10.1109/ESTS.2007.372067
http://my.epri.com/portal/server.pt?space=CommunityPage&cached=true&parentname=ObjMgr&parentid=2&control=SetCommunity&CommunityID=404&RaiseDocID=000000000001024449&RaiseDocType=Abstract_id
http://my.epri.com/portal/server.pt?space=CommunityPage&cached=true&parentname=ObjMgr&parentid=2&control=SetCommunity&CommunityID=404&RaiseDocID=000000000001024449&RaiseDocType=Abstract_id
http://my.epri.com/portal/server.pt?space=CommunityPage&cached=true&parentname=ObjMgr&parentid=2&control=SetCommunity&CommunityID=404&RaiseDocID=000000000001024449&RaiseDocType=Abstract_id
http://my.epri.com/portal/server.pt?space=CommunityPage&cached=true&parentname=ObjMgr&parentid=2&control=SetCommunity&CommunityID=404&RaiseDocID=000000000001024449&RaiseDocType=Abstract_id
http://dx.doi.org/10.1109/TPWRS.2009.2034859

[Flel3]

[FNG*+12]

[FNGB11]

[FSSO08]

[GBMO7]

[GE 13]

[GFT8]

[GF12]

S.D.A. Fletcher. Protection of Physically Compact Multiterminal DC
Power Systems. PhD thesis, University of Strathclyde, 2013. (cited

on pages 17, 30)

S.D.A. Fletcher, P.J. Norman, S.J. Galloway, P. Crolla, and G.M.
Burt. Optimizing the Roles of Unit and Non-unit Protection Methods
Within DC Microgrids. IEEE Transactions on Smart Grid, 3(4):2079—
2087, December 2012. doi:10.1109/TSG.2012.2198499. (cited on

page 17)

S.D.A. Fletcher, P.J. Norman, S.J. Galloway, and G.M. Burt. Deter-
mination of protection system requirements for DC unmanned aerial
vehicle electrical power networks for enhanced capability and sur-
vivability. IET Electrical Systems in Transportation, 1(4):137, 2011.
doi:10.1049/iet-est.2010.0070. (cited on pages 2,3)

D. Fedasyuk, P. Serdyuk, and Y. Semchyshyn. Resistive supercon-
ducting fault current limiter simulation and design. pages 349-353,

2008. (cited on page 129)

F. Grilli, R. Brambilla, and L. Martini. Modeling High-Temperature
Superconducting Tapes by Means of Edge Finite Elements. IEEE
Transactions on Appiled Superconductivity, 17(2):3155-3158, June
2007. doi:10.1109/TASC.2007.902144. (cited on page 129)

GE Energy. Medium voltage switchgear for the full range of appli-
cations (4.76 kV-38 kV), 2013. URL: http://www.ge.com/mining/
docs/2981884_1346775767_GE_Medium_Voltage_Switchgear.pdf.

(cited on page 24)

K.E. Gray and D.E. Fowler. A superconducting fault-current limiter.
Journal of Applied Physics, 49(4):2546-2550, April 1978. doi:10.
1063/1.325061. (cited on page 31)

T. Ghanbari and E. Farjah. Development of an Efficient Solid-State

Fault Current Limiter for Microgrid. [IEEE Transactions on Power

153


http://dx.doi.org/10.1109/TSG.2012.2198499
http://dx.doi.org/10.1049/iet-est.2010.0070
http://dx.doi.org/10.1109/TASC.2007.902144
http://www.ge.com/mining/docs/2981884_1346775767_GE_Medium_Voltage_Switchgear.pdf
http://www.ge.com/mining/docs/2981884_1346775767_GE_Medium_Voltage_Switchgear.pdf
http://dx.doi.org/10.1063/1.325061
http://dx.doi.org/10.1063/1.325061

[GHS08]

[Gri09)]

[GRS+99]

[Har12]

[HBO6)

[HBS03]

[HHJ+04]

Delivery, 27(4):1829-1834, October 2012. doi:10.1109/TPWRD.2012.
2208230. (cited on page 30)

Y. Gong, Y. Huang, and N.N. Schulz. Integrated Protection Sys-
tem Design for Shipboard Power System. IEEFE Transactions on In-
dustry Applications, 44(6):1930-1936, 2008. doi:10.1109/TIA.2008.
2006320. (cited on page 60)

National Grid. Short Circuit Current Terminology, 2009. URL:
http://www.nationalgrid.com/uk/sys_09/default.asp?action=

mnch7_12.htm&sNode=8&Exp=Y. (cited on page 14)

B. Gromoll, G. Ries, W. Schmidt, H.-P. Kraemer, B. Seebacher,
B. Utz, R. Nies, H.-W. Neumueller, E. Baltzer, S. Fischer, and B. Heis-
mann. Resistive fault current limiters with YBCO films 100 kVA
functional model. IEEE Transactions on Appiled Superconductiv-
ity, 9(2):656-659, June 1999. doi:10.1109/77.783381. (cited on
pages 32, 40)

K.H. Hartung. Is-limiter - the solution for high short-circuit
current applications, 2012. URL: http://www.abb.com/product/
db0003db004279/c125739900636470c125698c00553a43 . aspx?

tabKey=6. (cited on page 29)

M. Husband and C.D. Booth. Superconducting fault current limiters
for marine applications. In World Maritime Technology Conference,

London, 2006. (cited on pages 22,24, 31, 37)

S. Henry, T. Baldwin, and M. Steurer. The effects of a fast switching
fault current limiter on distance protection. In Proceedings of the 35th
Southeastern Symposium on System Theory, volume onpages, pages
264-268. IEEE, 2003. doi:10.1109/SSST.2003.1194570. (cited on

page 60)

W.V. Hassenzahl, D.W. Hazelton, B.K. Johnson, P. Komarek,

M. Noe, and C.T. Reis. Electric power applications of superconduc-

154


http://dx.doi.org/10.1109/TPWRD.2012.2208230
http://dx.doi.org/10.1109/TPWRD.2012.2208230
http://dx.doi.org/10.1109/TIA.2008.2006320
http://dx.doi.org/10.1109/TIA.2008.2006320
http://www.nationalgrid.com/uk/sys_09/default.asp?action=mnch7_12.htm&sNode=8&Exp=Y
http://www.nationalgrid.com/uk/sys_09/default.asp?action=mnch7_12.htm&sNode=8&Exp=Y
http://dx.doi.org/10.1109/77.783381
http://www.abb.com/product/db0003db004279/c125739900636470c125698c00553a43.aspx?tabKey=6
http://www.abb.com/product/db0003db004279/c125739900636470c125698c00553a43.aspx?tabKey=6
http://www.abb.com/product/db0003db004279/c125739900636470c125698c00553a43.aspx?tabKey=6
http://dx.doi.org/10.1109/SSST.2003.1194570

[HKLS83]

[HMO5)

[HS08]

[HS10]

[IECO1]

[IEE93]

[IEE95)

[IEEO01]

tivity. Proceedings of the IEEE, 92(10):1655-1674, 2004. (cited on

page 57)

W.G. Heinmiller, R.W. Katterhenry, S.R. Lambert, and T.W.
Stringer. Transient Recovery Voltage Failures of Two 15 kV Indoor
Oilless Circuit Breakers. I[EEE Power Engineering Review, PER-
3(8):38-38, August 1983. doi:10.1109/MPER.1983.5518870. (cited

on page 135)

C.G. Hodge and D.J. Mattick. The electric warship. Trans IMarkFE,
108(2):109-125, 1995. (cited on pages 20, 22)

H. Hooshyar and M. Savaghebi. RSFCL optimum shunt resistance
determination to enhance power system transient stability. In 43rd
International Universities Power Engineering Conference, pages 1-5.
IEEE, September 2008. doi:10.1109/UPEC.2008.4651609. (cited

on page 132)

H. Heydari and R. Sharifi. Three-Dimensional Pareto-Optimal De-
sign of Inductive Superconducting Fault Current Limiters. I[IEEFE
Transactions on Appiled Superconductivity, 20(5):2301-2311, 2010.
doi:10.1109/TASC.2010.2053366. (cited on page 110)

TEC. TEC 60909-0 Short-circuit currents in three-phase systems: Part

0: Calculation of currents, 2001. (cited on pages 14, 65)

IEEE. 519-1992 - IEEE Recommended Practices and Requirements
for Harmonic Control in Electrical Power Systems. Technical report,

1993. doi:10.1109/IEEESTD.1993.114370. (cited on page 19)

IEE. Power System Protection 3: Application. IEE, 2nd edition, 1995.
doi:10.1049/PBPO905F. (cited on page 98)

IEEE. IEEE 242-2001 Recommended Practice for Protection and
Coordination of Industrial and Commercial Power Systems, 2001.

doi:10.1109/IEEESTD.2001.93369. (cited on pages 10,11,13,103)

155


http://dx.doi.org/10.1109/MPER.1983.5518870
http://dx.doi.org/10.1109/UPEC.2008.4651609
http://dx.doi.org/10.1109/TASC.2010.2053366
http://dx.doi.org/10.1109/IEEESTD.1993.114370
http://dx.doi.org/10.1049/PBPO905F
http://dx.doi.org/10.1109/IEEESTD.2001.93369

[IEE02]

[IMall]

[Int12]

[Int13]

[INH*11]

[JVHL*11]

[Kar92]

[KJKK*05]

IEEE. 1584-2002 IEEE Guide for Performing Arc-Flash Hazard
Calculations, 2002. doi:10.1109/IEEESTD.2002.94138. (cited on
pages 12,24)

IMarEST. Understanding and preventing the arc flash hazard in ships,
2011. URL: http://www.ship.gr/news6/imarest3.htm. (cited on

page 24)

International Energy Agency. Key World Energy Statistics 2012.
Technical report, 2012. URL: http://www.iea.org/publications/

freepublications/publication/kwes.pdf. (cited on page 1)

International Energy Agency. Utilities Demonstrate Fault Current
Limiters, 2013. URL: http://www.superconductivityiea.
org/whats-new-in-fault-current-limiters/

utilities-demonstrate. (cited on page 43)

M. Jafari, S.B. Naderi, M. Tarafdar Hagh, M. Abapour, and S.H.
Hosseini. Voltage Sag Compensation of Point of Common Coupling
(PCC) Using Fault Current Limiter. IEEE Transactions on Power
Delivery, 26(4):2638-2646, October 2011. doi:10.1109/TPWRD.2011.
2161496. (cited on page 38)

D. Jovcic, D. van Hertem, K. Linden, J.-P. Taisne, and W. Grieshaber.
Feasibility of DC transmission networks. In 2nd IEEE PES Interna-
tional Conference and Ezxhibition on Innovative Smart Grid Technolo-
gies, pages 1-8. IEEE, December 2011. doi:10.1109/ISGTEurope.
2011.6162829. (cited on page 122)

G.G. Karady. Principles of fault current limitation by a resonant
LC circuit. IEE Proceedings - Generation, Transmission and Distri-
bution, 139(1):1-6, 1992. URL: http://ieeexplore.ieee.org/xpl/

articleDetails.jsp?arnumber=119067. (cited on pages viii, 30)

S. Kozak, T. Janowski, B. Kondratowicz-Kucewicz, J. Kozak, and

G. Wojtasiewicz. Experimental and Numerical Analysis of Energy

156


http://dx.doi.org/10.1109/IEEESTD.2002.94138
http://www.ship.gr/news6/imarest3.htm
http://www.iea.org/publications/freepublications/publication/kwes.pdf
http://www.iea.org/publications/freepublications/publication/kwes.pdf
http://www.superconductivityiea.org/whats-new-in-fault-current-limiters/utilities-demonstrate
http://www.superconductivityiea.org/whats-new-in-fault-current-limiters/utilities-demonstrate
http://www.superconductivityiea.org/whats-new-in-fault-current-limiters/utilities-demonstrate
http://dx.doi.org/10.1109/TPWRD.2011.2161496
http://dx.doi.org/10.1109/TPWRD.2011.2161496
http://dx.doi.org/10.1109/ISGTEurope.2011.6162829
http://dx.doi.org/10.1109/ISGTEurope.2011.6162829
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=119067
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=119067

[KK09]

[KK11]

[KKH*05]

[KLRO6]

[KM04]

[KPA*08]

Losses in Resistive SFCL. IEEE Transactions on Appiled Super-
conductivity, 15(2):2098-2101, June 2005. doi:10.1109/TASC.2005.
849461. (cited on pages 85,127,129,131)

A. Kalam and D.P. Kothari. Power System Protection and Commu-

nication. New Age Science Ltd, 2009. (cited on page 27)

S.-Y. Kim and J.-O. Kim. Reliability Evaluation of Distribution Net-
work With DG Considering the Reliability of Protective Devices Af-
fected by SFCL. IEEE Transactions on Appiled Superconductivity,
21(5):3561-3569, October 2011. doi:10.1109/TASC.2011.2163187.

(cited on page 38)

C. Kurupakorn, H. Kojima, N. Hayakawa, M. Goto, N. Kashima,
S. Nagaya, M. Noe, K.-P. Juengst, and H. Okubo. Recovery Charac-
teristics After Current Limitation of High Temperature Superconduct-
ing Fault Current Limiting Transformer (HTc-SFCLT). IEEE Trans-
actions on Appiled Superconductivity, 15(2):1859-1862, June 2005.
doi:10.1109/TASC.2005.849314. (cited on page 127)

C.H. Kim, K.M. Lee, and K.W. Ryu. A Numerical Study on
Temperature Increase in the Resistive SFCL Element Due to the
Quench Condition. IEEE Transactions on Applied Superconductivity,
16(2):636-641, June 2006. doi:10.1109/TASC.2006.870520. (cited

on page 132)

S.S. Kalsi and A. Malozemoff. HTS fault current limiter concept. In
IEEE Power Engineering Society General Meeting, pages 1426-1430,
2004. doi:10.1109/PES.2004.1373103. (cited on pages 61,79)

J. Kim, M. Park, M. Ali, A. Kim, S. Lee, J. Yoon, J. Cho, K. Sim,
S. Kim, and I. Yu. A SFCL modeling and application with real HTS
material connecting to real time simulator. Physica C: Superconductiv-
ity, 468(15-20):2067-2071, September 2008. doi:10.1016/j.physc.
2008.05.128. (cited on page 128)

157


http://dx.doi.org/10.1109/TASC.2005.849461
http://dx.doi.org/10.1109/TASC.2005.849461
http://dx.doi.org/10.1109/TASC.2011.2163187
http://dx.doi.org/10.1109/TASC.2005.849314
http://dx.doi.org/10.1109/TASC.2006.870520
http://dx.doi.org/10.1109/PES.2004.1373103
http://dx.doi.org/10.1016/j.physc.2008.05.128
http://dx.doi.org/10.1016/j.physc.2008.05.128

[KPK*+07]

[KRO2]

[KT99]

[KTOS]

[KVIM+08]

[KYT*05]

[Laal0]

J. Kim, M. Park, A. Kim, J. Cho, K. Sim, and I. Yu. A novel real-time
simulation method of the utility power network including the HTS
power cable. Physica C: Superconductivity, 463-465:1163-1167, Octo-
ber 2007. doi:10.1016/j.physc.2007.02.023. (cited on page 128)

J. King and I. Ritchey. Marine propulsion: The transport technology
of the 21st century? Ingenia, May 2002. URL: http://www.ingenia.

org.uk/ingenia/articles.aspx?Index=164. (cited on page 21)

H. Kameda and H. Taniguchi. Setting method of specific parameters
of a superconducting fault current limiter considering the operation of
power system protection-resistance-type and rectifier-type SFCLs in
overhead transmission systems. IFEE Transactions on Appiled Super-
conductivity, 9(2):1355-1360, June 1999. doi:10.1109/77.783554.
(cited on pages 81,127)

H. Kameda and S. Torii. Setting method of parameters for SN tran-
sition fault current limiter into 6.6kV distribution system. Jour-
nal of Physics: Conference Series, 97(1):012322, February 2008.
doi:10.1088/1742-6596/97/1/012322. (cited on page 127)

I. Kheirizad, M.H. Varahram, M.R. Jahed-Motlagh, M. Rahnema, and
A. Mohammadi. Simulating the effect of SFCL on limiting the internal
fault of synchronous machine. Journal of Physics: Conference Series,
97:012325, February 2008. doi:10.1088/1742-6596/97/1/012325.

(cited on page 125)

L. Kovalsky, X. Yuan, K. Tekletsadik, A. Keri, J. Bock, and F. Breuer.
Applications of Superconducting Fault Current Limiters in Electric
Power Transmission Systems. IEEE Transactions on Appiled Super-
conductivity, 15(2):2130-2133, June 2005. doi:10.1109/TASC.2005.
849471. (cited on pages 27,41)

H.J. Laaksonen. Protection Principles for Future Microgrids. IEFE
Transactions on Power Electronics, 25(12):2910-2918, December
2010. doi:10.1109/TPEL.2010.2066990. (cited on page 16)

158


http://dx.doi.org/10.1016/j.physc.2007.02.023
http://www.ingenia.org.uk/ingenia/articles.aspx?Index=164
http://www.ingenia.org.uk/ingenia/articles.aspx?Index=164
http://dx.doi.org/10.1109/77.783554
http://dx.doi.org/10.1088/1742-6596/97/1/012322
http://dx.doi.org/10.1088/1742-6596/97/1/012325
http://dx.doi.org/10.1109/TASC.2005.849471
http://dx.doi.org/10.1109/TASC.2005.849471
http://dx.doi.org/10.1109/TPEL.2010.2066990

[LCHO6]

[Lee82]

[Lee87]

[LHD*11]

[LHWO09]

[LKY06]

[LLO5)]

S.-H. Lim, H.-S. Choi, and B.-S. Han. Current Limiting Charac-
teristics of Integrated Three-Phase Flux-Lock Type SFCL. IEEE
Transactions on Appiled Superconductivity, 16(2):715-718, June 2006.
doi:10.1109/TASC.2006.871269. (cited on page 125)

R.H. Lee. The Other Electrical Hazard: Electric Arc Blast Burns.
IEEE Transactions on Industry Applications, TA-18(3):246-251, May
1982. doi:10.1109/TIA.1982.4504068. (cited on page 12)

R.H. Lee. Pressures Developed by Arcs. IEEE Transactions on In-
dustry Applications, IA-23(4):760-763, July 1987. doi:10.1109/TIA.
1987.4504977. (cited on page 12)

J.-C.H. Llambes, D. Hazelton, J. Duval, M. Albertini, S. Repnoy,
V. Selvamanickam, G. Majkic, I. Kesign, J. Langston, M. Steurer,
F. Bogdan, J. Hauer, D. Crook, S. Ranner, T. Williams, and M. Cole-
man. Performance of 2G HTS Tapes in Sub-Cooled LN2 for Su-
perconducting Fault Current Limiting Applications. IEEE Trans-
actions on Applied Superconductivity, 21(3):1206-1208, June 2011.
doi:10.1109/TASC.2010.2101572. (cited on page 42)

J.-C.H. Llambes, D.W. Hazelton, and C.S. Weber. Recovery Un-
der Load Performance of 2nd Generation HT'S Superconducting Fault
Current Limiter for Electric Power Transmission Lines. IEEE Trans-
actions on Applied Superconductivity, 19(3):1968-1971, June 2009.
doi:10.1109/TASC.2009.2018519. (cited on page 57)

S.R. Lee, J.Y. Kim, and J.Y. Yoon. A Study on SFCL Systems for
Korean Power System Application. 2005/2006 Pes Td, pages 1144—
1148, 2006. doi:10.1109/TDC.2006.1668664. (Cited on page 125)

B. Lu and C. Luongo. Electrical Coupling Parameter Reconstruc-
tion From System Model in Multistrand Superconducting Cables.
IEEE Transactions on Appiled Superconductivity, 15(2):1715-1718,
June 2005. doi:10.1109/TASC.2005.849264. (cited on page 37)

159


http://dx.doi.org/10.1109/TASC.2006.871269
http://dx.doi.org/10.1109/TIA.1982.4504068
http://dx.doi.org/10.1109/TIA.1987.4504977
http://dx.doi.org/10.1109/TIA.1987.4504977
http://dx.doi.org/10.1109/TASC.2010.2101572
http://dx.doi.org/10.1109/TASC.2009.2018519
http://dx.doi.org/10.1109/TDC.2006.1668664
http://dx.doi.org/10.1109/TASC.2005.849264

[LLG*11]

[LLZS09]

[LM97]

[LMCCO7]

[Loul0]

[LSPOO0S]

[LSW+05]

S.L. Liu, G. Longyan, B. Gang, W. Haiyun, and L. Yongtao. The
temperature dependence of the resistivity in Ba 1 - x K x Fe
2 As 2 superconductors. Superconductor Science and Technology,
24(7):075005, July 2011. doi:10.1088/0953-2048/24/7/075005.

(cited on page 85)

H. Liu, Q. Li, L. Zou, and W.H. Siew. Impact of the Inductive FCL
on the Interrupting Characteristics of High-Voltage CBs During Out-
of-Phase Faults. IEEE Transactions on Power Delivery, 24(4):2177—
2185, October 2009. doi:10.1109/TPWRD.2009.2028793. (cited on
page 136)

M. Lindmayer and H. Mosebach. Quenching of high-T/sub c¢/-
superconductors and current limitation numerical simulations and
experiments.  IEEE Transactions on Appiled Superconductivity,
7(2):1029-1032, June 1997. doi:10.1109/77.614692. (cited on

page 129)

Lin Y., M. Majoros, T. Coombs, and A.M. Campbell. System Stud-
ies of the Superconducting Fault Current Limiter in Electrical Dis-
tribution Grids. IFEFE Transactions on Appiled Superconductivity,
17(2):2339-2342, 2007. doi:10.1109/TASC.2007.900988. (cited on
page 136)

D.G. Loucks. Calculating Incident Energy Released With Vary-
ing Ground Fault Magnitudes on Solidly Grounded Systems. IEEE
Transactions on Industry Applications, 46(2):761-769, 2010. doi:
10.1109/TIA.2009.2039843. (cited on pages 11,12, 115)

B.W. Lee, J. Sim, K.B. Park, and I.S. Oh. Practical Applica-
tion Issues of Superconducting Fault Current Limiters for Electric
Power Systems. I[EEE Transactions on Appiled Superconductivity,
18(2):620-623, June 2008. doi:10.1109/TASC.2008.920784. (cited
on pages 58,59,61)

J. Langston, M. Steurer, S. Woodruff, T. Baldwin, and J. Tang.

A generic real-time computer Simulation model for Superconduct-

160


http://dx.doi.org/10.1088/0953-2048/24/7/075005
http://dx.doi.org/10.1109/TPWRD.2009.2028793
http://dx.doi.org/10.1109/77.614692
http://dx.doi.org/10.1109/TASC.2007.900988
http://dx.doi.org/10.1109/TIA.2009.2039843
http://dx.doi.org/10.1109/TIA.2009.2039843
http://dx.doi.org/10.1109/TASC.2008.920784

[LTHP12]

[Mac06]

[MACO08a]

[Mac08b]

[MalO8]

[Man13]

[Mar11]

[Mas04]

ing fault current limiters and its application in system protec-
tion studies. IEEE Transactions on Appiled Superconductivity,
15(2):2090-2093, 2005. doi:10.1109/TASC.2005.849459. (cited on
pages 59, 60,87,101, 125,131, 132)

J. Lassila, V. Tikka, J. Haakana, and J. Partanen. Electric cars as part
of electricity distribution - who pays, who benefits? IET FElectrical
Systems in Transportation, 2(4):186, 2012. doi:10.1049/iet-est.
2011.0015. (cited on page 1)

R.E. Mackiewicz. Overview of IEC 61850 and Benefits. In IEFE
PES Transmission and Distribution Conference and Fzxhibition, pages
376-383. IEEE, 2006. doi:10.1109/TDC.2006.1668522. (cited on

page 16)

R. MacDonald, G. Ault, and R. Currie. Deployment of Active Network
Management technologies in the UK and their impact on the planning
and design of distribution networks. In SmartGrids for Distribution -

CIRED Seminar, volume pages, pages 1-4, 2008. (cited on page 20)

D. MacKay. Sustainable Energy - without the hot air. 2008. (cited

on pages 1,2, 3)

G.S. Malhi. Studies of fault current limiters for power systems pro-
tection. Msc thesis, Massey University, 2008. URL: http://hdl.
handle.net/10179/617. (cited on pages 130, 133)

Manitoba HVDC. PSCAD, 2013. URL: https://hvdc.ca/pscad/.
(cited on page 66)

Marine Accident Investigation Branch. Investigation of the catas-
trophic failure of a capacitor in the aft harmonic filter room on board
RMS Queen Mary 2. Technical report, 2011. URL: http://www.maib.
gov.uk/publications/investigation_reports/2011/qm2.cfm.
(cited on pages 1, 3,22,28,100)

G.M. Masters. Renewable and Efcient Electric Power Systems. Wiley-

Interscience, 2004. (cited on page 19)

161


http://dx.doi.org/10.1109/TASC.2005.849459
http://dx.doi.org/10.1049/iet-est.2011.0015
http://dx.doi.org/10.1049/iet-est.2011.0015
http://dx.doi.org/10.1109/TDC.2006.1668522
http://hdl.handle.net/10179/617
http://hdl.handle.net/10179/617
https://hvdc.ca/pscad/
http://www.maib.gov.uk/publications/investigation_reports/2011/qm2.cfm
http://www.maib.gov.uk/publications/investigation_reports/2011/qm2.cfm

[Mat11]

[MBC*03]

[MBLRO5]

[McG12]

[McN12]

[MDD*11]

[MDNT03]

MathWorks. SimPowerSystems, 2011. URL: http://www.

mathworks.com/products/simpower/. (cited on pages 84,101)

L.F. Martini, L. Bigoni, G. Cappai, R. lorio, and S. Malgarotti.
Analysis on the impact of HTS cables and fault-current limiters on
power systems. I[EEE Transactions on Appiled Superconductivity,
13(2):1818-1821, 2003. doi:10.1109/TASC.2003.812899. (cited on

page 61)

L. Martini, M. Bocchi, M. Levati, and V. Rossi. Simulations and
Electrical Testing of Superconducting Fault Current Limiter Proto-
types. IEEE Transactions on Appiled Superconductivity, 15(2):2067—
2070, June 2005. doi:10.1109/TASC.2005.849453. (Cﬁed on
pages 36,134)

R. McGhin. Renewable Energy: Challenges and Opportunities. In
NMI: Electronic Systems in Energy, 2012. (cited on page 3)

C. McNicol. Capacity to Customers - Project Progress Report,
2012. URL: http://www.enwl.co.uk/docs/c2c-key-documents/
121213---enwl-c2c---project-progress-report-vl-0.pdf.

(cited on pages 2,3,19)

F. Moriconi, F. De La Rosa, F. Darmann, A. Nelson, and L. Ma-
sur. Development and Deployment of Saturated-Core Fault Current
Limiters in Distribution and Transmission Substations. IEEFE Trans-
actions on Applied Superconductivity, 21(3):1288-1293, June 2011.
doi:10.1109/TASC.2011.2104932. (cited on page 42)

I. Muta, T. Doshita, T. Nakamura, T. Egi, and T. Hoshino. Influ-
ences of superconducting fault current limiter (SFCL) on supercon-
ducting generator in one-machine double-line system. IEEE Trans-
actions on Appiled Superconductivity, 13(2):2206-2209, June 2003.
doi:10.1109/TASC.2003.813037. (cited on page 125)

162


http://www.mathworks.com/products/simpower/
http://www.mathworks.com/products/simpower/
http://dx.doi.org/10.1109/TASC.2003.812899
http://dx.doi.org/10.1109/TASC.2005.849453
http://www.enwl.co.uk/docs/c2c-key-documents/121213---enwl-c2c---project-progress-report-v1-0.pdf
http://www.enwl.co.uk/docs/c2c-key-documents/121213---enwl-c2c---project-progress-report-v1-0.pdf
http://dx.doi.org/10.1109/TASC.2011.2104932
http://dx.doi.org/10.1109/TASC.2003.813037

[MF07]

[MGBMO5]

IMKO1]

[MMOg]

[MSHO07]

[Muk03]

[MV11]

[Nat12]

A. Massoud and S. Finney. Fault Current Limiter and Inverter-Based
Distributed Generation. Technical report, University of Strathclyde,
2007. (cited on pages 26,27, 30)

A. Mackay, S.J. Galloway, C.D. Booth, and J.R. McDonald. Real-
time assessment of relay protection schemes on integrated full elec-
tric propulsion systems. In IEEFE Electric Ship Technologies Sympo-
sium, pages 230-236. IEEE, 2005. doi:10.1109/ESTS.2005. 1524680.

(cited on page 122)

P. Malkin and D. Klaus. Cap that current. IEE Review, 47(2):41-45,
March 2001. (cited on pages 2,11, 24,37, 38)

V. Z. Manusov and P. A. Mikheev. Mathematical model of electromag-
netic transient processes in an electrical circuit containing an induc-
tive, superconducting current limiter. Russian Electrical Engineering,
79(7):397-402, September 2008. doi:10.3103/S1068371208070110.

(cited on page 123)

B. Makki, N. Sadati, and M.N. Hosseini. Modeling Superconduc-
tive Fault Current Limiter Using Constructive Neural Networks. In
IEEE International Symposium on Industrial Electronics, pages 2859—
2863. IEEE, June 2007. doi:10.1109/ISIE.2007.4375066. (cited

on page 129)

S.C. Mukhopadhyay. A Lecture on Current Limiter. Technical report,
2003. URL: http://www.s2is.org/docs/sample-paper.doc. (cited

on page 130)

P. Mitra and G.K. Venayagamoorthy. Implementation of an Intelligent
Reconfiguration Algorithm for an Electric Ship’s Power System. IEEFE
Transactions on Industry Applications, 47(5):2292-2300, September
2011. doi:10.1109/TIA.2011.2161849. (Cited on page 100)

National Grid. Electricity Ten Year Statement. Technical report,
2012. (cited on page 18)

163


http://dx.doi.org/10.1109/ESTS.2005.1524680
http://dx.doi.org/10.3103/S1068371208070110
http://dx.doi.org/10.1109/ISIE.2007.4375066
http://www.s2is.org/docs/sample-paper.doc
http://dx.doi.org/10.1109/TIA.2011.2161849

[NBS*06]

[Neu07]

[NKL*06]

[NRO4]

[NSO07]

INZW13]

[OBF*08]

P.J. Norman, C.D. Booth, J.D. Schuddebeurs, G.M. Burt, J.R.
McDonald, J.M. Apsley, M. Barnes, A.C. Smith, S. Williamson,
E. Tsoudis, P. Pilidis, and R. Singh. Entegrated erectrkar and me-
chanical modelling of entegirated fun-electric-propulsion systems. In
Power Electronics, Machines and Drives, pages 101-105, 2006. (cited

on page 20)

A Neumann. Application of Fault Current Limiters. Technical report,
BERR, 2007. URL: http://www.berr.gov.uk/files/file42656.
pdf. (cited on pages 18,30,43)

K. Nam, H. Kang, C. Lee, T.K. Ko, and B.-Y. Seok. Visualization
Study on Boiling of Nitrogen During Quench for Fault Current Lim-
iter Applications. IEEFE Transactions on Appiled Superconductivity,
16(2):727-730, June 2006. doi:10.1109/TASC.2005.869669. (cited

on page 131)

J.W. Nilsson and S. Riedel. Electric Circuits. Prentice Hall, 7th
edition, 2004. (cited on pages 67,72)

M. Noe and M. Steurer. High-temperature superconductor fault
current limiters: concepts, applications, and development sta-
tus. Superconductor Science and Technology, 20(3):R15-R29,
March 2007.  doi:10.1088/0953-2048/20/3/RO1. (cited on
pages 4, 26, 31, 32, 36, 38, 39, 40, 45, 56, 66)

W.K.A. Najy, H.H. Zeineldin, and W.L. Woon. Optimal Protection
Coordination for Microgrids With Grid-Connected and Islanded Ca-
pability. IEEE Transactions on Industrial Electronics, 60(4):1668—
1677, April 2013. doi:10.1109/TIE.2012.2192893. (cited on

page 61)

M.R. Osorio, A. Betrancourt, M.X. Francois, J.A. Veira, and F. Vi-
dal. A superconducting fault current limiter integrated in the cold
heat exchanger of a thermoacoustic refrigerator. Superconductor Sci-
ence and Technology, 21(9):095013, September 2008. doi:10.1088/
0953-2048/21/9/095013. (cited on page 134)

164


http://www.berr.gov.uk/files/file42656.pdf
http://www.berr.gov.uk/files/file42656.pdf
http://dx.doi.org/10.1109/TASC.2005.869669
http://dx.doi.org/10.1088/0953-2048/20/3/R01
http://dx.doi.org/10.1109/TIE.2012.2192893
http://dx.doi.org/10.1088/0953-2048/21/9/095013
http://dx.doi.org/10.1088/0953-2048/21/9/095013

[Ofg09]

[OLVVO08]

[OOLTO1]

[OSH*09]

[OTO99]

[Par04]

[PCY8]

Ofgem. Project Discovery - Energy Market Scenarios. Techni-
cal report, 2009. URL: http://www.ofgem.gov.uk/Markets/
WhlMkts/monitoring-energy-security/Discovery/Documentsl/

Discovery_Scenarios_ConDoc_FINAL.pdf. (cited on page 3)

M.R. Osorio, J.A. Lorenzo Fernandez, J.A. Veira, and F. Vidal. Op-
timal refrigeration of bulk superconducting elements in fault cur-
rent limiters by using artificial weak zones. Superconductor Sci-
ence and Technology, 21(9):095011, September 2008. doi:10.1088/
0953-2048/21/9/095011. (cited on pages 129, 130)

J. Oestergaard, J. Okholm, K. Lomholt, and O. Toennesen. Energy
losses of superconducting power transmission cables in the grid. IEFEFE
Transactions on Appiled Superconductivity, 11(1):2375-2378, March
2001. doi:10.1109/77.920339. (cited on page 116)

A. Oliver, A.C. Smith, M. Husband, M. Bailey, and Y. Feng. As-
sessment of Small Bend Diameter Magnesium Diboride Wire for a
Superconducting Fault Current Limiter Application. IEEFE Trans-
actions on Appiled Superconductivity, 19(3):1942-1945, 2009. doi:
10.1109/TASC.2009.2018093. (cited on pages 37,85,113,125)

S.K. Olsen, O. Tonnesen, and J. Ostergaard. Power applications
for superconducting cables in Denmark. IEEE Transactions on Ap-
piled Superconductivity, 9(2):1285-1288, June 1999. doi:10.1109/
77.783536. (cited on page 116)

Parsons Brinckerhoff Ltd. Development of a Safety Case for the
Use of Current Limiting Devices to Manage Short Circuit Currents
on Electrical Distribution Networks. Technical report, DTI, 2004.
URL: http://www.berr.gov.uk/files/file15164.pdf. (cited on

page 29)

W. Paul and M. Chen. Superconducting control for surge currents.

IEEFE Spectrum, 35(5):49-54, 1998. (cited on pages viii, 33, 35,41, 57)

165


http://www.ofgem.gov.uk/Markets/WhlMkts/monitoring-energy-security/Discovery/Documents1/Discovery_Scenarios_ConDoc_FINAL.pdf
http://www.ofgem.gov.uk/Markets/WhlMkts/monitoring-energy-security/Discovery/Documents1/Discovery_Scenarios_ConDoc_FINAL.pdf
http://www.ofgem.gov.uk/Markets/WhlMkts/monitoring-energy-security/Discovery/Documents1/Discovery_Scenarios_ConDoc_FINAL.pdf
http://dx.doi.org/10.1088/0953-2048/21/9/095011
http://dx.doi.org/10.1088/0953-2048/21/9/095011
http://dx.doi.org/10.1109/77.920339
http://dx.doi.org/10.1109/TASC.2009.2018093
http://dx.doi.org/10.1109/TASC.2009.2018093
http://dx.doi.org/10.1109/77.783536
http://dx.doi.org/10.1109/77.783536
http://www.berr.gov.uk/files/file15164.pdf

[PCL*00]

[PDAMNO5]

[P109]

[PSA*11]

[QHJLOS]

[Rad08]

W. Paul, M. Chen, M. Lakner, J. Rhyner, D. Braun, W. Lanz,
and M. Kleimaier. Superconducting fault current limiter: ap-
plications, technical and economical benefits, simulations and test
results.  Technical report, CIGRE SC 13, 2000. (cited on
pages ix, x, 34, 84, 85,87, 88,89, 92,101, 125, 130, 131)

C. Poulain, F. Dumas, and B. de Metz-Noblat. Calculation of short-
circuit currents. Schneider Electric Cahiers Techniques, (158), 2005.

(cited on page 69)

M. Prica and M. Ilic. A novel fault-dependent-time-settings algo-
rithm for overcurrent relays. In IEEE Power and Energy Society
General Meeting, pages 1-9. IEEE, July 2009. doi:10.1109/PES.
2009.5275192. (cited on page 3)

B. Pickett, T. Sidhu, S. Anderson, A. Apostolov, B. Bentert, K. Boers,
0. Bolado, P. Carroll, S. Chano, A. Chaudhary, F. Cobelo, K. Coo-
ley, M. Cooper, R. Cornelison, P. Elkin, A. Elneweihi, R. Garcia,
K. Gardner, T. Kern, B. Kasztenny, G. Michel, J. Niemira, T. Nis-
sen, S. Charles, D. Ware, and F. Plumptre. Reducing Outage Dura-
tions Through Improved Protection and Autorestoration in Distribu-
tion Substations. IEEE Transactions on Power Delivery, 26(3):1554—
1562, July 2011. doi:10.1109/TPWRD.2011.2114899. (cited on

pages 1, 16)

L. Qingmin, L. Hongshun, L. Jie, and Z. Liang. Impact Research of
Inductive FCL on the Rate of Rise of Recovery Voltage With Cir-
cuit Breakers. IFEE Transactions on Power Delivery, 23(4):1978—
1985, October 2008. doi:10.1109/TPWRD.2008.921119. (cited on
page 136)

D. Radan. Integrated Control of Marine FElectrical Power Systems.
Phd thesis, NTNU, Norway, March 2008. URL: http://ntnu.
diva-portal.org/smash/record. jsf?pid=diva2:123798.  (cited

on page 22)

166


http://dx.doi.org/10.1109/PES.2009.5275192
http://dx.doi.org/10.1109/PES.2009.5275192
http://dx.doi.org/10.1109/TPWRD.2011.2114899
http://dx.doi.org/10.1109/TPWRD.2008.921119
http://ntnu.diva-portal.org/smash/record.jsf?pid=diva2:123798
http://ntnu.diva-portal.org/smash/record.jsf?pid=diva2:123798

[RBD11]

[RDGS08]

[Roy13]

[RTD11]

[SBO7]

[SBOS]

[SBBMO7]

[Sch]

D. Ritchie, C.D. Booth, and J. Devlin. Protection of Future Ma-
rine Electrical Systems. 2011. URL: http://ieeexplore.ieee.org/

xpls/abs_all.jsp?arnumber=6125548. (cited on page 21)

F. Roy, B. Dutoit, F. Grilli, and F. Sirois. Magneto-Thermal Mod-
eling of Second-Generation HTS for Resistive Fault Current Limiter
Design Purposes. IEEE Transactions on Appiled Superconductivity,
18(1):29-35, March 2008. doi:10.1109/TASC.2008.917576. (cited
on pages 129,131)

Royal Navy. Facts and Figures, 2013. URL: http:
//www.royalnavy.mod.uk/The-Fleet/Ships/Future-Ships/

Queen-Elizabeth-Class/Facts-and-Figures. (cited on page 22)

RTDS. Real Time Power System Simulation - RTDS Technologies,
2011. URL: http://www.rtds.com. (cited on page 101)

N.K. Singh and G.M. Burt. Fault Current Limitation: Network Needs,
Operation and Requirements. Technical report, University of Strath-

clyde, 2007. (cited on pages 18,28,61)

N.K. Singh and G.M. Burt. Improved Model of Superconducting Fault
Current Limiter for Power System Dynamic Studies. Technical report,

University of Strathclyde, 2008. (cited on pages 124,132)

J.D. Schuddebeurs, C.D. Booth, G.M. Burt, and J.R. McDonald. Im-
pact of Marine Power System Architectures on IFEP Vessel Availabil-
ity and Survivability. In 2007 IEEE Electric Ship Technologies Sym-
posium, pages 14-21. IEEE, May 2007. doi:10.1109/ESTS.2007.
372058. (cited on page 25)

Schneider  Electric. AC motors starting and protec-
tion systems. Technical report. URL: http://www.
schneider-electric.hu/documents/automation-and-control/

asg-4-motor-starting-and-protection.pdf. (cited on page 62)

167


http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=6125548
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=6125548
http://dx.doi.org/10.1109/TASC.2008.917576
http://www.royalnavy.mod.uk/The-Fleet/Ships/Future-Ships/Queen-Elizabeth-Class/Facts-and-Figures
http://www.royalnavy.mod.uk/The-Fleet/Ships/Future-Ships/Queen-Elizabeth-Class/Facts-and-Figures
http://www.royalnavy.mod.uk/The-Fleet/Ships/Future-Ships/Queen-Elizabeth-Class/Facts-and-Figures
http://www.rtds.com
http://dx.doi.org/10.1109/ESTS.2007.372058
http://dx.doi.org/10.1109/ESTS.2007.372058
http://www.schneider-electric.hu/documents/automation-and-control/asg-4-motor-starting-and-protection.pdf
http://www.schneider-electric.hu/documents/automation-and-control/asg-4-motor-starting-and-protection.pdf
http://www.schneider-electric.hu/documents/automation-and-control/asg-4-motor-starting-and-protection.pdf

[Sch03]

[Scho8]

[Sco07]

[SE0S]

[SE12]

[SEB*07]

[SGD*02]

[SHOO]

H. Schmitt. Fault Current Limiters in Electrical Medium and High
Voltage Systems. Technical report, CIGRE WG A3.10, 2003. (cited
on page 57)

H. Schmitt. Guideline on the Impacts of Fault Current Limiting De-
vices on Protection Systems. Technical report, CIGRE WG A3.16,
2008. (cited on page 58)

Scottish Power MANWEB. Long Term Development Statement.
Technical report, SP MANWEB plc, 2007. (cited on pages 14,20)

J.D. Schuddebeurs and I.M. Elders. Quality of 230V supplies within
large naval vessels. Technical report, University of Strathclyde, 2008.

(cited on page 22)

T.A. Short and M.L. Eblen. Medium-Voltage Arc Flash in Open
Air and Padmounted Equipment. [IFEFE Transactions on Industry
Applications, 48(1):245-253, January 2012. doi:10.1109/TIA.2011.
2175679. (cited on page 3)

J.D. Schuddebeurs, I.M. Elders, C.D. Booth, G.M. Burt, and J.R.
McDonald. IFEP power system fault and network architectures com-
parison studies for vessel survivability assessment. In IMarEST All

Electric Ship Conference, 2007. (cited on page 21)

S. Stavrev, F. Grilli, B. Dutoit, N. Nibbio, E. Vinot, I. Klutsch, G. Me-
unier, P. Tixador, and E. Martinez. Comparison of numerical methods
for modeling of superconductors. IEEE Transactions on Magnetics,
38(2):849-852, March 2002. doi:10.1109/20.996219. (cited on
pages 130, 130)

R. Sharifi and H. Heydari. Multiobjective Optimization for HTS
Fault-Current Limiters Based on Normalized Simulated Anneal-
ing. IEEE Transactions on Appiled Superconductivity, 19(4):3675—
3682, August 2009. doi:10.1109/TASC.2009.2020692. (cited on
pages ix, xi, 75,76, 79, 82,110, 130)

168


http://dx.doi.org/10.1109/TIA.2011.2175679
http://dx.doi.org/10.1109/TIA.2011.2175679
http://dx.doi.org/10.1109/20.996219
http://dx.doi.org/10.1109/TASC.2009.2020692

[Shol1]

[SKNOS]

[SKR*10a]

[SKR*10b]

[SLSNO9]

[Smi07]

[SMYMO5]

T.A. Short. 480-V Distribution Arc Flash Updates. Technical report,
EPRI, 2011. (cited on page 12)

C Schacherer, A Kudymow, and M Noe. Dissipated energy as a design
parameter of coated conductors for their use in resistive fault current
limiters. Journal of Physics: Conference Series, 97(1):012193, Febru-
ary 2008. doi:10.1088/1742-6596/97/1/012193. (cited on page 82)

H.-C. Seo, C.-H. Kim, S.-B. Rhee, J.-C. Kim, and O.-B. Hyun. Su-
perconducting Fault Current Limiter Application for Reduction of the
Transformer Inrush Current: A Decision Scheme of the Optimal In-
sertion Resistance. IEEE Transactions on Applied Superconductivity,
20(4):225572264, August 2010. doi:10.1109/TASC.2010.2048214.

(cited on page 62)

H.-C. Seo, Y.-T. Ko, S.-B. Rhee, C.-H. Kim, and R.K. Aggarwal.
A Novel Reclosing Algorithm Considering the Recovery Time of a
Superconducting Fault Current Limiter in a Distribution System with
Distributed Generation. In The 10th International Conference on
Developments in Power System Protection, Manchester, 2010. (cited

on page 127)

C. Schacherer, J. Langston, M. Steurer, and M. Noe. Power Hardware-
in-the-Loop Testing of a YBCO Coated Conductor Fault Current
Limiting Module. IEEE Transactions on Appiled Superconductiv-
ity, 19(3):1801-1805, June 2009. doi:10.1109/TASC.2009.2018048.
(cited on pages 36, 128)

A.C. Smith. Managing Active Networks through Intelligent Systems:
Q1 Progress Report. Technical report, University of Manchester, 2007.
(cited on pages 45,125, 127)

H. Shimizu, K. Mutsuura, Y. Yokomizu, and T. Matsumura. Inrush-
current-limiting with high Tc Superconductor. IEEE Transactions
on Appiled Superconductivity, 15(2):2071-2073, 2005. doi:10.1109/
TASC.2005.849454. (cited on page 56)

169


http://dx.doi.org/10.1088/1742-6596/97/1/012193
http://dx.doi.org/10.1109/TASC.2010.2048214
http://dx.doi.org/10.1109/TASC.2009.2018048
http://dx.doi.org/10.1109/TASC.2005.849454
http://dx.doi.org/10.1109/TASC.2005.849454

[SNG+08]

[S003]

[SP-03]

[SPPK09a]

[SPPKO09b)

[SSHLO5]

[SSLC09)

J.D. Schuddebeurs, P.J. Norman, S.J. Galloway, G.M. Burt, J.R. Mc-
Donald, and J. Apsley. A High Fidelity Integrated System Model
for Marine Power Systems. In 2008 2nd Annual IEEE Systems Con-
ference, pages 1-8. IEEE, April 2008. doi:10.1109/SYSTEMS.2008.
4519046. (cited on page 22)

S. Sugita and H. Ohsaki. FEM analysis of current limiting char-
acteristics of a superconducting thin film current limiting device by
the current vector potential method. IFEE Transactions on Appiled
Superconductivity, 13(2):2020-2023, June 2003. doi:10.1109/TASC.
2003.812972. (cited on pages 129, 130)

Distribution Long Term Development Statement for SP Distribution
LTD. Technical report, SP Transmission & Distribution, 2003. (cited

on page 66)

B.C. Sung, D.K. Park, J.-W. Park, and T.K. Ko. Study on a
Series Resistive SFCL to Improve Power System Transient Stabil-
ity: Modeling, Simulation, and Experimental Verification. IEFEE
Transactions on Industrial Electronics, 56(7):2412-2419, July 2009.
doi:10.1109/TIE.2009.2018432. (cited on pages 38,81)

B.C. Sung, D.K. Park, J.W. Park, and T.K. Ko. Study on Optimal
Location of a Resistive SFCL Applied to an Electric Power Grid.
IEEE Transactions on Appiled Superconductivity, 19(3):2048-2052,
2009. doi:10.1109/TASC.2009.2019035. (cited on page 81)

D.L. Swindler, P. Schwartz, P.S. Hamer, and S.R. Lambert. Transient
recovery voltage considerations in the application of medium volt-
age circuit breakers. In Industry Applications Society 42nd Annual
Petroleum and Chemical Industry Conference, pages 77-82. IEEE,
1995. doi:10.1109/PCICON.1995.523942. (Cited on page 135)

C.L. Su, C.Y. Su, C.C. Lee, and C.J. Chen. Fault current limiter
allocation in electric ship power systems. In 2009 IEEFE FElectric Ship
Technologies Symposium, pages 53-58. IEEE, April 2009. doi:10.
1109/ESTS.2009.4906493. (cited on page 125)

170


http://dx.doi.org/10.1109/SYSTEMS.2008.4519046
http://dx.doi.org/10.1109/SYSTEMS.2008.4519046
http://dx.doi.org/10.1109/TASC.2003.812972
http://dx.doi.org/10.1109/TASC.2003.812972
http://dx.doi.org/10.1109/TIE.2009.2018432
http://dx.doi.org/10.1109/TASC.2009.2019035
http://dx.doi.org/10.1109/PCICON.1995.523942
http://dx.doi.org/10.1109/ESTS.2009.4906493
http://dx.doi.org/10.1109/ESTS.2009.4906493

[SSM+05]

[Sta02]

[STB*10]

[Sut06]

[SYG*03]

[SYMMO02]

[SZM*11]

M. Stemmle, M. Steurer, P.G. McLaren, D. Muthumuni, and
F. Foucher. Transient Studies of Fault Current Limiters in Ship Power

Systems with PSCAD, 2005. (cited on pages 29, 49)

Svetlomir Stavrev. Modelling of High Temperature Superconductors
for AC Power Applications. Phd, 1Université Technique de Varna,
2002. (cited on pages 31, 34)

N.K. Singh, R.M. Tumilty, G.M. Burt, C.G. Bright, C.C. Brozio,
D.A. Roberts, A.C. Smith, and M. Husband. System-Level Studies
of a MgB2 Superconducting Fault-Current Limiter in an Active Dis-
tribution Network. IEEE Transactions on Appiled Superconductivity,
20(2):54-60, April 2010. doi:10.1109/TASC.2010.2042594. (cited
on pages 1,69, 125,136)

P.E. Sutherland. Analytical Model of Superconducting to Normal
Transition of Bulk High Tc¢ Superconductor BSCCO-2212. I[EEE
Transactions on Applied Superconductivity, 16(1):43-48, March 2006.
doi:10.1109/TASC.2005.863524. (cited on page 130)

H. Shimizu, Y. Yokomizu, M. Goto, T. Matsumura, and N. Mu-
rayama. A study on required volume of superconducting element
for flux flow resistance type fault current limiter. IEEE Trans-
actions on Appiled Superconductivity, 13(2):2052-2055, June 2003.
doi:10.1109/TASC.2003.812982. (cited on pages 78,79,132)

H. Shimizu, Y. Yokomizu, T. Matsumura, and N. Murayama. Pro-
posal of flux flow resistance type fault current limiter using Bi2223
high Tc superconducting bulk. IEEE Transactions on Appiled
Superconductivity, 12(1):876-879, 2002. doi:10.1109/TASC.2002.
1018540. (cited on page 56)

K.J. Sagastabeitia, 1. Zamora, A.J. Mazon, Z. Aginako, and
G. Buigues. Phase Asymmetry: A New Parameter for Detecting
Single-Phase Earth Faults in Compensated MV Networks. I[EEE
Transactions on Power Delivery, 26(4):2251-2258, October 2011.
doi:10.1109/TPWRD.2011.2141155. (cited on page 115)

171


http://dx.doi.org/10.1109/TASC.2010.2042594
http://dx.doi.org/10.1109/TASC.2005.863524
http://dx.doi.org/10.1109/TASC.2003.812982
http://dx.doi.org/10.1109/TASC.2002.1018540
http://dx.doi.org/10.1109/TASC.2002.1018540
http://dx.doi.org/10.1109/TPWRD.2011.2141155

[TDC*07]

[Ten10]

[Thel3]

[T105]

[Tix94]

[TL10]

[TLY09)]

[TMO6]

P. Tixador, G. David, T. Chevalier, G. Meunier, and K. Berger.
Thermal-electromagnetic modeling of superconductors. Cryogenics,
47(11-12):539-545, November 2007. doi:10.1016/j.cryogenics.
2007.08.003. (cited on pages 129,130)

J.-H. Teng. Unsymmetrical Short-Circuit Fault Analysis for Weakly
Meshed Distribution Systems. IEEE Transactions on Power Systems,
25(1):96-105, 2010. (cited on page 1)

The MathWorks. Static Synchronous Series Compensator, 2013.
URL: http://www.mathworks.co.uk/help/physmod/powersys/
ref/staticsynchronousseriescompensatorphasortype.html.

(cited on page 30)

G. Tang and M.R. Iravani. Application of a Fault Current Lim-
iter To Minimize Distributed Generation Impact on Coordinated
Relay Protection. In International Conference on Power Systems
Transients, 2005. URL: http://www.ipst.org/TechPapers/2005/
IPSTO5_Paper158.pdf. (cited on pages 38,58)

P. Tixador. Superconducting current limiters-some comparisons and
influential parameters. IEEFE Transactions on Appiled Superconductiv-

ity, 4(4):190-198, 1994. doi:10.1109/77.334958. (cited on page 68)

J.-H. Teng and C.-N. Lu. Optimum fault current limiter placement
with search space reduction technique. IET Generation, Transmission
and Distribution, 4(4):485, 2010. doi:10.1049/iet-gtd.2009.0340.

(cited on page 110)

A. Timbus, M. Larsson, and C. Yuen. Active Management of Dis-
tributed Energy Resources Using Standardized Communications and
Modern Information Technologies. IEEE Transactions on Indus-
trial Electronics, 56(10):4029-4037, October 2009. doi:10.1109/TIE.
2009.2017123. (cited on page 16)

J. Tang and P.G. McLaren. A Wide Area Differential Backup Pro-

tection Scheme For Shipboard Application. IEEE Transactions on

172


http://dx.doi.org/10.1016/j.cryogenics.2007.08.003
http://dx.doi.org/10.1016/j.cryogenics.2007.08.003
http://www.mathworks.co.uk/help/physmod/powersys/ref/staticsynchronousseriescompensatorphasortype.html
http://www.mathworks.co.uk/help/physmod/powersys/ref/staticsynchronousseriescompensatorphasortype.html
http://www.ipst.org/TechPapers/2005/IPST05_Paper158.pdf
http://www.ipst.org/TechPapers/2005/IPST05_Paper158.pdf
http://dx.doi.org/10.1109/77.334958
http://dx.doi.org/10.1049/iet-gtd.2009.0340
http://dx.doi.org/10.1109/TIE.2009.2017123
http://dx.doi.org/10.1109/TIE.2009.2017123

[TMTKO1]

[TPF+01]

[TPL*91]

[UGGT*01]

[Uni09)]

[Unill]

[VS05]

Power Delivery, 21(3):1183-1190, July 2006. doi:10.1109/TPWRD.
2005.860272. (cited on pages 25,122)

M. Tsuda, Y. Mitani, K. Tsuji, and K. Kakihana. Application of
resistor based superconducting fault current limiter to enhancement
of power system transient stability. IEEFE Transactions on Appiled
Superconductivity, 11(1):2122-2125, March 2001. doi:10.1109/77.
920276. (cited on pages 38,81)

P. Tixador, L. Porcar, E. Floch, D. Buzon, D. Isfort, D. Bourgault,
X. Chaud, and R. Tournier. Current limitation with bulk Y-Ba-Cu-
O. IEEFE Transactions on Appiled Superconductivity, 11(1):2034-2037,
March 2001. doi:10.1109/77.920254. (cited on page 79)

E. Thuries, V.D. Pham, Y. Laumond, T. Verhaege, A. Fevrier, M. Col-
let, and M. Bekhaled. Towards the superconducting fault current lim-
iter. IEEE Transactions on Power Delivery, 6(2):801-808, April 1991.
doi:10.1109/61.131138. (cited on page 64)

E. Oyarbide Usabiaga, F. Gil Garcia, L. Garcia-Tabares, J.L. Peral,
J.M. Rodriguez, P. Martinez Cid, and X. Granados. Supercon-
ducting Hybrid Fault Current Limiter: Manufacturing, Modelling
and Simulations. In International Conference on Power Systems
Transients, 2001. URL: http://www.ipst.org/TechPapers/2001/
IPSTO1Paper046.pdf. (cited on page 59)

United Nations. World Population Prospects - The 2008 Revision.

Technical report, 2009. (cited on page 1)

University of California Irvine. Development of Fault Cur-
rent Controller Technology: Prototyping, Laboratory Testing,
and Field Demonstration. Technical report, California En-
ergy Commission, 2011. URL: http://uc-ciee.org/downloads/

FaultCurrentController.pdf. (cited on page 26)

I. Vajda and S. Semperger. Simulation of electrical, magnetic and

thermal properties of inductive fault current limiters made of YBCO

173


http://dx.doi.org/10.1109/TPWRD.2005.860272
http://dx.doi.org/10.1109/TPWRD.2005.860272
http://dx.doi.org/10.1109/77.920276
http://dx.doi.org/10.1109/77.920276
http://dx.doi.org/10.1109/77.920254
http://dx.doi.org/10.1109/61.131138
http://www.ipst.org/TechPapers/2001/IPST01Paper046.pdf
http://www.ipst.org/TechPapers/2001/IPST01Paper046.pdf
http://uc-ciee.org/downloads/FaultCurrentController.pdf
http://uc-ciee.org/downloads/FaultCurrentController.pdf

[VWvdEW*05]

[WCC+99]

[Web95]

[Wor07]

XC11]

[YAA*02]

ceramic superconductors. Journal of the European Ceramic Soci-
ety, 25(12):2925-2929, 2005. doi:10.1016/j.jeurceramsoc.2005.
03.166. (cited on page 134)

H. van Weeren, N.C. van den Eijnden, W.A.J. Wessel, P. Lezza,
S.I. Schlachter, W. Goldacker, M. Dhalle, A. den Ouden, B. ten
Haken, and H.H.J. ten Kate. Adiabatic Normal Zone Development in
MgB2 Superconductors. IEEFE Transactions on Appiled Superconduc-
tivity, 15(2):1667-1670, June 2005. doi:10.1109/TASC.2005.849227.
(cited on pages 130, 132)

R.A. Weller, A.M. Campbell, T.A. Coombs, D.A. Cardwell, R.J.
Storey, and J. Hancox. Computer modelling of superconducting film
type fault current limiters. IEEE Transactions on Appiled Super-
conductivity, 9(2):1377-1380, June 1999. doi:10.1109/77.783559.
(cited on pages 127,131, 133)

S.P. Websper. An investigation into breaker reclosure strategy for
adaptive single pole autoreclosing. [EE Proceedings - Generation,
Transmission and Distribution, 142(6):601, 1995. doi:10.1049/
ip-gtd:19952250. (cited on page 13)

World Energy Council. Deciding the Future: Energy Policy Scenarios
to 2050. Technical report, 2007. (cited on page 1)

L. Xu and D. Chen. Control and Operation of a DC Microgrid
With Variable Generation and Energy Storage. IEEE Transactions
on Power Delivery, 26(4):2513-2522, October 2011. doi:10.1109/
TPWRD.2011.2158456. (cited on page 17)

M. Yalla, M. Adamiak, A. Apostolov, J. Beatty, S. Borlase, J. Bright,
J. Burger, S. Dickson, G. Gresco, W. Hartman, J. Hohn, D. Holstein,
A. Kazemi, G. Michael, C. Sufana, J. Tengdin, M. Thompson, and
E. Udren. Application of peer-to-peer communication for protective
relaying. IEEE Transactions on Power Delivery, 17(2):446-451, April
2002. doi:10.1109/61.997916. (cited on page 16)

174


http://dx.doi.org/10.1016/j.jeurceramsoc.2005.03.166
http://dx.doi.org/10.1016/j.jeurceramsoc.2005.03.166
http://dx.doi.org/10.1109/TASC.2005.849227
http://dx.doi.org/10.1109/77.783559
http://dx.doi.org/10.1049/ip-gtd:19952250
http://dx.doi.org/10.1049/ip-gtd:19952250
http://dx.doi.org/10.1109/TPWRD.2011.2158456
http://dx.doi.org/10.1109/TPWRD.2011.2158456
http://dx.doi.org/10.1109/61.997916

[YCO6a]

[YCO6b]

[YFO10]

[YJO4]

[YXWZ05]

[ZD11a]

[ZD11b]

L. Ye and A. Campbell. Behavior Investigations of Superconducting
Fault Current Limiters in Power Systems. [IEEE Transactions on
Applied Superconductivity, 16(2):662—665, June 2006. doi:10.1109/
TASC.2006.870526. (cited on pages 57,59)

L. Ye and A. Campbell. Case study of HTS resistive supercon-
ducting fault current limiter in electrical distribution systems. FElec-
tric Power Systems Research, 77(5-6):534-539, April 2006. doi:
10.1016/j.epsr.2006.05.007. (cited on pages 130, 130)

J. Yang, J.E. Fletcher, and J. O’Reilly. Multiterminal DC Wind
Farm Collection Grid Internal Fault Analysis and Protection De-
sign. IEEE Transactions on Power Delivery, 25(4):2308-2318, Oc-
tober 2010. doi:10.1109/TPWRD.2010.2044813. (cited on page 17)

L. Ye and K.-P. Juengst. Modeling and Simulation of High Tem-
perature Resistive Superconducting Fault Current Limiters. IEFE
Transactions on Appiled Superconductivity, 14(2):839-842, June 2004.
doi:10.1109/TASC.2004.830293. (cited on page 130)

Y. Ye, L. Xiao, H. Wang, and Z. Zhang. Research on resistor type su-
perconducting fault current limiter in power system. 2005 IEEE/PES
Transmission & Distribution Conference € Exposition: Asia and Pa-
cific, pages 1-6, 2005. doi:10.1109/TDC.2005.1546929. (cited on
pages 90, 126)

Y. Zhang and R.A. Dougal. Determining critical activation time of
inductive fault current limiters in electric power systems. In IFEE
PES Power Systems Conference and Fxposition, pages 1-6. IEEE,
March 2011. doi:10.1109/PSCE.2011.5772617. (cited on page 123)

Y. Zhang and R.A. Dougal. Novel Dual-FCL Connection for Adding
Distributed Generation to a Power Distribution Utility. IEEE Trans-
actions on Appiled Superconductivity, 21(3):2179-2183, June 2011.
doi:10.1109/TASC.2010.2090442. (cited on page 114)

175


http://dx.doi.org/10.1109/TASC.2006.870526
http://dx.doi.org/10.1109/TASC.2006.870526
http://dx.doi.org/10.1016/j.epsr.2006.05.007
http://dx.doi.org/10.1016/j.epsr.2006.05.007
http://dx.doi.org/10.1109/TPWRD.2010.2044813
http://dx.doi.org/10.1109/TASC.2004.830293
http://dx.doi.org/10.1109/TDC.2005.1546929
http://dx.doi.org/10.1109/PSCE.2011.5772617
http://dx.doi.org/10.1109/TASC.2010.2090442

[ZES10]

[ZJ09]

[ZTE103]

[ZX11]

H.H. Zeineldin and E.F. El-Saadany. Fault current limiters to mitigate
recloserfuse miscoordination with distributed genertion. In 10th IET
International Conference on Developments in Power System Protec-
tion (DPSP 2010). Managing the Change, pages P28-P28. IET, 2010.
doi:10.1049/cp.2010.0303. (cited on page 61)

P. Zhengjiang and H. Junjia. Effects of Superconducting Fault Current
Limiter on Power Distribution Systems. Power and Energy Engineer-
ing Conference, 2009. APPEEC 2009. Asia-Pacific, pages 1-5, 2009.
doi:10.1109/APPEEC.2009.4918322. (cited on page 136)

B. Zeimetz, K. Tadinada, D.E. Eves, T.A. Coombs, J.E. Evetts, and
A.M. Campbell. Thermal Instability and Current-Voltage Scaling in
Superconducting Fault Current Limiters. Superconductor Science and
Technology, 17(4):657-662, December 2003. arXiv:0312190, doi:
10.1088/0953-2048/17/4/016. (cited on pages 116, 131)

H.H. Zeineldin and W. Xiao. Optimal fault current limiter sizing
for distribution systems with DG. In 2011 IEEE Power and Energy
Society General Meeting, pages 1-5. IEEE, July 2011. doi:10.1109/
PES.2011.6038967. (cited on page 82)

176


http://dx.doi.org/10.1049/cp.2010.0303
http://dx.doi.org/10.1109/APPEEC.2009.4918322
http://arxiv.org/abs/0312190
http://dx.doi.org/10.1088/0953-2048/17/4/016
http://dx.doi.org/10.1088/0953-2048/17/4/016
http://dx.doi.org/10.1109/PES.2011.6038967
http://dx.doi.org/10.1109/PES.2011.6038967

	Acknowledgements
	List of Figures
	List of Tables
	Glossary of Abbreviations
	1 Introduction
	1.1 Introduction to the Research
	1.2 Research Motivation
	1.3 Principal Contributions
	1.4 Thesis Overview
	1.5 Publications
	1.5.1 Journal Articles
	1.5.2 Conference Papers


	2 Review of Developments in Power System Protection
	2.1 Introduction
	2.2 Power System Protection
	2.2.1 Faults
	2.2.1.1 Arcing Faults

	2.2.2 Autoreclose
	2.2.3 Earthing
	2.2.4 Calculating Fault Levels
	2.2.5 Conventional Protection Functionality
	2.2.6 Active Protection Research Areas

	2.3 Typical Utility and Marine Power Systems
	2.3.1 Utility Distribution Systems
	2.3.1.1 Increasing DG
	2.3.1.2 Network Interconnection
	2.3.1.3 Active Network Management

	2.3.2 Marine Vessel Power Systems
	2.3.2.1 The Electric Ship
	2.3.2.2 Marine Vessel Power System Characteristics
	2.3.2.3 High Fault Levels
	2.3.2.4 Other Protection Challenges



	3 Fault Current Limitation
	3.1 Conventional Methods of Fault Current Limitation
	3.1.1 Network Strategies to Limit Fault Levels
	3.1.1.1 Reduce Network Interconnection
	3.1.1.2 Increase System Impedance
	3.1.1.3 Higher System Voltage
	3.1.1.4 Sequential Circuit Breaker Tripping

	3.1.2 Non-Superconducting FCL Devices
	3.1.2.1 Is-Limiters
	3.1.2.2 Solid State FCLs


	3.2 Superconducting Fault Current Limiters (SFCLs)
	3.2.1 Overview of Resistive SFCLs
	3.2.2 Operation of Resistive SFCLs
	3.2.2.1 Shunt Impedance
	3.2.2.2 SFCL Inductance in Superconducting State

	3.2.3 Benefits of Resistive SFCLs
	3.2.4 Comparison of FCL Types
	3.2.5 Notable Trial Projects and Present Status


	4 Challenges in the Adoption of Resistive SFCLs
	4.1 Introduction
	4.2 Selection of SFCL Location and Resistance
	4.2.1 SFCL Model
	4.2.2 Assessment of SFCL Location Strategies
	4.2.3 Effects of Different SFCL Resistance Values
	4.2.4 Impact of SFCLs on System Recovery
	4.2.4.1 SFCL Location A
	4.2.4.2 SFCL Location D
	4.2.4.3 System Frequency


	4.3 Implications for Control Systems
	4.4 Post-Fault Recovery Time
	4.5 Effects of SFCLs on Protection
	4.5.1 Standardisation Work
	4.5.2 Overcurrent Protection
	4.5.3 Marine Vessel Protection
	4.5.4 Distance Protection
	4.5.5 SFCLs with Autoreclose
	4.5.6 Other Protection Issues

	4.6 SFCL Mal-Operation Due to Non-fault Transients
	4.7 Summary

	5 Analysis of the Trade-Offs in Resistive SFCL Design
	5.1 Introduction
	5.2 Selection of SFCL Resistance by Simulation
	5.2.1 Resistive SFCL model
	5.2.2 Comparison of SFCL Energy Dissipation at Different Voltage Levels

	5.3 Analysis of Optimal SFCL Resistance Values
	5.3.1 Analytical Derivation of SFCL Energy Dissipation
	5.3.2 Effect of Fault Inception Angle
	5.3.3 SFCL with Resistive Shunt
	5.3.4 Case Study

	5.4 Relationship of SFCL Energy Dissipation to Minimum Volume of Superconductor Required
	5.4.1 Comparison with Exponential SFCL model

	5.5 Relationship to Other Research
	5.6 Conclusions

	6 Current-Time Characteristics of Resistive SFCLs
	6.1 Introduction
	6.2 SFCL Model
	6.2.1 Requirements
	6.2.2 Implementation
	6.2.3 Example Operation

	6.3 Analysis of SFCL Current-Time Characteristics
	6.3.1 Analytical Solution
	6.3.2 Effect of the AC Point on Wave of Fault Inception
	6.3.3 Comparison of SFCL and Overcurrent Protection Current-Time Characteristics

	6.4 Conclusions

	7 Using Multiple Resistive SFCLs for Fast Fault Detection
	7.1 Introduction
	7.2 Principle of Operation
	7.2.1 Benefits of CDD
	7.2.2 Advantages of Using SFCLs for CDD

	7.3 Simulation Models
	7.3.1 SFCL Model
	7.3.2 Power System Model
	7.3.3 Application to Double Circuits

	7.4 Simulation Results
	7.4.1 Typical CDD Results
	7.4.2 Backup Operation
	7.4.3 Fault Types and Neutral Earthing Type

	7.5 Discussion of Potential Issues
	7.5.1 Comparison with Single Bus-tie SFCL
	7.5.2 Variable Fault Levels
	7.5.2.1 Critical Current
	7.5.2.2 Superconductor Length

	7.5.3 Mitigating Resistive SFCL Recovery Time
	7.5.4 High-Impedance Faults and Earth Faults
	7.5.5 Implications of Several Different Types or Designs of SFCL
	7.5.6 Application to Networks with Superconducting Cables

	7.6 Conclusions and Recommendations

	8 Conclusions and Further Work
	8.1 Conclusions
	8.2 Further Work
	8.2.1 Further Analysis of CDD
	8.2.2 Integrated SFCL Analysis and Design Tool
	8.2.3 Centralised Protection
	8.2.4 SFCLs and Arcing Faults
	8.2.5 Analysis of Characteristics of Different Types of FCL
	8.2.6 Faster-Acting Backup Protection with Multiple SFCLs


	A Literature Review: Modelling Resistive SFCLs for Power System Applications
	A.1 Introduction
	A.2 Simplified Models
	A.2.1 Without SFCL Recovery
	A.2.2 With SFCL Recovery

	A.3 Hardware in the Loop Models
	A.4 Neural Network Models
	A.5 Finite Element Analysis Models
	A.6 Thermal-Electric Models

	B Analysis of Transient Recovery Voltage with Resistive SFCLs
	B.1 Introduction
	B.2 Background
	B.3 Analysis
	B.4 Results
	B.5 Assumptions

	Bibliography

