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High-temperature superconductors (HTS) can carry high currents with almost zero loss when
transmitting direct current (DC). Their compact size and lower weight make them suitable for the
application of all-electric aircraft. However, the current carrying capability of a single HTS tape is
limited to a few hundred amps; therefore, for high-current applications, multiple HTS tapes need
to be connected in parallel. The flat geometry of HTS tape and its critical current (IC) dependence
on strain complicate grouping them in parallel. Furthermore, the length of HTS tape is limited by
its crystal structure, necessitating low-resistance joints for extended applications. A superconducting
busbar design for high-current applications is developed and tested to address these challenges. The
superconducting busbar is designed in a way that it helps to reduce the effect of the self-field on
critical current and also ride through the fault events. Yttrium barium copper oxide (YBCO) tapes are
used to develop the busbar prototype, tested against DC currents in a liquid nitrogen environment.
Joint optimization is carried out to determine the required length for efficiently joining HTS tapes.
Two busbar prototypes are developed with 180° and 90° joints to join 5 HTS tapes and tested in
self-field. A joint resistance of 100 nQ is measured at self-field for the 180° joint busbar, and 800
nQ is measured for the 90° joint busbar. Both busbar prototypes are subjected to power cycling and
thermal cycling to assess joint performance in self-field and any degradation of the joint electrical
parameters during testing.

due to its low losses and the ability to decouple power
and thrust generation through converters. An example of
a basic architecture for electric aircraft is shown in Fig. 1
[14]. The architecture has three main components: power
source, electric power distribution system, and distributed
propulsion unit. A superconducting busbar is a part of
the power distribution system that carries a high current
and connects the source with the load. A superconducting
busbar requires multiple HTS tapes connected in parallel,
for grouping HTS tapes there are three different approaches:
the Robel concept [9, 3], the co-axial winding concept
[19, 5, 10, 18], and the stack concept [16, 15]. The stack
concept is used in this work to develop superconducting
busbar prototypes.

In this work, we have developed a design for a super-
conducting busbar for high-current applications, equipped
with low-resistance 180° and 90° joints. The joint area is
carefully optimized to ensure minimal resistance, enhancing
the system’s overall efficiency. The busbar design is distinct
as it is also equipped with a design that helps to reduce
the effect of self-field on critical current and withstand
fault events. A prototype of the superconducting busbar
was prepared and tested in the lab environment. The busbar
was subjected to power and thermal cycling to assess its
reliability and durability.

This paper is structured as follows: Section 2 explains
the role of superconductivity in all-electric aircraft. Section

1. Introduction

Aviation emissions are one of the major contributors
to global warming and climate change. Flightpath 2050, is
an ambitious goal for the aviation sector, setting targets to
reduce Carbon Dioxide (CO,) by 75%, Oxides of Nitrogen
(NOx) by 90% and noise emissions by 65% compared
to aircraft of the year 2000 [6]. Advancements in engine
technologies can contribute to reaching these goals to a cer-
tain degree, but to fully realize this target the development
of new technologies is essential. Aircraft electrification is
seen as a key solution to meet these targets. The More
Electric Aircraft’s (MEA) concept demonstrated that replac-
ing traditional sub-systems with electric systems reduces
weight, fuel consumption, and noise emission, Boieng 787,
and Airbus A380 are examples of MEA [17]. All-electric
aircraft are required to achieve the 2050 target, which re-
quires a significant increase in onboard power requirements
[4]. Early research indicates that the distributed propulsion
system concept is a prominent architecture for all-electric
aircraft [11]. NASA’s N3-X wide-body aircraft is such a
concept designed for 300 passengers and requires 22.4 MVA
of power from each turbo-shaft engine [2].

Conventional copper and aluminum-based power distri-
bution systems are not suitable for all-electric aircraft due to
their weight, size, and power loss. A study in [1], suggests
superconducting systems for all-electric aircraft due to their

power-to-weight ratio. A DC power system is prominent
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3 outlines the mechanical structure and the methodology
for joint implementation. Section 4 covers the experimental
setup and presents the experimental results, which include
an analysis of joint resistance and power loss during testing,
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Figure 1: Basic architecture of electric aircraft.

and a discussion of the impact of power and thermal cycling
on the joint performance. Section IV presents the conclu-
sions drawn from this research.

2. Role of superconductivity in all-electric
aircraft

For all-electric aircraft, the power requirements are
significantly higher than for conventional aircraft, reaching
the megawatt (MW) range. The increased onboard power
requirement for different classes of electric aircraft is pre-
dicted in [4]. As power demand increases, voltage levels
are raised to reduce conductor weight. While increasing
voltage helps lower the current, thereby decreasing resistive
losses, it also necessitates thicker insulation, which adds to
conductor weight. Conventional conductors are unsuitable
for these applications due to their low power-to-weight ratio.
In contrast, superconductors offer a high power-to-weight
ratio with minimal heat losses. Traditional aircraft use a DC
power system following the MIL-STD-704 standard, a two-
wire configuration supporting either 28 V or 270 V [12].
This voltage standard is widely used in aviation and is based
on Paschen’s law, which dictates that at standard conditions,
a minimum of 327 V DC is required to trigger a voltage
breakdown. To prevent electrical breakdown, aircraft power
systems are typically designed to operate below this 327 V
DC threshold. However, in all-electric aircraft, the power
system will operate at much lower temperatures, where
voltage breakdown characteristics change as a function of
temperature. At these reduced temperatures, the breakdown
voltage increases, potentially allowing the system to operate
safely at higher voltages. The CHEETA project proposes a
drivetrain with a voltage of 1 kV and a current range of 0-20
kA [13]. This shift presents an opportunity to design higher-
voltage systems with superconductors, which can support
increased power transmission with minimal weight and heat
loss.

3. Mechanical Structure and Joints of Busbar

The stack concept is used to develop superconducting
busbar prototypes [7]. Two prototypes of superconducting
busbars are developed, each incorporating a distinct design:
one with a 180° lap-to-lap joint and the other with a 90°
lap-to-lap joint. Both prototypes utilized second-generation
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v e
Joint 1 Joint 2
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Figure 2: (a) Superconducting busbar with 180° lap-to-lap joint
scaled to 4 copper tapes sandwiched between 5 HTS tapes. (b)
Superconducting busbar with 90° lap-to-lap joint scaled to 4
copper tapes sandwiched between 5 HTS tapes.

(2G), 4-mm wide YBCO tapes produced by Shanghai Su-
perconductors with a critical current (IC) of 120 A and 4
mm wide copper tape, as shown in Fig. 2. Copper is added
in between HTS tapes acts like a stabilizer and help to ride
through fault events. Copper between HTS tapes also adds
a gap between HTS tapes and helps to reduce the effect
of self-field on critical current. Copper carries current only
during transients or fault states and doesn’t carry current
during steady state, explained briefly by authors in [8]. This
work is an extension of the previous work by the authors
[8], where mechanical structure in terms of laying HTS
and copper tapes is explained. This work focuses on the
development of a busbar design with low-resistive joints
which is used to connect multiple HTS tapes.

3.1. Busbar with 180° joint

The length of HTS tape is limited, for extended applica-
tions joining HTS tapes is necessary, as illustrated in Fig. 2a.
For a low-resistance joint, the superconducting side of the
HTS tape is used to join other HTS tapes. Due to the HTS
layered structure, the substrate side of the HTS tape should
be avoided when making a joint to reduce joint resistance.
In the process of joint development, the first step is to
treat the HTS and copper tapes with flux, which removes
oxides from the surface of the tapes and helps to spread
the soldering material evenly across the HTS tape surface.
Four copper tapes are sandwiched between five HTS tapes
and joined together, as shown in Fig. 2a. Lead-tin (PbSn)
based solder is applied throughout the entire surface of the
tapes and heated to 200°C for 20-25 minutes while applying
mechanical pressure through the former. The temperature
and duration of the process vary based on several factors
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like the melting temperature of the solder, the material of
the former, and the thickness of the former.

3.1.1. Optimization of 180° joint length:

The length of a 180° lap-to-lap joint is optimized to 3cm
- 4 cm, with a joint area of 1.2 cm? to 1.6 cm? based on
multiple experiments. The experiments ranged from 1 cm
to 4 cm joint length, comparing their Voltage-Current (VI)
characteristics with HTS tape having no joint. As shown
in Fig. 3, the optimal joint length for a 4 mm HTS tape
is 3cm to 4 cm. This length achieves almost the same IC
as an HTS tape without a joint, according to 11V criteria.
Additionally, the 3 cm to 4 cm joint demonstrates less
resistance and power loss, 100 n€ and 0.001 W during the
DC test, compared to the 1 cm to 2 cm joint length shown
in Fig. 4. This indicates that resistance of the joint depends
upon the area of the joint. Further, in this work based on
experiments, 3 cm to 4 cm lap-to-lap joints are used for
busbar prototypes.

24 —=— Voltage with no joint

22 1—— Voltage with 1 cm joint

—— Voltage with 2 cm joint T
—— Voltage with 3 cm joint

|—+— Voltage with 4 cm joint

T T T T
-20 0 20 40 60 80 100 120 140 160

Current (A)

Figure 3: V-l characteristics for varying joint lengths to
determine the optimal joint length.

[ T
—a— Resistance No Joint
—a— Resistance 1 cm Joint
—a— Resistance 2 cm Joint,
—a— Resistance 3 cm Joint,
—a— Resistance 4 cm Joint,

Figure 4: Joint resistance and power loss w.r.t to current for
different joint lengths.

3.2. Busbar with 90° joint

The design of the 90° joint is more complex compared
to the 180° joint due to spatial arrangement. Unlike the
180° joint, the 90° joint doesn’t have room to change the
area of the joint, making it more resistive compared to the
180° joint. In the 90° joint, the area of the joint can only
be increased by changing the HTS tape width from 4 mm

to 6 mm or 12 mm. One complexity of this joint design
is that, due to the additional copper placed between HTS
tapes at the joint where the HTS tapes intersect during man-
ufacturing, the superconducting material may break under
mechanical pressure. This occurs because the copper tape
is added between the HTS tapes. To address this challenge,
the copper tapes are precisely cut and transposed between
the HTS tapes to avoid breakage. A busbar prototype is
developed with 4 copper tapes sandwiched between 5 HTS
tapes, resulting in a joint area of 0.16 cm? as shown in
Fig. 5b. Two 90° joints are implemented while joining
5 HTS tapes, as shown in Fig. 2b. The same procedure
used to design the 180° joint is employed for 90° joint
implementation.

Voltage Taps

A Joint (4cm*4mm) A

(@)

Joint (Amm*4mm)

(b)

Figure 5: (a) 5 HTS tapes and 4 copper tapes busbar with 180°
lap-to-lap joint. (b) 5 HTS tapes and 4 copper tapes busbar
with two 90° lap-to-lap joint.

4. Experimental Setup and Results

The experiments are conducted using a TDK-GSP10-
1000-3P400 programmable DC power supply, capable of
delivering up to 10 kW of power, with a maximum output
current of 1 kA and an output voltage range of 0 - 10 V. The
power supply features a USB interface, allowing communi-
cation with the host computer. This communication enables
precise control of the power supply during the experiments.
Experiments are conducted with the liquid nitrogen (LN2)
environment in an open bath cryostat. Current is pushed
through the HTS busbar with the help of copper terminals,
which are also immersed in the LN2 to minimize heat
leakage. The Shunt measures the current passing through
the HTS busbar, and voltage taps measure the voltage across
the joint. A program is developed in LabVIEW to control
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Table 1
Measured electrical resistance of the superconducting busbar
with 180° and 90° joints during test

Parameter Busbar with Busbar with
180 Joint 90° Joint
Total Applied Current 600 A 600 A
Number of HTS 5 5
Number of copper tapes 4 4
Width of HTS tapes 4 mm 4 mm
Width of copper tapes 4 mm 4 mm
Resistance 100 nQ 1.6 uQ
Power Loss 0.03 W 04 W
Resistance (Joint 1) - 800 nQ
Power Loss (Joint 1) - 0.2 W
Resistance (Joint 2) - 800 nQ
Power Loss (Joint 2) - 02W

the operation and data acquisition, for which a National
Instruments NI-9238 voltage input module, with a cDAQ-
9174 chassis, is used. The layout of the experimental setup
is shown in Fig. 6.

Current
Signal Ni-9238 and
e |
Voltage
Signal
L5 |
TGK-GS T | IL— (S0
DC-Power Shunt HTS Sample i 4
Supply Host
< LN2 System

Environment

Figure 6: Schematic of the experimental setup used to perform
experiments.

4.1. Busbar test with 180° joint

A Superconducting busbar prototype with 180° joint
which joins 5 HTS tapes, with 4 copper tapes in between
HTS tapes is developed, as illustrated in Fig. 2a. 600 A DC
is pushed through the busbar with DC power supply and V-1
characteristics is measured. Table 1 outlines the electrical
parameters obtained during the test. Superconducting bus-
bar with 180° joint demonstrates 100 nQ joint resistance
and power losses is less than 0.05 W as shown in Fig.
8, V-I curve is shown in Fig. 7. To ensure the reliability
and durability of the busbar joint, the busbar is subjected
to power cycling and thermal cycling. Power cycling is
done by repeating the power test, and thermal cycling
involves subjecting a superconducting busbar prototype to
temperature fluctuations by transferring it between room
temperature and liquid nitrogen temperature. Both these
processes are repeated 11 times and results are compared
to observe any degradation in electrical parameters of the
superconducting busbar. V-I curve is compared in Fig. 9,
resistance and power loss w.r.t current is compared in Fig.

10, show no degradation in electrical parameters during the
test.

0
—=— Voltage

Voltage (uV/icm)

T T T T T
0 100 200 300 400 500 600 700
Current (A)

Figure 7: V-1 characteristic of a 180° lap-to-lap joint incorpo-
rating 5 HTS tapes and 4 copper tapes.
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Figure 8: Joint resistance and power loss of 180° lap-to-lap
joint w.r.t to current.
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Figure 9: V-l characteristic of a 180° lap-to-lap joint with 5
HTS tapes and 4 copper tapes undergoing power and thermal
cycling.

4.2. Busbar test with 90° joint

A superconducting busbar is developed with two 90°
joints while connecting multiple HTS tapes, which join 5
HTS tapes and 4 copper tapes sandwiched between HTS
tapes, as shown in Fig. 2b. The busbar prototype is tested
with the help of a DC power supply, which is used to
push 600 A through the busbar, and V-I characteristics are
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[—o— Power and Thermal Cycle 1
—a— Power and Thermal Cycle 5
|—o— Power and Thermal Cycle 11

() souersison

Figure 10: Joint resistance and power loss of 180° joint w.r.t
to current, during 11 times power and thermal cycling.

measured. Voltage is measured across each joint (i.e. joint
1 and joint 2) to measure power loss and resistance across
each joint, and across both joints, as shown in Fig. 2b,
to measure overall resistance and power loss across both
joints. Busbar demonstrates resistance across both joints is
1.6 uQ with a power loss of 0.4 W, as shown in Fig. 12.
Resistance across each joint (joint 1 and joint 2) is 800
n€, and power loss across each joint is 0.2 W, as shown
in Fig. 12. V-I characteristic of the superconducting busbar
obtained during the test is shown in Fig. 11. Power cycling
and thermal cycling are implemented to see any degradation
in the electrical parameters of the superconducting busbar
joint. Power and thermal cycling is repeated 11 times and
results are compared, V-I curve is shown in Fig. 13, and
power loss and resistance w.r.t current is shown in Fig. 14.
Repeated graphs show reliability and multiple tests show the
durability of the joints.

120 —
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Figure 11: V-l characteristic of two 90° lap-to-lap joints
incorporating 5 HTS tapes and 4 copper tapes.

5. Conclusion

A superconducting busbar prototype is developed and
tested against high currents for high-power applications.
Single HTS tape current carrying capability is limited to
a few hundred amps, for high-current applications there is
a need to connect multiple HTS tapes in parallel. Joining
multiple HTS tapes with low-resistance joints is one of the
challenge addressed in this work, while make sure that the

—a— Resistance Total
—— Resistance Joint 1
—o— Resistance Joint 2

Figure 12: Joint resistance and power loss w.r.t to the current
of two 90° joints.
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Figure 13: V-l characteristic of two 90° lap-to-lap joints with
5 HTS tapes and 4 copper tapes subjected to 11 times power
and thermal cycles.

Total (Cycle 1)
Joint 1

Joint 2

Total (Cycle 5)
Joint 1

Joint 2

Total (Cycle 11)
Joint
Joint 2

Figure 14: Joint resistance and power loss of 90° joint w.r.t to
current during power and thermal cycling.

busbar design allows reduced effect of self field on critical
current and ride through fault events. 180° and 90° joints are
implemented to join multiple HTS tapes and tested. A total
joint resistance of 100 nQ2 and a power loss of 0.03 W is
obtained while connecting 5 HTS tapes with lap-to-lap 180°
joint. Two 90° joints exhibit a total resistance of 1.6 uQ
and a power loss of 0.4 W while connecting 5 HTS tapes
with 4 copper tapes sandwiched between the HTS tapes.
Each 90° joint has a resistance of 800 nQ and a power
loss of 0.2 W. The joint resistance depends upon the joint
area, therefore, the 90° joint possesses more resistance than
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the 180° joint. To ensure the durability and reliability of
the busbar joints, the busbar is subjected to power cycling
and thermal cycling. Both tests are conducted 11 times,
and the results are compared to check the performance of
the superconducting busbar and to observe any potential
degradation in electrical parameters. Results show that min-
imal degradation in electrical parameters is observed during
testing, which shows that the design of busbar is reliable and
durable for high-current applications.
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