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Reduced Self-Field Effect on Critical Current
Design For All Electric Aircraft

Gaurav Gautam, Min Zhang, Weijia Yuan, Graeme Burt and Daniel Malkin

Abstract—High Temperature Superconductors (HTS) are
promising solution for high current applications such as in
all-electric aircraft. According to Paschen’s law of voltage
breakdown, low voltage is recommended for electric aircraft
and high current is required to provide sufficient thrust. A
superconducting high current low voltage DC busbar for electric
aircraft power distribution system design is proposed and tested
in liquid nitrogen at range of 77 K temperature. The emphasis
gives to create a design that allows modularity, ride through
transients or fault events and reduced effect of self-field on
critical current (IC). Design is developed through finite element
modelling (FEM) using COMSOL software to study effect of
gap between HTS tapes on critical current. A prototype is
developed, and experimented with 1 kA at 77K, which measured
V-I characteristics and tested against fault current.

Index Terms—Ceritical current (IC), all-electric aircraft, self-
field, high temperature superconductor (HTS).

I. INTRODUCTION

HE emission of gases and particles from aviation plays

substantial role in climate warming. Notably, C'Os is key
pollutant within aviation, bearing a significant level of respon-
sibility for net anthropogenic forcing. Beyond C'O5, non-C'O5
pollutants further contribute to complex dynamics of global
warming, culminating in an overall impact from aviation on
radiative forcing (RF). To quantify this intricate interplay is
radiative forcing, in watts per square meter (W/m?) [1].
The Radiative Forcing Index (RFI) serves as a representative
measure of this ratio. Data from 2005 reveals that aviation’s
CO4 emissions accounted for approximately 1.6 % of the total
global anthropogenic C'O5 RF during that period. Aviation’s
net RF stood at an estimated 4.9% of the total anthropogenic
RF [2].

“Flightpath 2050” Europe’s vision for aviation, set am-
bitious goal for 2050, by stating 75% reduction in C'Os
emissions per passenger kilometre. Also, reduction of nitrogen
oxide (NOx) emission by 90% and reduction in noise emission
by 65% compared to aircrafts in 2000 [3]. To achieve these
goals, aviation electrification presents itself as a viable solu-
tion. Electrification in aircraft can be initiated by electrifying
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subsystems of aircraft and then gradually replace traditional
propulsion jet engine with propulsion electric motors. Aircraft
whose subsystems replaced with electric systems apart from
jet propulsion system, are known as More Electric Aircraft
(MEA). Compare to traditional jet engine aircraft MEA are
more efficient and produce less noise [4], [5]. Thrust genera-
tion through electric power in aircrafts are classified as Hybrid
Electric Aircraft (HEA) and All Electric Aircraft (AEA) [6].
HEA requires aviation fuel and jet engine to generate power,
whereas AEA replaces jet engine with onboard source of
power. The roadmap of these technologies, as detailed in [7],
provides a clear overview of the anticipated power and voltage
levels for different categories of aircraft. For large aircraft
which can carry up to 300 passengers, distributed propulsion
system is proposed with required power more than 10 MW
and voltage range is 2-5 kV [6]. Architectures for distributed
propulsion system for all electric aircrafts explored in [8]-[11].
Superconductivity can be used to support such architectures,
as it provides high power to weight ratio for architecture
components like power distribution system and motors [12]-
[14]. DC power distribution system for all-electric aircraft is
prominent due to technical maturity of converters [15]. This
requires a high amount of current to be carried from source
to propulsion unit. High Temperature Superconductor (HTS)
provides adequate solution to transfer high current efficiently,
as they offer no losses while carrying DC current with less
space and weight.

However, HTS is an adequate solution for high current
applications, there are challenges associated with it. HTS tape
critical current is limited by few hundred amperes, to use them
for high current applications, there is a need for stacking them
together in parallel. There are three main approaches to group
them together: Co-axial winding concept [16], Robel concept
[17] and stack concept [18]. S T Schlachter et al’ have done
work with HTS superconducting busbars, 13.3 kA and 20 kA
busbars have been demonstrated [19], [20]. Design with reduce
effect of self-field on IC and fault tolerant design are not well
explored.

DC high current superconducting busbar design is proposed
in this work. This paper is divided in two parts: in section II
effect of self-field on critical current and how to reduce this
effect explained with modelling and a prototype is developed
and tested. Section III explains how fault tolerance achieved
through design and experimental results shows it’s ride through
capability during fault event. Conclusion is discussed in Sec-
tion IV.
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II. DESIGN VALIDATION

FEM is used to develop an electromagnetic model, to
understand effect of self-field on IC when multiple HTS tapes
stack together in parallel.

A. Finite Element Modelling (FEM)

An electromagnetic model is developed using COMSOL, T-
A formulation is used for busbar modelling [21]. Current dis-
tribution is calculated with current potential vector T, through
Eq.(1), where J is current density.

J=VxT (1)

Magnetic field (B) distribution is calculated with magnetic
vector potential A, through Eq.(2).

B=Vx A )

J.. is field dependent current density (A/m?) at 77K and
used to calculate field dependant critical current (IC) with Eq.
3, delta is HTS thickness (1um).

/JC x delta = IC 3)

With help of electromagnetic model, effect of gap between
HTS tapes on field dependent critical current is studied. This
effect becomes more prominent while stacking multiple HTS
tapes for high current application as shown in Fig. 1, where
10 and 5 HTS tapes modelled with a gap of 1um & 100um.
Effect of self-field on critical current increases as number
of HTS tapes increases. Simulation validates that IC can be
increased with change in design through add a gap between
HTS tapes. Relationship of field dependent critical current with

TABLE I
PARAMETERS USED IN SIMULATION AND EXPERIMENTS
Parameters Simulation Cu b/w HTS HTS
Design Design
No. of HTS Tapes 10 10 10
No. of CU Tapes - 9 0
IC Single HTS 100A 100A 100A
Operating Temperature 77K 77K 77K
Total Applied Current 1kA 1kA 1kA
Gap Between HTS Tapes | lum, 100pm 100um no gap
Critical Current 830A, 875A 840A 720A
Thickness of CU & HTS Tpum 100pm, 53um | 0, 53um

applied current is shown in Fig.1. Applied current is increasing
with time, so the field due to applied current. Consequently, the
field dependent critical current is decreasing. Field dependent
Critical current can increase or decrease by change in self-
field produced by busbar and self-field can change by adding
gap between HTS tapes. Increase in gap between HTS tapes
reduces field and increases IC as shown in Fig.1. This gap
can be created with copper put in between HTS tapes, which
adds fault tolerance in design. This will further explored in
section-III. As field decreases influence of Lorentz forces also
reduces. COMSOL software is used to implement FEM, to
propose an efficient superconducting busbar design.
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Fig. 1. Relationship of field dependent critical current w.r.t applied current.

B. Mechanical Layout and Experimental Validation

Two prototypes have been developed and tested, one with
10 HTS tapes and another with 9 copper tapes sandwich
between 10 HTS tapes. Both samples are stacked and soldered
together in parallel as shown in Fig.2. 1kA current is applied

(a) 10 HTS and 9 Cu tape design

(b) 10 HTS

Fig. 2. Mechanical design with copper tapes sandwich between HTS tapes
and HTS tapes.

through the prototype and V-I characteristics are measured.
TDK-GSP10-1000-3P400, programmable 10 kW high current
(1kA) and low voltage (0 - 10 V) DC power supply is used for
experiments. Power supply allows USB interface and integrate
with LabView environment for communication. Shunt is used
to measure current and voltage is measured through voltage
taps. National Instruments, NI-9238 voltage input module with
c¢DAQ-9174 is used to acquire voltage and current data. Liquid
Nitrogen (LN2) in open bath cryostat is used for experiments
and schematic of setup is shown in Fig. 3. Experimental result
shows effect of adding gap between in HTS tapes for high
current application. IC test conducted on two designs, one

n_HTS=10,n_Cu=9

TGK-GS
DC-Power
Supply

(b) Mechanical Design

(a)Experimental Setup

Fig. 3. Experimental setup and designed prototype.
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with gap is introduced in between HTS with 100 pum thick
and 4 mm wide copper tape, whereas in another design only
HTS tapes are used. 4 mm wide 2G HTS (REBCO) shanghai
superconductor is used to perform all experiments.
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Fig. 4. V-I characteristics of 10 HTS tapes and 9 Cu tapes sandwich between
10 HTS tapes.

As shown in Fig. 4, IC of 10 HTS tapes design and 9
Cu tapes sandwich between 10 HTS tapes design are 720A
and 840A. Parameters used for simulation and experiments
are mentioned in Table I. Terminal losses are not modelled
in simulation, so difference in results will contribute due to
inhomogeneous material and unequal distribution of current
due to inhomogenous soldering between HTS tapes. Result
shows that effect of gap between HTS tapes on overall IC for
high current application where multiple HTS tapes are used.

III. FAULT TOLERANT PRINCIPLE AND ANALYSIS

Effect on field dependent IC by adding copper in between
HTS tapes is explained in earlier section. This also helps to
add fault tolerance in the design, explained in this section.
Due to power supply limitation fault test conducted with two
samples contains 5 HTS tapes and 4 copper tapes sandwich
in between 5 HTS tapes.

A. Working of Fault Tolerant Design

When current in HTS exceeds through critical current, it
starts generating a voltage and corresponding resistance, which
is exponential in nature. This behaviour can be predicted with
E-J power law and expressed through Eq. 4. Here J is current
density, Jc is field dependent current density, Ey is electric
field criteria (1uV/cm).

(n—1)
Ey (J
sc— 7 | 7 4
pe =20 () @

Due to change in voltage a resistance starts appearing and
current starts diverting from superconducting layer to metal
layers. An alternate path called stabilizer, carry extra current
that diverts from superconducting layer and helps to save HTS
from burn.

Working principle of fault tolerant mechanism, can be
understood with the help of Fig. 5. HTS tapes acts as variable
resistor whose resistivity depends upon applied current. During
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Fig. 5. Working principle of steady state and fault (transient) state operation.

steady state condition I < IC (I is applied current and IC
is critical current), current only flows through HTS tapes as
Ryrs < Reoy. During fault or transient condition I > I'C' and
resistance Ryrs > Rop that forces current to flow through
low resistive path. Under such condition, copper stabilizer
helps to carry extra current from fault which eventually save
HTS from burn.

IC test conducted on two samples with 5 HTS tapes and 4
copper tapes sandwich between 5 HTS tapes as shown in Fig.
6. From results, we can predict that current flows only through
HTS tapes in both sample during steady state, as voltage is non
linear w.r.t to current. In copper voltage-current relationship is
linear. Therefore, voltage-current relationship helps to predict
that current is flowing through HTS and not in copper. These
sample results are comparable with modelling results as shown
in Fig. 1.
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Fig. 6. V-I characteristics of 5 HTS tapes and 4 Cu tapes sandwich between
5 HTS tapes.

B. Experimental Results: Fault State Analysis

A fault test conducted on both samples that have been used
to do IC test, shown in Fig. 6. As mentioned in section II.B
mechanical layout and experimental validation, same setup
is used to generate fault current as shown in Fig. 3. High
current pulse is generated for 1ms with programmable power
supply which provides a range of slew rate, 0.0001 - 999.99
A/msec. A predetermined current limit is set and time period
of current pulse is controlled by adjusting slew rate. Operation
of power supply is controlled through LabVIEW program.
Superconducting busbar sample is connected in series with
power supply as shown in Fig.3. IC of both samples shown
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in Fig. 6, is maximum current that these samples carry safely
are 460A and 480A. Current above IC treated as fault current.
Busbar operates in superconducting state, maintaining its su-
perconducting properties called normal zone. However, when
current through HTS exceeds critical current it transitions to
the fault zone, as shown in Fig. 7. In fault zone, the HTS
material is no longer in a superconducting state and exhibits
resistive behavior.
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Fig. 7. Fault test on 5 HTS tapes and 4 Cu tapes sandwich between 5 HTS
tapes.

A series of fault test has been conducted with different mag-
nitude of fault currents. Fig.7 shows maximum peak current
tolerate by both samples before burn. Sample with copper
sandwich in between HTS tapes have more fault tolerance
compare to sample that contains only HTS tapes and compared
in table II. Power loss during fault test is shown in Fig. §,
power loss tolerance of Cu sandwich in between HTS tapes
design is more as compare to 5 HTS tape design.

TABLE 11
RESULT COMPARISON

Parameters 5 HTS Tapes | 4 Cu Tapes b/w
5 HTS Tapes
Critical current 460 A 480 A
Max Fault Tolerance 90 A 420 A
Width of HTS, Cu Tape 4mm, 0 4mm, 4mm
Thickness of HTS, Cu Tape 53 pm,0 53 pm, 100pum
Fault Tolerance Compare to IC 19.5 % 87.5 %
Max Power Loss Tolerance 0.025 W/em 9 W/cm
Max Heat Tolerance 14.7 J/cm 0.032 J/cm
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Fig. 8. Power loss during fault test.

Heat loss generated during fault test is shown in Fig. 9,
showing higher thermal stability and tolerate higher heat loss.
Results demonstrate that adding extra layer of copper between
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Fig. 9. Heat loss during fault test.

HTS tapes offers not only a fault-tolerant design, but also a
design with higher tolerance for power and heat loss compare
to busbar design which contain only HTS tapes.

IV. CONCLUSION

A superconducting busbar design is proposed for all-electric
aircraft using 2G HTS (REBCO) tapes. In high-current sce-
narios, there is a requirement of stacking multiple HTS tapes
in parallel. This arrangement of multiple HTS tapes, reduces
field dependent critical current due to influence of self-field
generated by high current flowing through HTS tapes. A
solution has been proposed and implemented to reduce effect
of self-field. This involves introducing a gap between HTS
tapes with copper, which is not only increasing the field
dependent critical current but also make a fault tolerant design.
The results demonstrate that this design effectively riding
through transient events and tolerate more heat and power
loss which prevents HTS from burn. Future plan, includes
implementing joints to connect multiple such modules.
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