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Abstract—Superconductors have a potential application in
future turbo-electric distributed propulsion (TeDP) aircraft and
present sig-nificant new challenges for protection system design.
Electrical faults and cooling system failures can lead to temper-
ature rises within a superconducting distribution network which
necessitate a reduction or temporary curtailment of current to
loads to prevent thermal runaway occurring within the cables.
This scenario is undesirable in TeDP aircraft applications where
the loads may be flight-critical propulsion motors. This paper
proposes a power management and control method which exploits
the fast acting measurement and response capabilities of the
power electronic interfaces within the distribution network to
maximise current supply to critical loads, reducing the impact
of a temperature rise event in the superconducting distribution
network. This new algorithm uses the detection of a resistive
voltage in combination with a model-based controller that esti-
mates the operating temperature of the affected superconducting
cable to adapt the output current limit of the associated power
electronic converter. To demonstrate the effectiveness of this
method and its impact on wider system stability, the algorithm is
applied to a simulated voltage-source converter supplied aircraft
DC superconducting distribution network with representative
propulsion motor loads.

Index Terms—TeDP, HEA, Superconductor, Protection, Cur-
rent Compensation

I. INTRODUCTION

DEMAND for air travel has historically doubled every
fifteen years and this trend is set to continue well into

the 21st century [1]. However, due to environmental pres-
sures resulting from climate change, governing bodies such
as NASA and the EU have set ambitious new performance
targets for future aircraft [2], [3]. One potential aircraft concept
that can help reach these targets is TeDP. TeDP represents a
step change in aircraft electrification, and the resulting power
requirements. The gas turbine engines in a TeDP aircraft
provide electrical power to electrical motors, with no thrust
being directly produced by the gas turbine engines. This allows
propulsor motors to be placed at the optimum places on the
aircraft to reduce drag and take advantage of boundary layer
ingestion (BLI) [4] for example. This significantly improves
the aerodynamic performance of the aircraft. However, the

S. Nolan, C.E. Jones, R. P. Alzola, P. J. Norman, and G. Burt are
with the Department of Electronic and Electrical Engineering, University of
Strathclyde, Glasgow, G1 1XQ e-mail: (steven.nolan@Strath.ac.uk).

P. Miller is with Central Technologies - Future Platforms, Rolls-Royce plc,
Derby DE24 8BJ, U.K. M. Husband is with Rolls-Royce Electrical, Rolls-
Royce plc, Derby DE24 8BJ, U.K.

Fig. 1. Example of TeDP architecture that utilises DC distribution [6].

significant increase in the on-board electrical power system
capacity required for TeDP (which can exceed 50 MW for
large passenger aircraft) must be designed to be as power
dense and efficient as possible to realise the full benefits of the
TeDP concept [5]. An example DC TeDP network is shown in
Figure 1 in which a number of propulsion motors are supplied
from a DC distribution network from four generators. The
electrical machines are integrated to the DC network using
power electronics.

In the near term it is expected that conventional machines
will have a high enough power density to achieve a weight-
power performance of 7kW/kg [7], whilst superconducting
machines are expected to offer power densities in excess of
30kW/kg [8]. As well, to minimize and manage the thermal
load, it is proposed that the distribution system should be
superconducting as far as is technologically possible [8].
While the use of superconducting materials offers significant
weight reduction and power loss reduction benefits, there
are additional challenges due to the cooling requirements of

CORE Metadata, citation and similar papers at core.ac.uk

Provided by University of Strathclyde Institutional Repository

https://core.ac.uk/display/323993458?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


THIS PAPER IS A PRE-PRINT OF 10.1109/TTE.2020.2998522 ACCEPTED BY IEEE TRANS. ON TRANSPORTATION ELECTRIFICATION ON 18TH OF MAY 2020 AND AS SUCH IS SUBJECT TO IEEE COPYRIGHT. ii

these systems. This will require progress in cryogenic cooling
system density to achieve a performance density of 3kW/kg
[9]. The additional thermal considerations of superconductors
will also entail new protection requirements for the electrical
system.

TeDP aircraft include critical loads that require power at
all times such as the boundary layer ingestion (BLI) fans
which incur a significant drag penalty if de-energised [4]. If
a transmission cable undergoes temperature rise, its current
capacity will be reduced due to the interdependent nature
of the critical parameters: temperature, current, and magnetic
field [10]. However, unless the component has exceeded the
absolute critical temperature, removing it from service ignores
the power capacity still available which can be used to carry
current, albeit at a reduced level [11]. This capacity can be
used to transmit reduced current to BLI fans to minimise drag
penalties and reduce the amount of power that energy storage
or backup generators may have to supply in the interim period.
This has the potential benefit of reducing energy storage
depletion and maximising stability margins in healthy feeders.
To implement a control system capable of reduced current
transmission, the cable’s temperature needs to be estimated
from system measurements in a short period of time (for
example within milliseconds).

To this end, this paper proposes using fast acting con-
verter control to regulate power flows in distribution lines in
which above nominal temperatures are determined, in order
to maximise the usage of each asset following abnormal net-
work events. Underpinned by a rapid temperature estimation
method, a limiting function is used to reduce current to safe
levels and prevent thermal runaway.

This paper is structured as follows: Section II contains a
review of the TeDP system requirements and capability for
prevention of thermal runaway; Section III introduces the
system model for this study, discusses the thermal operating
limits of superconductors; Section IV explains the implemen-
tation of the converter control method; Section V describes
the modelling of the system used for simulation; Section
VI contains the results of the simulations while Section VII
discusses their impact. Section VIII concludes this paper.

II. TEDP ELECTRICAL POWER SYSTEM REQUIREMENTS

Maintaining the superconducting state requires that a su-
perconducting component operates within the critical surface
defined by operating current, temperature and magnetic field
strength. Off -nominal conditions, such as electrical faults and
cooling system failure can result in the component quenching,
transitioning to the conventional state [12]. A consequence of a
quench is that due to the resistive nature of a quenched super-
conducting cable, large amounts of power can be dissipated as
heat in the superconductors. If appropriate system management
methods are not implemented, this may ultimately lead to
thermal runaway and damage to the component [13].

Compared to early superconductors, components made from
second and third generation high temperature superconducting
(HTS) materials have a larger thermal stability due to an
order of magnitude greater heat capacity [14]. This greatly

increases thermal stability, enabling the design of fault tolerant
components capable of withstanding over- currents without
undergoing an excessive temperature rise [15]. Despite this,
even a single-figure temperature rise can be enough to reduce
critical current substantially, leading to greater losses while
also reducing the tolerance of the cable to subsequent electrical
faults [16].

Thermal runaway occurs when the cooling system is no
longer able to compensate for the losses produced by the
component and can lead to the superconducting component
suffering irreparable damage [12]. To design superconducting
cables to withstand electrical faults, designers can use stability
margins which are defined with respect to the current sharing
temperature [12]. This temperature is the point at which
current begins to transmit through conventional materials built
into the cable and is a phase characterised by positive feedback
Ohmic losses [12]. The implementation of TeDP, however, re-
quires the use of complex electrical power system architectures
with a wide operating range. This is due to power requirements
changing in accordance with loading conditions throughout the
flight cycle, with take-off and go-around requirements that are
around double cruise loading [17]. As discussed in section III,
this can cause stability margins to change over the course of
the mission which needs to be taken into account in protection
system design.

The authors of [13] show how capability curves can be pro-
duced for superconducting components. These curves attempt
to define the relationship between fault ride -through energy
dissipation and the superconducting component’s thermal sta-
bility [13]. This allows for a relationship to be built between
the component experiencing over current and the amount of
time that particular current level can be withstood before
normal steady state current will lead to thermal runaway.
The inability to meet required steady state currents could be
an isolation criterion for a conventional, terrestrial system.
TeDP however, with arrays of multiple fans that have large
operating reserve during cruise can provide for high levels
of redundancy and control options [8]. One of these is using
converter interfaces to limit and manage current in branches
which have undergone temperature rise.

Limiting current in a particular branch through the use
of power electronics can be achieved through appropriate
converter control [18]. This can give system planners a great
deal of design freedom that can be used to help prevent
abnormal conditions from affecting flight. The ability to limit
current using converters will be dependent on the architecture
of the distribution system as well as the capability of the
power electronic module. In particular, the load types used
in the system could play an important role in ensuring system
stability [19]. For instance the influence of constant power and
constant impedance loads will be investigated in this paper
to determine their influence on network stability and thermal
runaway during implementation of a current limitation control
method.

In this area there is a significant amount of existing lit-
erature on DC micro-grids which is directly applicable to a
TeDP system with respect to control and system stability. For
instance the authors of [20] examine the impact of parallel
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sources on the stability and reliability of a more-electric
aircraft (MEA) DC aircraft bus with CP loads, concluding
that energy storage is essential to improve these attributes.
Coordinating load sharing between multiple sources in a DC-
microgrid can be done through droop control [21]. While this
type of control has been applied to MEA concepts such as
in [20] and [22], the application of load sharing techniques
is not well explored with respect to superconducting systems
and the additional constraints introduced by the use of these
materials. For instance, no literature explores the application
of these techniques resulting from a superconducting cable
requiring current limitation due to operating at higher than
normal temperatures.

As well as load sharing strategies to reduce the current
carried by a superconducting cable, power management and
load shedding strategies can be adopted to reduce the power
consumed by specific loads and reconfigure the network the
deliver power through alternative paths as proposed by [23].
Within conventional MEA load management strategies are
reviewed by [24] where specific strategies suggested involve
exploiting loads with large time constants such as galley
ovens, and exploiting the cyclical nature of certain loads
such as wing ice protection [25]. However owing to the
power levels of electrical propulsion for large commercial
transport, such methods may not remove enough demand on
the electrical power system to reduce current to safe levels and
a combination of network reconfiguration and curtailment of
propulsion loads may be required.

To limit current effectively while ensuring appropriate safety
margins are kept, the temperature of the superconducting com-
ponent must be known. Thermal measurements can be used for
this however the response time of the measurements can vary
significantly depending on the sensor used and the application
itself [26]. These response times may be too large to limit
current before thermal runaway takes place. An alternative
approach is to estimate the temperature of the component
through electrical measurements. This paper presents a method
that uses the IV-characteristic of the superconducting transition
to determine the temperature of the component in real time and
adjust current to a suitable level.

III. DEVELOPMENT OF MAXIMUM RECOVERY
TEMPERATURE MODEL

A. System Model for Analysis

The control method developed in this section is applied
to the system shown in Figure 2, which considers a single
generator and motor channel taken from the overall TeDP
network (Figure 1) with an energy storage source connected to
the common bus through a DC/DC converter. This electrical
architecture consists of a three-phase generator that is supply-
ing electrical power to the distribution system, which includes
a single propulsion motor load. The two electrical machines
interface to a DC distribution network via power electronic
converters. The distribution network consists of a supercon-
ducting cable and a DC filter capacitor that reduces voltage
ripple at the output of the active, six-switch rectifier which
interfaces the generator to the network. A low impedance

Fig. 2. High level diagram of system for modelling.

fault is located downstream of the superconducting cable as
indicated on Figure 2 which will be used to demonstrate a
heat generating event that requires cable current limitation to
prevent thermal runaway. This architecture does not include an
superconducting fault current limiter (SFCL), this is to ensure
that the cable’s temperature rises during the fault. All mod-
elling was carried out within Mathworks’ MATLAB Simulink
software package. Key model parameters are provided in Table
1, in Section V.

B. Superconducting DC Distribution Cable

The superconducting DC cable is a thermal-electric cable
model that includes a conduction layer made up of Yttrium-
barium-copper-oxide (YBCO) superconducting material and a
conventional copper shunt. The conduction layer is wound
around a layer of insulation separating it from the former.
Another layer of insulation separates the conduction layer
from the shield. The shield is assumed to be identical in its
electrical characteristics to the conduction layer. The design of
this cable is illustrated in Figure 3. To calculate current sharing
between the superconducting and conventional materials in the
component, a current iterative algorithm adapted from [27] is
used.

C. Current-Temperature Operating Requirements of a Super-
conducting Cable

This subsection describes the development of the V4C
specific theoretical models that underpin the new control
method presented in Section 4. To develop thermal operating
limits with respect to required operating current, two terms
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Fig. 3. Illustration of superconducting cable’s physical description.

are now defined: maximum recovery temperature (MRT), and
maximum recovery current (MRC). These operating limits will
be used to calculate safe current limits that the rectifier on
Figure 2 will be allowed to output following a temperature rise.
MRT is defined as the maximum temperature the component
can carry a given load current without thermal runaway
occurring due to power losses incurred from operating near
the critical current. MRC is the maximum current that the
component can operate at a given temperature without elec-
trical losses leading to thermal runaway. Utilisation of these
criteria allows for the selection of a safe maximum operating
current following a heat-generating event. This will prevent
unnecessary curtailment of current during flight phases in
which significant spare current capacity exists to meet the
required demand.

At the MRT the losses produced by the component, in
Joules, Qin, are equivalent to the amount of heat the cooling
system can remove, Qout. These values can be calculated for
a circular geometry of a cable operated in DC, where the
primary loss mechanism considered is due to flux-creep, flux-
flow and current sharing with conventional materials [28]. This
is caused by operation near and above Ic. The Equations for
Qin and Qout are shown in (1) and (2) respectively. Within
the thermal modelling of the cable, heat intrusion sources are
neglected as they are assumed to be a much smaller source
of heat than that produced by flux-flow and Ohmic losses in
the cable when operating at or above critical current [28],
which are the operating conditions of interest in this paper.
Additionally, the temperature of the cryogen used to cool the
cable is assumed to be constant.

Qin(t) = Isc(t)Vsc(t) (1)

Qout(t) = hA(T (t) − Tcool(t)) (2)

Where h is the heat transfer coefficient in W/m2K, A
is the surface area of the cable in m2, and Tcool(t) is the
temperature of the coolant in Kelvin, T is the temperature
of the cable, Isc and Vsc are the current carried and voltage
dropped across the cable respectively. The temperature of the
cable is calculated in accordance with (3), where Cv(J/m3)
represents the volumetric heat capacity of the cable while the

initial temperature is given by T0(K).

T (t) = T0 +
1

Cv

∫ t

0

Qin(t) −Qout(t) dt (3)

Superconducting materials create an electric field, E(V/m),
in response to the flow of current. The magnitude of this
field varies exponentially in accordance with the power law
[10] and the ratio of the instantaneous current magnitude,
Isc(t), to the temperature dependent critical current, Ic(T ).
Assuming uniform superconducting properties in the direction
of the transport current, the voltage dropped, Vsc(I, T ) along
a length, L(m), of superconducting material can be calculated
using (4). Where α is the transition index, which describes the
steepness of the transition between the superconducting and
conventional conduction states, and Ec is the quench voltage
constant, 100µV/m.

Vsc(I, T ) = EcL

(
Isc(t)

Ic(T )

)α
(4)

The temperature dependent critical current can be calculated
according to (5) while the temperature dependence of the
transition index is calculated according to (6) where Tc is
the critical temperature and Tref is a reference temperature.
Icref and αcref are the critical current and transition index
measured at a reference temperature while the indices k and
β describe the nature of the temperature dependence for the
critical current and transition index respectively [29].

Ic(T ) = Icref

(
Tc − T

Tc − Tref

)k
(5)

α(T ) =
αref − 1

2

(
Tc − T

Tc − Tref

)β
+ 1 (6)

At the MRT (1) and (2) are equal in value. By substituting
(4) into (1), (7) is arrived at, where TMRT is the MRT and
Qout(t, TMRT ) the heat removed at the MRT.

Isc(t)Ec

(
Isc(t)

Ic(TMRT )

)α
= Qout(t, TMRT ) (7)

Rearranging (7) allows for the maximum current carried by
the cable at the MRT to be calculated, as given in (8). As
an example of this relationship, Figure 4 shows the output
of (8) for a cable with a critical current of 1000A operating
with a coolant temperature of 77K, the boiling point of
liquid nitrogen under atmospheric pressure.The heat removed
is assumed to be constant along the length of the cable at
0.2W/mK. The rapid rise between 0A at 77K and the peak
value is because heat does not flow between two bodies of
equal temperature.

IMRC(t, T ) = α+1

√
Ic(TMRT )αQout(t, T )

Ec
(8)

IV. VOLTAGE-BASED CURRENT COMPENSATION
CONVERTER CONTROL (V4C)

The proposed method aims to maximise the amount of
power that can be transmitted through a converter interfaced
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Fig. 4. Example of maximum recovery current (MRC) w.r.t maximum
recovery temperature (MRT).

Fig. 5. Surface of voltage drop w.r.t. temperature and current of a super-
conducting distribution cable. Current is normalized here for readability as
it is the ratio of instantaneous current to critical current that determines the
voltage drop in a superconducting cable (Equation 4).

distribution line forced to operate at temperatures greater than
nominal. To do this, temperature must be estimated to ensure
that current is curtailed to a level that prevents losses from
leading to thermal runaway of the superconducting feeder
cable. This is achieved using knowledge of the components
voltage response at different currents and temperatures in order
to determine safe operating values for the present conditions.

The voltage response of a superconducting cable to an input
current is strongly temperature dependent which can be seen
in (4), (5) and (6). By determining the current flow in the
superconducting material for a given shunt impedance, it is
possible to derive the voltage drop across the cable for a range
of input current and temperature magnitudes (using Equation
(4)) which can then be visualised in a 3D surface plot (shown
in Figure 5, created in this instance using a shunt resistance
of 2.5mΩ).

Assuming the cooling system is active, the maximum cur-
rent limit for the superconducting cable can be calculated using
(8). An operating current below this boundary can be selected
which will then allow temperatures to return to nominal

Fig. 6. V4C implemented as feed-forward loop within a dq-controlled rectifier.

operating levels, while providing partial load fulfilment during
this period. In practice a look-up table could be used to quickly
ascertain this temperature based on the components voltage
response at a given current input temperature. This provides a
fast and simple procedure for estimating the temperature based
on electrical magnitudes which can then be used to to limit
current in a converter control scheme as will be shown in the
following sections of this paper.

Alternatively, the temperature can be estimated from (9),
which is derived from substituting (5) into (4) and rearranging
for T . Although a greater margin of error when using this
equation is needed as α must be constant to prevent an
algebraic loop.

T = Tc−



((

E1/α
c L1/α

Vsc(t)1/α

)
Isc(t)

)1/n
I
1/n
cref

 (Tc − Tref )

 (9)

This limitation of current is implemented via the use of
a feed-forward controller within a power electronic control
system. The feed-forward controller is designed to saturate
the current request to stay within the safe operating boundary
of Figure 4 at all operating temperatures up to TC , where the
component has lost all superconducting properties.

V. APPLICATION OF METHOD TO A TEDP ELECTRICAL
POWER SYSTEM

A. Rectifier Control

This section describes the control of the power electronic
interfaces of the system shown in Figure 2. The control of
the rectifier used to interface the generation source with the
network is described in Figure 6. As shown in this Figure,
the rectifier uses a direct-quadrature (dq) control scheme
designed to regulate the output DC voltage and current to
1pu. The capacitor is sized in accordance with [30] to be
4.3mF. This approach to the modelling of the system’s three-
phase generator and rectifier is done in accordance with [31].
However, component non-idealities and parasitics have been
ignored as their impact on the system response for the studies
in this paper are negligible.

The generator is modelled as a three-phase controlled volt-
age source with a rated power of 1 MW as shown in table
1. A phase locked loop (PLL) is used to determine the rotor
angle, θ, of the generator for use in the dq0 transform (10).
The transform is applied to the three phase currents of the
generator.
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[
ud
uq
u0

]
=
2

3

[
cos(ωt) cos(ωt− 2π

3 ) cos(ωt 2π3 )
− sin(ωt) − sin(ωt− 2π

3 ) − sin(ωt+ 2π
3 )

1
2

1
2

1
2

][
ua
ub
uc

]
(10)

The controllers are designed to control the direct and
quadrature currents which individually correspond to the real
(direct) and reactive (quadrature) power output of the rectifier.
Hence the quadrature component (Iq) is controlled to be zero.
The direct current, (Id), changes with respect to reference
requests from the voltage control loop. It is assumed that the
three phase system is balanced and that the zero component is
a constant at 0. The voltage control loop measures the voltage
across the DC filter capacitor and compares it to a set reference
that is nominally 1pu. The error signal is then passed through
a PI controller to generate the reference current, I∗d .

The direct current request is compared to Id, and passed
through a second PI controller. An inverse dqo transform is
applied to the controller outputs and passed to the modulator
which implements pulse width modulation (PWM) for con-
trolling the rectifier switches. The gain and time constants for
the PI controller are set in accordance with [32] and accounts
for the delay inherent in discrete sampling.

B. V4C Control Implementation

V4C is implemented, as shown in Figure 6, using feed-
forward compensation. As described in Section 4, this method
uses the measured resistive voltage drop across the supercon-
ducting cable and the current output of the 3 phase rectifier to
determine the operating temperature of the cable. Following
temperature determination the current request from the voltage
control loop is saturated to a value lower than the MRC for
this operating temperature using (11). This allows current to
be limited quickly, without interfering with the operation of
the system during normal conditions.

Imax = kIMRC(T ) (11)

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

C. Back-up Energy Source

The energy storage (ES) depicted in Figure 2, can be
any energy storage source such as a battery, superconduct-
ing magnetic energy storage (SMES), or a normally open
point that feeds power from secondary electrical generators
following network reconfiguration. Within the model ES is
represented as a controlled current source input with operating
current being determined through DC droop control [33].
This allows for effective power sharing between multiple

TABLE I
SIMULATION PARAMETERS

Parameter Unit(s) Value

Superconducting Material Type YBCO
Transition index (at 77K) n.a 20

Cable Operating temperature K 77
Critical Temperature K 93

Critical Current A 1200
Rated DC Voltage V 1000

Cable Length m 100
Conventional Resistance Ω 0.0025

Rated AC Voltage V 615
DC Capacitance mF 4.3

Constant Impedance Load R Ω 1
Constant Impedance Load L mH 1

Cooling coefficient W/mK 0.2
Rated Power MW 1

Fig. 7. 10kA Fault current implemented on network using controlled-current
source downstream of the distribution cable and subsequently cleared after
150ms. This is implemented twice, once at 1s and again at 3s.

generation sources without the need for communication. The
energy source only discharges once the measured network
voltage drops below 0.94pu to prevent discharge during normal
voltage variations, in accordance with terrestrial standards for
voltage limits in the UK. The speed at which the back-up
power source can respond to a power request is limited by
bandwidth of its controller. This bandwidth is set as an order of
magnitude slower than the bandwidth of the 3-phase rectifier
using a low-pass filter with a bandwidth of 1 kHz at the
control signal input. This ensures the ES will only transfer
energy into the system in response to voltage deviations
when the superconducting link is unable to meet the demand
during abnormally high-temperature conditions. Additionally
the maximum power output of the back-up energy source is
arbitrarily assumed to be 30% of the full load requirements of
the motor.
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VI. RESULTS

To investigate the effectiveness of the proposed control
method, with respect to different load types and system
architectures, multiple scenarios are considered. Two network
architectures are investigated: a system containing a backup
power source, Figure 2, and a network in which the backup
energy source is not present. How the presence of additional
power supplies can affect the ability to implement the proposed
control scheme, and the impact on the stability of the network
following current reduction, is discussed.

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

The component values for the Matlab network simulation
are shown in Table 1. The superconducting cable is modelled
in accordance with Section 3.B for the parameters specified in
Table 1. This model is used to populate a lookup table which
describes the voltage response of a superconducting cable over
wide range of current and temperatures values. This is used to
determine the operating temperature throughout the course of
the simulation. For these simulations a fault current of 10kA
DC is used in order to cause significant temperature rise in the
superconducting cable. The fault is removed from the system
after 150ms to simulate the opening of mechanical circuit
breakers. The fault current is implemented using a controlled
current source within the Simulink software package.

The temperature rise due to the fault causes the critical
current of the material to decrease. This leads to a voltage
being generated across the superconducting cable and Ohmic
losses occurring even after current returns to normal operating
levels. In this condition, the feed-forward control loop will
estimate the new operating temperature in accordance with
Figure 5 and a new safe maximum current is chosen to
prevent thermal runaway of the cable. To implement this
control action, the current request, I∗d , created by the voltage
controller, is saturated to ensure this maximum current level
is not exceeded.

Two faults are applied during the course of the simulation,
occurring at 1 and 3 seconds into the simulation as shown on
Figure 7. This emulates the situation in which multiple faults
occur within the system in succession. The results demonstrate
that the V4C controller will not take action during the first
fault, because current limitation is not required to preserve

thermal stability but will act after a subsequent fault that
leads to temperature rise above the MRT, at which point the
superconductor can no longer supply the requested current
without thermal runaway taking place.

Figures 8a and 8b show the filter capacitor voltage and DC
current profiles for scenarios in which a CI load is being fed by
the system. These figures show the impact of current limitation
taking place at the rectifier for architectures with and without
ES. Figures 9a and 9b show the filter capacitor voltage and
DC current profile for scenarios in which the CI load has been
replaced with a CP load. Figures 10a and 10b show the filter
capacitor voltage and DC current profile for the scenario in
which V4C control is implemented within the inverter control
loop in order to show how the placement of the controller can
affect network stability.

Figure 11 shows the temperature of the superconducting
cable for each scenario. Figure 11 has been extended over a
period of 10s to show whether thermal runaway or thermal
recovery takes place after each fault scenario is implemented
with the V4C controller in use.

VII. DISCUSSION

In the case of CI loads, reducing upstream current output
requires a reduction in system voltage unless the network
is able to provide power from an alternative source. This is
due to the energy imbalance between the power requested by
the load and power delivered by the generator. This can be
seen in Figures 8a and 8b which show that an alternative
power source will be required to ensure network voltage
does not drop below required limits while providing a full
range of current limitation. Without this alternative source, the
maximum current limitation will be determined by the under-
voltage limit of the network. Hence, the minimum current the
converter can supply, determined by network minimum voltage
limits, may not be sufficient to reduce current below MRC.
This can be seen on the black dashed line in Figure 11, where
the temperature rise continues following current reduction as
the rectifier is incapable of reducing current enough to prevent
thermal runaway, as shown on Figure 8b. With the ES to
support network voltage however, the superconducting feeder
is able to supply a portion of the current, Figure 8b, while
temperatures stabilize, Figure 11. In this case the maximum
amount of current limitation that can be applied is dependent
on the maximum amount of power that the ES can supply. In
this case the maximum amount of power the ES can supply
is set at 30% of full load. If current must be limited to the
extent at which the energy source must supply greater than this
amount, then network voltage will begin to decrease which can
lead to under-voltage protection tripping.

Within a DC TeDP distribution network the motor loads
will be interfaced through inverters. If these inverters tightly
regulate their loads, they can appear as CP loads which
have a negative impedance characteristic. This means that any
attempt to reduce current will cause the DC network voltage
to decrease, Figure 9a, and consequently cause the inverter
to draw more current, Figure 9b, to maintain CP. This causes
a further depression of system voltage, potentially leading to
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Fig. 8. a) DC voltage for V4C control implemented on a dq-controlled rectifier with a constant impedance load with and without a back-up energy source.
b) DC current profile for V4C control implemented on a dq-controlled rectifier with a constant impedance load with and without a back-up energy source.

Fig. 9. a) DC voltage for V4C control implemented on a dq-controlled rectifier with a Constant power load with and without a back-up energy source. b)
DC current profile for V4C Control implemented on a dq-controlled rectifier with a constant power load with and without a back-up energy source.

Fig. 10. a) DC voltage for V4C control implemented on a motor inverter. b) DC current profile for V4C control implemented on a motor inverter.
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Fig. 11. Comparing temperature recovery of superconducting cable in different system architectures utilizing V4C.

quicker thermal runaway due to the larger current drawn. This
can be seen in Figure 11, dashed red line, in which thermal
runaway takes place quicker than other scenarios due to the
greater current request from CP load, Figure 9b.

This potentially damaging issue can be resolved if the
network contains a sufficient energy storage source, down-
stream of the affected feeder, that is able to provide the power
required to prevent significant voltage deviations. This allows
the feeder to supply partial power while temperatures return
to normal. Alternatively, the network can be reconfigured to
provide power from a different generator feeder. This scenario
is shown in the blue lines in Figures 10 and 11, where the
application of a droop controlled energy storage source is able
to ensure that the DC network voltage is maintained. This
allows full power to be delivered to the motor while ensuring
the network’s thermal and voltage stability is maintained.

An alternative solution is the placement of the feed-forward
limiting block within the inverter connected to the propulsion
motors such that the component reduces its current request
when it detects abnormal temperatures either upstream or
within the motor, Figure 10b. This allows for the power drawn
by the motor to be reduced to ensure voltage stability within
the network, Figure 10a, while also preserving the distribution
networks thermal stability, Figure 11. While allowing for
these benefits, it would require coordination to ensure aircraft
dynamics are not negatively affected by reduced thrust output
of the motor. This could be exacerbated in architectures,
such as the N3-X TeDP network shown in Figure 1, which
contain large numbers of motors being fed by a single channel
and would require greater coordination to ensure appropriate
limitation of current and equal distribution of thrust across
multiple fans.

Without the V4C approach adopted in this paper, current is
limited based on the maximum that can be transmitted through

the conventional materials present in the superconducting
cable without exceeding the cooling system’s capacity. For
instance, based on the parameters shown in Table 1, and
assuming that the temperature of the liquid nitrogen reservoir
remains constant, the current would have to be limited to
approximately 320A to prevent the temperature of the cable
from exceeding TC . This is lower than the amount of current
capable for being provided by the cable using a V4C control
as illustrated in Figure 12 which compares the cable MRC and
the maximum current level that can be transmitted through the
conventional material (when no superconductivity is present)
to maintain a given temperature. The limitation of current
transmission through conventional materials can be increased
by using larger cross-sectional areas of conventional material
in the cable’s design, but this will increase weight, which is
a key design variable in aircraft systems. This greater current
restriction also increases the amount of power that needs to
be supplied by additional sources such as ES, further driving
up system mass.

VIII. CONCLUSION

Superconducting components are a potential enabler for
future aircraft electrical systems due to their high power den-
sities. To maximise the benefits of superconducting technolo-
gies, robust system management is needed to accommodate
the unique thermal requirements of these components with-
out negatively impacting flight if an abnormal event occurs,
causing the temperature of the superconducting cables to rise.

Results in this paper have shown that in the case of a
superconducting cable being subjected to a temperature rise,
which prevents conduction of full load current, the proposed
method maximises power flow in the cables without thermal
runaway occurring. This is of particular benefit for TeDP
aircraft where it is highly desirable to maintain power to BLI
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Fig. 12. Maximum current that can be supplied by the system using conventional current rating and superconducting MRC

fans as these will generate significant drag if de-energised
[4]. In addition, the utilisation of V4C also has the benefit
of preventing unnecessary over-curtailment, or removal from
the circuit, of superconducting feeders, reducing the reliance
on energy storage sources in the network during such condi-
tions. This has the potential to reduce the extent of required
redundancy and stored energy capacity implemented within
the network architecture, potentially facilitating a reduction in
system weight.

The results presented show that the effectiveness of V4C
depends ultimately on the architecture of the network, and the
impact on stability is a function both of where the current
limitation is implemented within the system and the nature of
the loads (constant power or constant impedance). In particu-
lar, the constant power nature of propulsion motor loads has
been shown to cause the greatest destabilising effect, requiring
local-to-load energy storage to maintain stability and full
thrust provision whilst managing cable temperature. To further
understand the system-level impacts of this control, future
research will need to determine the operating constraints of
superconducting propulsion motors. This could impact future
superconducting TeDP network topologies that require reduced
power operating modes by affecting the location of within the
system, and technology choice of, the ESS. Results indicate
that the ESS will require to be high-bandwidth, as well as
requiring an interface with current limiting capable converter
topologies (i.e MMC).

The full hardware validation of the V4C concept within
a superconducting network remains a challenge in the short
term. However, there is scope for a complementary follow-on
activity to establish the level of accuracy attainable with the
model-based temperature estimation algorithm, which would
allow refinement of V4C through tuning of threshold safety
margins. Future work identified by the authors is to identify
the platform level benefits and challenges of this approach
when the control is applied to multiple feeders within a single
channel of the electrical power system.
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