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Abstract—The turbo-electric distributed propulsion (TeDP)
concept has been proposed to enable future aircraft to meet
ambitious, environmental targets as demand for air travel
increases. In order to maximize the benefits of TeDP, the use of
high temperature superconductors (HTS) has been proposed.
Despite being an enabling technology for many future concepts,
the use of superconductors in electrical power systems is still in the
early stages of development. Hence their impact on system
performance, in particular system transients, such as electrical
faults or load changes, is poorly understood. Such an
understanding is critical for the development of an appropriate
electrical protection system for TeDP. Therefore, in order to
enable appropriate protection strategies to be developed for TeDP
electrical networks an understanding of how electrical faults will
propagate in superconducting materials is required. An
understanding of how technologies that utilize these materials may
experience failure modes in ways that are uncharacteristic of their
conventional counterparts is also needed. This paper presents a
dynamic electrical — thermal model of a superconducting cable, at
an appropriate level of fidelity for electrical power system studies,
which enables the investigation of failure modes of cables. This
includes the impact of designing fault tolerant cables on the
electrical power system as a whole to be considered.

Keywords—Turbo-Electric, Distributed-Propulsion, Future
Aircraft, Superconductor, Electrical Fault

I. INTRODUCTION

For the past three decades air traffic has doubled every 15
years and the trend is expected to continue into the first half of
the 21% century [1]. In order to facilitate this increase in demand,
it is anticipated that by 2034 there will need to be 32,600 new
aircraft [1]. Alongside this, there are ambitious environmental
and performance targets specified for future aircraft in terms of
runway field length requirements, noise pollution, greenhouse
gas emissions and fuel burn [2]. These aim to ensure that future
air travel demands can be met whilst minimizing the negative
impact on the environment.

TeDP is a concept which has been proposed as potential
route to meet the ambitious performance targets set out in [2]. A
key challenge of TeDP is that the propulsion of the aircraft is
provided by electrically driven propulsor motors, rather than
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Figure 1. Example radial DC based TeDP architecture [3]

gas turbine engines. The electrical power is provided by
generators driven by gas engines.

In order to have appropriately rated electrical machines with
acceptable power densities for an aerospace application, it is
proposed that superconducting electrical machines are used [4].
To minimize electrical losses and the weight of cabling it has
been proposed that the electrical power system is, as far as
technically possible, superconducting [3]. An example electrical
network architecture that has been proposed for TeDP concept
is shown in Fig.1 [3].

Central to the development of TeDP electrical power
systems is the implementation of an appropriate protection and
fault management system which will enable the aircraft to
continue to fly safely in the event of an electrical fault occurring.
In order to develop an appropriate protection system, the failure
modes of network components, particularly in a physically
compact, multi-terminal superconducting system (such as is
proposed in Fig. 1) need to be assessed. Whilst it is
acknowledged that the failure modes of all elements of a
superconducting TeDP electrical power system require to be



understood, the focus of this paper is on the failure modes of
cables. Therefore, the paper first discusses some of the common
issues that HT'S cable designs need to address, the failure modes
of conventional cables have also been considered. Secondly, in
order to investigate cable failure modes in more detail the
development of a thermal-electrical dynamic cable model is
presented. This enables the specific case of the impact of DC
cable failure on the electrical power system be studied and
impact on power system design considered.

II. CABLE FAILURE MODES
A. High-Temperature Superconducting cables

Whilst superconducting technology has the potential to
enable TeDP to be realized, the adoption of HT'S materials into
electrical components and the subsequent impact of these on the
design and operation of the electrical power system is still poorly
understood. In particular, the impact of HTS components on the
dynamic stability of a network during both dynamic load
changes and electrical fault conditions requires further study.
Due to the negligible series resistance and much lower reactance
of superconducting technologies, the inherent damping provided
by the distribution network is much lower than systems using
conventional conductors. This can have a significant impact on
fault current levels which are expected to be as much as an order
of magnitude higher than normal load current [5]. This is
challenging because superconductors only remain in the
superconducting state if their temperature, magnetic field
strength, and current density are kept below a specific, critical
threshold. If any of these values are exceeded, a phase change
into the resistive state occurs. This is known as a quench
condition.

When superconductors undergo a quench, the material
exhibits a sharp rise in electrical resistivity. While this resistance
can provide some damping to any unexpected current, the Joule
heating that occurs during this process can lead to significant
damage to HTS components [6]. Ideally the entirety of a
superconductor would quench uniformly, allowing the full
volume to absorb the fault energy. However inhomogeneity in
the critical thresholds along the length of the material can lead
to hotspots forming [7]. These locations then have to absorb a
disproportionate amount of energy which can result in thermal
take-off and localized damage over a short period of time [7].
Due to the relatively high heat capacity of HTS (compared to
low temperature superconductors), the spread of the normal
resistive area during a quench is in the order of cm/s, increasing
the likelihood of damage from hotspots [8]. Improving the
normal zone propagation velocity following a quench will be
important in ensuring the stability of superconducting
components.

Variations in the critical parameters of superconducting
materials are caused by a number of factors related to both
manufacturing practices and operating environment. The
manufacturing of HTS involves inserting defects into the
structure of the material to create flux pinning sites. These
defects serve to prevent the movement of flux vortices within
the material which would otherwise produce an electric field in
the presence of a flowing current. This allows the critical current

and magnetic field strength of HTS to reach very high levels.
However, the process results in variations in the critical
thresholds along the length of the conductor [7]. In the event of
electrical faults occurring, these inconsistencies of the
sensitivity of the material to current and magnetic field strength
will result in certain sections of the material being at a greater
risk of quenching and becoming hot spots. Hence a desirable
identifiable attribute of protection systems for TeDP is that they
are able to detect, and hence minimize, the impact of hotspots to
ensure the longevity of superconducting equipment.

To prevent hotspots, many quench protection strategies
spread the normal zone quickly to share the thermal burden
equally throughout the volume of the material [9]. Excess
current is dumped into shunt resistors. These goals are achieved
through a combination of active and passive quench protection
strategies [9]. For instance, superconducting magnets can
achieve quench protection actively through the switching of
radiators housed within the components structure that rapidly
heat the material [9]. To protect superconducting cables a
passive approach is generally adopted. This includes the use of
either a low impedance parallel branch that can serve as an
alternate path for current during fault conditions, referred to as
fault tolerant cable design [10]. Conversely a high impedance
material is used in a fault limiting design, which aims to reduce
the fault current by increasing the overall impedance during
quench [10]. These design approaches present a challenge for
TeDP electrical power systems because a low impedance path
requires a large cross-sectional area, increasing cable weight and
volume, hence impacting on system fuel burn. Hence this
diminishes one of the main advantages of HTS cables.
Conversely, a high impedance path would require a very small
cable area due to the relatively short distances of cable required
on an aircraft (compared to a land based electrical power
system), ultimately reducing the ability of the parallel path to
withstand heat generation.

An alternative approach which may be considered is to
utilize dedicated fault current limiters. However a disadvantage
of fault current limiters compared to solutions which use the
cable construction to regulate fault current is that fault current
limiters must be placed at carefully chosen, specific points in the
network. This exercise ultimately becomes a delicate trade of
network coverage and system weight.

B. Stability

From the discussions presented in Section II A, it is clear that
in order to measure the capability of the network to maintain
satisfactory operation following a disturbance, it is necessary to
evaluate both thermal and electrical stability criteria. In non-
superconducting conductors, resistive damping provided can
have a significant effect on system transients, both during non-
fault and fault scenarios. For instance, such resistive damping
has a significant impact on the settling time of these switching
transients [11]. An example of the impact of electromagnetic
transients on a superconducting multi-terminal systems is
investigated by the authors of [12]. The authors demonstrate that
a change in load conditions at a single terminal results in
transient oscillations between adjacent power-electronics
modules. These oscillations may remain on the system for
significant periods of time due to the lack of electrical resistance



and may ultimately be detrimental to power quality [12]. In order
to reduce the impact of switching transients within
superconducting networks there are a number of methods
presented in the literature that can be used for both AC and DC
systems. For instance, the use of a damping circuit consisting of
a resistor in parallel with an inductor can be shown to provide
damping for transient oscillations in superconducting HVDC
systems [11].

The stability of a superconducting system can also be
measured by considering the ability of components to maintain
superconducting properties under different operating conditions.
In low temperature superconductors (LTS) the ability of the
material to maintain the superconducting state is typically
measured through current and temperature margin. These
coupled margins determine the maximum tolerable increase in
temperature or current before quench occurs. While these design
margins can give indications of the stability for a superconductor
following a disturbance, they may not be suitable for HTS due
to the loss mechanisms that affect steady state temperature in
HTS [13]. This is an important distinction as short-term
overcurrent conditions that heat the superconductor up can
reduce the amount of time the components can support a given
current until the cooling system reduces the temperature to the
pre-disturbance steady state [14]. This could also have the effect
that protection requirements will need to be adjusted according
to the systems’ thermal as well as electrical conditions.

III. CABLE MODEL

In order to ensure that system transients will not lead to
excessive electrical and thermal stress, a dynamic cable model
is required which considers both the electrical and thermal
elements. In addition, such a model is required to have sufficient
level of detail to inform at an electrical protection and system
design level, without requiring excessive processing resources.

A number of complex methods for modelling
superconducting cables and materials have been presented in the
literature. For example, the Finite Element Method (FEM) and
Finite Difference Method (FDM) can be used to calculate the
complex heat sharing between different layers of the material
[15]. These are not well suited to dynamic system studies due to
their computational intensity. Therefore in order to model the
transient behavior within a system, this paper models the cable
as a non-linear resistance that varies according to the E-J power
law (1); an approach demonstrated for developing dynamic
models of resistive fault current limiters [15,16].

At current levels below the critical current level for a cable,
flux pinning prevents the vast majority of flux vortices (quanta
of flux that penetrate the bulk of the HTS material) from moving
in response to the flowing current and thereby producing an
electric field according to Faraday’s Law. However there will
still be a very slight field strength due to flux-creep. This
produces an electric field strength according to (1), where a is
the flux-creep coefficient, J (z) (A/m?) is the current density with
Je (T) (A/m?) being the temperature dependent critical current,
E. (V/m) is the critical electric field strength [17].
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Once J.(7T) is exceeded, the flux vortices escape their pinning
sites as the Lorentz force exerted on them by the moving current
exceeds the pinning strength of the material. This state is called
flux-flow and the resultant movement of flux vortices creates an
electric field strength [7]. It is shown in [16] and [17] that under
these conditions the electric field strength can be modelled for
Bi-2223 according to (2), where J.- (A/m?) is the critical current
density at a given reference temperature, £, (V/m) is the electric
field strength at the transition between flux-creep and flux flow
and f is the flux-flow coefficient [16].
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Following this transition, there is a sharp increase in electric
field strength and the Ohmic heating within the superconductor
increases significantly. This continues until the temperature of
the superconductor rises above the critical threshold or the de-
pairing current is exceeded. The de-pairing current is taken as
the point at which the effective resistance due to flux-flow
exceeds the material’s normal resistivity [18]. This causes an
immediate quench as it becomes more favourable for electrons
to travel conventionally through the material [20]. Following the
transition into the resistive state, the resistance of the conductor
becomes only dependent on temperature, as indicated in (3)
where T (K) is the operating temperature and p (Q/m) is the
electrical resistivity at the critical temperature 7t (K).
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In addition, the critical current density, J., is dependent on
operating temperature of the superconductor: where 7 is the
temperature at the reference critical current density [15-16].
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Losses within high temperature superconductors originate
from two primary sources: eddy currents induced in the metallic
sheath and the superconducting hysteresis effect. At frequencies
below 1 kHz, hysteresis is the dominant form of power loss [19].
Hence at this stage eddy currents have been neglected. It is
acknowledged that future versions of the model may need to
consider eddy currents due to the expected inclusion of power
electronic converters, with switching frequencies of 5 kHz [3].

The superconducting hysteresis effect occurs due to the flux
pinning within superconductors. When a magnetic field is
applied to a HTS, it penetrates the material and becomes
polarized in the direction of the applied field. When the applied
field is then reversed, work must be done to overcome the flux
pinning and polarize the field in the opposite direction [19]. This
effect was included in the model by applying Norris’s equation
for hysteresis losses in elliptical geometry. This has been shown
to be a good approximation for losses in Bi-2223 multi-
filamentary cables [19]. This is given in (5) where P (W/m) is
power loss, i is the ratio of operating current relative to the
critical current of the material, f'(Hz) is the operating frequency



and u, (mkgs?A-?) is the permeability of free space and I is the
critical current.
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The cable is constructed of multiple layers, each of which
presents an inherent specific heat capacity, thermal conductivity
and volume which will influence the movement of heat flux
through the cable. Hence, the calculation of instantaneous
temperature of the cable is challenging. It was considered
sufficient at this stage to model the thermal aspect of the cable
as an adiabatic model of heat transfer between the cable and the
coolant. Hence, the temperature is calculated using (6) where 7,
(K) is the ambient temperature, Cs (J/m’K) is the volumetric
specific heat capacity. Qi (J) and Qo (J) describe the heat
generated in the superconductor and the heat transferred to the

cryogen.
1
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The heat dissipated in the superconductor is calculated using
the Joule heating relationship considering current sharing
between the superconducting layer and shunt stabilizer. The heat
flux removed from the superconductor into the coolant is
calculated using Fourier’s law for heat conduction applied to a
cylindrical geometry (7).

Q = —2kmnrl d—T 7
dr

The simplification of the thermal model leads to a number of
limitations within the model. The temperature distribution
within the variety of material layers and the impact of the flow
of the coolant on the variation in temperature across the length
of the cable have been overlooked at this stage. Both may have
an impact on thermal stress, and hence failure, of the cable.
However due to the relatively long time constant of the heat
transfer process relative to the expected time constant of the DC
electrical system [20], the simplified adiabatic model presented
in Equation 7 is adequate as an approximation for the purposes
of investigating the impact of a transient event on the electrical
power network [21].

IV. CASE STUDY
A. Overview

By inspection of the DC architecture presented in Fig. 1, it
can be seen that this network is a multi-terminal DC network,
with converters interfacing AC loads and sources onto the
network. The model developed in Section III was used to
investigate the electrical and thermal response of the cable to a
rail to rail DC fault.

Following the application of the rail to rail short, the transient
response of the superconductor is expected to follow one of the
following:

e The superconductor exceeds the critical current and is
able to assist in dissipating the fault energy before the
critical temperature is reached. This would allow the
cable to resume the superconducting state when the

circuit is re-energized, although the maximum operating
current may be limited until the cooling system removes
the thermal energy created during the fault.

e The superconductor exceeds the critical current and
subsequent heating forces the temperature to rise above
T., this provides large damping to the fault current
however the cable will require a period of cooling before
normal operation can resume.

o If the superconductor does not quench then the electrical
energy will circulate through the fault path and the
rectifier diodes until the small flux-creep and resistance
of the diodes dissipate the energy.

The circuit model is implemented as shown in Fig. 2. The
inductance of the cable was set to 1 mH and the critical current
of the superconductor is taken as 1000 A. The voltage across the
capacitor is also kept constant at 4.5 kV [3]. The sensitivity of
the response of the two different system parameters (filter
capacitance and stabilizing resistances) was investigated.

B. Results

Figs. 3 and 4 show the fault current response and
superconductor temperature respectively for a range of scenarios
in which the stabilizing resistance, Rgubie, is held constant at 100
mQ and the DC link capacitance (Cy) is varied between 50 mF,
225 mF and 500 mF. These results show that as the filter
capacitance increases, the amount of energy dissipated by the
capacitor and the temperature of the cable in response to the fault
also both increase.

Fig. 5 shows the peak temperature reached in the
superconductor for variations in the filter capacitance (from 0 to
250mF) and shunt resistor (from 11m€Q to 100m€). This figure
indicates that the size of the shunt resistance is a key factor in
determining whether the cable can recover the superconducting
state for any given capacitance discharge event.

Fig. 6 displays the peak current experienced for a range of
values of filter capacitance (from 0 to 250mF) and shunt resistor
(from OmQ to 100mQ). It can be seen that increasing the
stabilizing parallel resistance can have a positive effect on
reducing the size of the fault current. Conversely increasing the
capacitance increases the peak fault current experienced by the
cable.
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Figure 2. Circuit Diagram of Fault Case

C. Discussion

The case study presented demonstrates the potentially
serious impact of a discharging DC link capacitance on
superconducting cable behaviour. The risk of causing a quench
condition is highlighted. This may cause damage to the cable as
the energy stored in the capacitor is dissipated as heat within the
superconductor. Even if no permanent damage is caused to the
cable, the quench may remove the cable from service for a
significant period of time (seconds to minutes) [22], before the
cable recovers and is cooled to below the critical temperature,
Tc. Depending on the network redundancy and fault
management strategy, this removal may significantly impact on
system performance.

Whether the superconductor undergoes a quench is
dependent on either the discharge current of the capacitor
exceeding the de-pairing current or being sustained for long
enough at a sufficient level that the temperature of the cable
exceeds the critical temperature level. Whether the
superconducting cable is able to provide useful damping without
exceeding 7. is dependent on the length of the cable, as this
increases both the resistance of the superconductor during the
flux-flow and normal states as well as providing a larger volume
to dissipate the resulting heat. Increasing the area of the
superconducting cable provides a larger volume to dissipate the
fault energy but reduces damping provided by the cable as the
critical current density, J;, will also increase. Alternatively, if the
cable is designed to handle the maximum fault current without
quenching this could lead to the solid state switching
components within the converter being forced to dissipate the
energy discharged by the capacitor.

Figure 3. Current Response for Different Values of DC link capacitance
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Current

Appropriate overrating of these components may significantly
increase the weight and efficiency penalty attributable to the
power electronic converters, which is highly undesirable as it is
known that without overrating, the cooling requirements of the



power electronics present a significant challenge [23]. An
alternative may be to consider different converter topologies
with current blocking capabilities. Alongside this, it is clear
that there is strong coupling between the failure modes, design
and choice of components and the choice of protection system.

V. CONCLUSION

This paper has explored failure modes of a superconducting
DC cable through the use of a thermal-electrical cable model.
The results demonstrated how the cable may be designed to be
less likely to fail, but that these design choices result in a series
of trades, which link system stability and component failure with
protection, redundancy and architecture design choices. It is
clear that in order to develop appropriate TeDP power systems,
it is not adequate to only understand the failure modes of the
cable. The failure modes of other components and devices
within the system also require characterisation. This will enable
informed trades concerning design and choice of components,
architecture, protection and redundancy for TeDP electrical
power systems to be made.
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