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ABSTRACT This paper reports a pioneering demonstration platform of a cryogenic propulsion unit at liquid
nitrogen temperature. A high temperature superconducting (HTS) machine is connected with a cryogenic
power rectifier in a generator mode to prove the feasibility of a cryogenic propulsion unit for electric
aircraft propulsion applications. Machine operation was carried out with a special focus on the total heat
dissipation inside the HTS AC windings. Different types of 2G HTS tapes were tested to provided data for
stator coils’ design. The transient operation was carried out to represent a short-circuit failure in one of the
power electronic devices. The test shows AC loss performance of the HTS windings using calorimetric
method during the short circuit event, indicating the importance of developing protection schemes for
the cryogenic propulsion units to prevent damage to the HTS components. The paper provides initial
insights into the interaction between superconducting machines and cryogenic power electronics within a
cryogenic propulsion unit. It is an important first step to understand and further develop cryogenic propulsion
technology for future electric aircraft.
INDEX TERMS 2G HTS machine, cryogenic power electronic, AC loss, calorimetric method.

I. INTRODUCTION

To address the environmental impacts of air transportation
and achieve long-term sustainability, the aviation industry has
called for next generation aircraft with reduced emissions
[1]–[10]. One underpinning technology is the conversion
from the direct use of fossil fuels to electric drives. Electric propulsion enables the full synergistic benefits of the
coupling between airframe aerodynamics and the propulsion
thrust stream by distributing thrust over the airframe, resulting in a dramatic reduction of aircraft-related fuel burn, emissions, and noises. This technology has been demonstrated by
the Airbus E-Fan project [11], which is the first prototype
electric aircraft using on-board lithium batteries to power
electric motors. Also, NASA’s Advanced Air-Transport Technology Project has proposed goals for the next generation of
aircraft for commercial aviation in areas of reducing fuel burn
and emissions. The goals are challenging and require the new
The associate editor coordinating the review of this manuscript and
approving it for publication was Lei Chen
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structure of motors, generators, cables and power electronic
devices to increase the power density significantly [12].
To be specific, one of the major technical challenges for
expanding electric aircraft to large fleets and over long-haul
distances is the low power density of electrical machines [3],
[9], [13]. In other words, conventional electrical motors
are too heavy to drive aircraft over long flight distances
(>1 hours). To provide the multi-megawatt levels of power
necessary to drive large electric aircraft while keeping them
light and compact, new technologies must be developed
to increase the power density of electric motors. High
temperature superconductors (HTS) offer a transformative
way to increase machine power densities, because their
current-carrying capability is more than twenty times that of
copper. The operational temperatures of HTS (25 - 77 K) are
much higher than low temperature superconductors (4.2 K),
resulting in greatly reduced cooling costs for large scale
applications. Fully HTS machines, which use HTS in both
the direct current (DC) and alternating current (AC) windings
to increase the electrical loading and magnetic loading, can
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increase the power density of electrical machines by up to
400% [14], [15]. Therefore, they are the key technology to
enable aviation electrical propulsion [5].
Assuming that fully HTS machines can meet power density requirement, a cryogenic power network is still required
to transfer the propulsion electricity. HTS generators, HTS
motors, HTS cables are required to operate at cryogenic
temperature. Considering the efficiency of the cryogenicrefrigerator, a closed loop cooling system would be used to
ensure reliability and increase the efficiency of the cryogenic
cooling systems [8], [16], [17]. This means power electronic
devices would also run in cryogenic operating temperature
(25 - 77 K). In this propulsion system, cryogenic temperature
would improve the heat dissipation of these power electronic
devices, and significantly increase the power density and
enhance the reliability [18], [19].
More recently, NASA is exploring the potential of liquid hydrogen fuel cells combined with cryogenic propulsion technology to achieve all-electric airliners with no
greenhouse gas emissions. Airbus and Rolls-Royce also
investigated a superconducting network for hybrid propulsion
purpose by understanding how the various components affect
the overall system performance in terms of positive fuel save.
Currently, key network components including superconducting machines, superconducting cables and cryogenic power
electronics have been studied [4], [5], [17], [20], [21]. Operating power electronic devices at cryogenic temperatures can
reduce the temperature gradient experienced in the network
and minimise the cooling requirement for all systems. However, the feasibility of operating power electronic devices at
cryogenic temperatures in conjunction with superconducting
machines has not been proved, although individual device
tests have been done at cryogenic temperatures [19].
The aim of this paper is to demonstrate, for the first time,
the testing of a cryogenic propulsion unit consisting of an
HTS machine and a cryogenic power rectifier. The interaction
between the machine and the rectifier are studied in transient
modes. The transient study focuses on understanding how a
power electronic device failure can potentially damage the
HTS machine.
The paper is organised into four sections. The second
section introduces a novel HTS demonstrating machine
which allows the measurement of HTS armature coil AC
losses. This section also tested two 2G HTS coil in order to
provide data for machine design. The third section analyses
the transient test results, which led to the quench of the HTS
armatures. The first-of-its-kind results demonstrated in this
paper show the feasibility of a cryogenic propulsion unit.
It also reveals the importance to develop protection functions
for such a novel unit. The final section is the summary and
conclusion.
II. A NOVEL CRYOGENIC PROPULSION TESTING
PLATFORM

The whole platform for a cryogenic propulsion unit has been
developed at the Applied Superconductivity Laboratory of the
VOLUME 9, 2021

FIGURE 1. Cryogenic propulsion unit test platform.

University of Strathclyde [22]. In this setup, the total AC loss
can be measured by calorimetric method [23]–[29]. Fig. 1.
shows the platform, which consists of a conventional DC
motor, an axial-flux HTS machine in generator mode, a cryogenic power electronic testing chamber and a control /data
acquisition system. Consequently, the DC machine drives the
HTS machine as a generator. The three-phase output from
the HTS machine is connected to a cryogenic power rectifier, feeding DC electricity into power resistances, as shown
in Fig. 1.
A. THE HTS MACHINE WITH AC LOSS MEASUREMENT

In electrical machines, the HTS AC windings are subjected
to a combined rotational magnetic field and AC current. The
AC loss depends not only on the magnitudes of the magnetic
field and transport current, but also on the phase shift between
the field and the current. Different magnetic field directions
and different phase shifts give different levels of AC loss. The
AC loss studies in HTS tapes and coils have been carried out
throughout the duration of the development of HTS devices
[21], [26], [30]–[37]. There are two established methods for
measuring AC loss. The transport loss and magnetization loss
of HTS can be measured by the electrical method. The total
AC loss, which includes both transport loss and magnetization loss, can only be measured by the calorimetric method
[21]. Previous studies have measured the total AC loss of
HTS coils using both the liquid nitrogen boil-off method
and the temperature rising method [24], [25], [38]. However,
the rotational magnetic field, which is an important feature
of electrical machines, has not previously been studied in AC
loss experiments.
To understand the impact of rotational magnetic fields on
the HTS armature losses and the whole machine efficiency,
an axial-flux HTS machine platform has been designed and
developed to measure the AC loss of an HTS stator in a rotational magnetic field. The HTS machine consists of a 2-polepair of permanent magnet rotor discs to generate a peak 0.45 T
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FIGURE 2. Structure of the HTS generator.

in a 50-mm air-gap, and an air-cored three-phase HTS stator
plate. The stator disc is located between the two rotor discs.
The stator is equipped with two HTS coils in Phase A and
four copper coils in Phases B and C. Also, as Fig. 2 shows,
the whole machine is hosted in a vacuum-walled cryostat
filled with liquid nitrogen (LN2 ) during operation and the top
HTS coil was placed in a measurement chamber to measure
the AC loss by the calorimetric method, the measurement
chamber is fully immersed in LN2 inside the machine cryostat
to minimise heat exchange. Previous study had carefully calibrated and validated this system [22], to provide AC losses
of stator coil when the machine was real-time operating.
The AC loss of the HTS coil is measured by the amount of
liquid nitrogen being evaporated as nitrogen gas using a gas
flow meter. Fig. 2 shows a copper pipe that connects to the
flow meter. Theoretically, the latent heat for liquid nitrogen is
160.6 J/mL, which means every 0.257 standard litre nitrogen
gas per minute for every Watt of power (SLPM/W). Therefore, by measuring the nitrogen gas boil-off flow rate, the total
AC losses in the measurement chamber can be quantified by
a set of calibration procedures, to minimize the errors caused
by current leads, environment heat radiation, rotor and stator
[22]. Total AC loss of period T can be calculated by (1) [34].
Z
F(t)
dt.
(1)
Q=
T K
where Q (Joule) is the total heat produced by measured HTS
coil for a duration of T , Ft is the flow rate of nitrogen gas
boiled off in the measurement chamber after calibration. K
= 0.256 (SLPM/W) is the flow rate constant in our setup.
This system provides a synchronous generator to generate 3 phase voltages, the measured HTS coil in HTS phase
can provide the AC losses data while running the machine,
2 copper phases were impedance match between phase A to
provide the same voltage amplitude, in FFT analysis only 3rd
harmonic exist in the stator, and the phases are star-connected
59630

to remove the 3rd harmonic. The rated line-to-line voltage is
40 V. The Coil #1 is made of 25 meters of 2G YBCO HTS
coated conductor, with a critical current measured as 53 A
in a 0.45 T magnetic field. The peak phase current must be
lower than 53 A to prevent HTS coil quench. Due to the
critical current of the HTS coil, the rated current is set as
40 A. The generator was connected with a power rectifier also
run in LN2 temperature, then connected with adjustable power
resistors, as Fig. 2 shown. The data acquisition systems can
record the temperature, phase voltage, phase current, nitrogen
gas flow rate to calculate total AC losses.
Several industrial manufacturers are able to provided
REBCO coated conductors for multiple purposes, due to
the differences between REBCO materials, the Jc(B) characteristics of the various tapes could be different. For 2G
HTS tapes, the critical current is decreased when external magnetic field increase, thus, based on critical-state
model, the change in AC current and external AC magnetic field cause the magnetic field redistribution inside the
HTS tapes. The transport AC loss is caused by AC current,
and the total loss is caused by AC current as well as AC
magnetic field. As a result, in machine environment, good
Jc(B) characteristics of the tape can enhance the AC loss
performance.
Thus, another Coil #2 is prepared to make a comparison.
Coil #2 is made of 15.5 meters of 2G GdBCO HTS tape. The
YBCO tape is from Superpower SCS4050 including 1 µm
YBCO, the GdBCO tape is from Sunam SAN04150 including
1 - 3 µm GdBCO, the total wire thickness of both wires
is 100 - 110 µm. The single tape’s critical current for Coil
#1 and Coil #2 is 143 A and 150 A respectively. Fig. 3 shows
the picture of two coils. The parameters of two coils are
shown in Table 1.
The critical current results are shown in Fig. 4. The red
curve shows the critical current of Coil #1, and blue curve
demonstrates the critical current of Coil #2. The curves with
VOLUME 9, 2021
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FIGURE 3. Coil #1 and Coil #2.
FIGURE 5. Transport loss in self-field of Coil #1 and Coil #2.
TABLE 1. Description of manufactured double pancake coil.

electrical method [32], [34]. The loss voltage can be compensated by a cancelling coil, as shown in (2), where i and
uc are the transport current and voltage after compensation
by cancelling coil. T refers to the cycle of AC current. Two
frequencies were chosen for this experiment. The normalized
transport loss versus normalized transport current measured
by the electrical method is shown in Fig. 5, according to
our AC power supply’s limit, the frequencies are chosen at
36 Hz and 72 Hz, and the results are shown by normalized AC loss (Joule/cycle/m), our results indicate that the
normalized transport AC loss of both coils are frequency
independent. According to the normalized transport AC loss
results, the transport loss of Coil #1 is 43.1% lower than Coil
#2.
Z
Q=
(2)
(i · uc ) dt
T

FIGURE 4. Critical currents of Coil #1 and Coil #2.

triangle signs indicated the result in 0.45 T magnetic field,
the centre of the coil coincides with the centre of the permanent magnet of the rotor, the curves with circle signs indicated
the critical results with self-field. Fig. 4 indicated that the
critical current drop from self-field to in-field. By using
0.1 µV/cm criteria, for Coil #1, the critical current reduces
from 72 A to 53 A when a 0.45 T magnetic field apply, which
means a 26.4% drop. For Coil #2, the critical current reduces
from 102 A to 59 A, which means a 42.2% drop. Although
Coil #2 has higher critical current in 77 K, the critical current
decreased rapidly with increasing magnetic field. Thus, Coil
#1 has a better Jc(B) characteristic.
In order to evaluate the difference between the two coils,
the experimental value of transport loss is measured by the
VOLUME 9, 2021

The total AC loss versus normalized current were measured by calorimetric method are shown in Fig. 6. The maximum rotational speed is 300 RPM due to the limitation of
the bearing in 77 K, which means a 10 Hz output. Thus,
the frequencies are set at 5 Hz and 10 Hz, the transport currents are chosen from 10 A to 50 A, in our machine, the rotor
generate a peak 0.45 T rotational magnetic field. According
to the normalized total AC loss results, the normalized total
AC loss of both coils are frequency independent, and the total
loss of Coil #1 is 65.8% lower than Coil #2. Also, Fig. 4 and
Fig. 5 indicate that the Coil #1 has lower transport AC loss
and fewer in-field critical current reduction. As a result, two
coils have the same outer diameter, Coil #1 has more length
of tapes and more turns, but AC losses are significantly lower
than Coil #2, considering the operating reliability for the next
stage machine experiments, the Coil #1 is finally chosen for
next stage tests.
B. CRYOGENIC POWER RECTIFIER

A full-bridge three-phase rectifier was developed and tested
in LN2 . The diode chosen is a Silicon fast recovery type made
59631
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FIGURE 8. Circuit diagram of the cryogenic propulsion unit.

FIGURE 6. Total loss of Coil #1 and Coil #2 in a 0.45 T rotational magnetic
field.

FIGURE 9. No-load output three-phase armature voltage and the load
voltage at 240 RPM.

FIGURE 7. Rectifier of 6 diodes.

by Microsemir (type APT 2 × 101 DQ120J). Different types
of diode including Silicon, Silicon Carbide Schottky and Fast
Recovery Epitaxial Diodes have been tested at cryogenic and
room temperature. However, this particular diode has been
chosen as it offers low power dissipation at cryogenic temperatures. The forward voltage of the diode was measured at
25 A at both room temperature and 77 K and there was found
to be a significant reduction, from 1.6 V at room temperature
to 1.3 V at 77 K. This would result in a reduction of the power
losses of the rectifier at cryogenic temperatures.
C. SYSTEM OPERATION CIRCUIT

Fig. 8 shows the system circuit. The system operates in a generator mode, with a three-phase output from the HTS machine
(Phase A is superconducting). During steady-state operation,
the HTS machine is connected to the three-phase rectifier
which is cooled down by liquid nitrogen. The rectifier is
connected with a LC filter circuit to a resistive load bank.
To study transient operation, a short-circuit was introduced
59632

across D4. A low pass filter, consisting of an inductor L1
and a capacitor C1 as shown in Fig. 7 has been added to
reduce the oscillations in the output current and voltage. The
inductance has been chosen at 40 µH and the capacitance
at 1 µF due to the relatively low operating speed of the
system. The parameters measured during the tests include
the total nitrogen gas boil-off rate (the total AC loss) in an
HTS coil in Phase A, the three-phase voltage/current, the load
current, and the rotational speed of the system.
III. TRANSIENT ANALYSIS OF THE PROPULSION UNIT

The system was operated at 240 RPM in generator mode.
Before commencing rotation, the HTS machine and the rectifier were fully cooled down to 77 K by LN2 . The speed control
of the rotational shaft was implemented via the separately
excited DC motor by adjusting the DC power supply input.
Fig. 9 shows the measured operating voltages and the load
voltage. The imbalance in the voltage outputs is due to the
geometry difference between Phase A (HTS tape windings)
and Phases B and C (copper wire windings).
A sudden short-circuit in a cryogenic propulsion network
can serious impact superconducting machines and the whole
aircraft electrical system. It can potentially happen when
there is a device or insulation failure in the cryogenic environment, leading to permanent damage of HTS windings and
consequently affecting the performance of the whole system.
In this section, the effect of a short circuit event at the power
electronic side of the propulsion unit, which can be caused
VOLUME 9, 2021
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FIGURE 10. Phase A current during the short-circuit event and the
corresponding nitrogen gas boil-off rate measured by the flow meter.

FIGURE 11. Damaged coil after quench.

TABLE 2. Parameters used in system simulation.

by the failure of a diode, is studied both experimentally and
numerically.
As shown in Fig. 8, a short-circuit was introduced across
D4 at approximately 0.5 s. When the short-circuit event
occurs, there was a loud sound from the machine, indicating
a quench event. The nitrogen gas boil-off rate increases dramatically, as shown in Fig. 10, which indicated the coil loss
increase from 1.01 W to 28.5 W. The HTS coil was inspected
physically and electrically afterwards. There was no obvious
burning sign of the coil due to the quench induced by the
short-circuit. But the outermost layers of the coil has been
deformed slightly due to unbalanced Lorentz forces during
the short-circuit, as shown in Fig. 11. The critical current of
the measured HTS coil remains the same, but the AC loss
values are 28 times higher than before the short-circuit event.
This indicates that weak points had been introduced into the
coil, caused by the unbalanced Lorentz forces or the large
amount of heat generated during the quench.
Fig. 12 shows the phase-phase output voltages and the load
voltage before and immediately after the short-circuit event.
The sample rate is 50 samples/s due to DAQ system limitation. During the experiment, diode D4 was short-circuited as
seen in Fig. 8, meaning that when Vb is larger than Va or Vc ,
there is a short-circuit across line voltage Vba and Vbc , which
in return would cause very large current passing through the
phases, and eventually causing the superconducting coil in
Phase A to quench.
To better understand what happened during the shortcircuit event, we performed a MATLAB simulation based on
Fig. 13. The parameters that were measured directly from the
system are listed in Table 2. The simulation simplifies the
quench progress of HTS windings by ignoring the quench
propagation process, and uses two resistance values to repVOLUME 9, 2021

FIGURE 12. Measured voltages during the short-circuit event.

FIGURE 13. Simulation model.

resent the HTS winding before and after the quench respectively. The results shows good agreements between experiment and simulation have been found as shown in Fig. 14
and Fig. 15.
Fig. 14 shows a comparison between the experimental
and simulation results for the output voltages. When the
short-circuit happens, the negative half cycles of Vab are
around −3 V, corresponding to voltage drops from D2 and the
copper cables when an over-current flowed from phase B to
phase A. Similarly, the positive half cycles of Vbc are around
3 V, corresponding to voltage drops from D6 and the copper
cables when an over-current flowed from phase B to phase
C. Vca is largely unaffected. The slight drop in voltage is the
59633
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FIGURE 14. Measured voltages during the short-circuit event.

FIGURE 15. Comparison between experiment and simulation for the load current Iload and the phase A
current Ia.

result of slowing-down of the DC machine from 150 RPM
to 136.5 RPM. This results in the peak induced EMF being
reduced from 15 V to 12 V. A similar voltage drop is also
observed in the positive half cycles of Vab and the negative
half cycles of Vbc .
Fig. 15. shows the comparison between experimental
results and simulation for the measured load current and
Phase A current. During the pre-fault period, the load current
had small oscillations around 25 A. After the fault, the load
current has been significantly reduced as seen in Fig. 12. The
peak Phase A current is approximately −80 A to −90 A for
the negative half cycles. This is much higher than the critical
current of the HTS coil, which is 53 A under the rotational
field conditions. Consequently, the HTS coil quenches, leading to the large nitrogen boil-off rate as shown in Fig. 10. The
Phase A current is asymmetric, because the short-circuit only
happens when Vb is higher than Va and Vc . For positive half
cycles, the slight reduction in the Phase A current is the result
of EMF reduction.
IV. FUTURE WORK AND CONCLUSION

We have developed a testing platform for cryogenic propulsion applications. This paper reports the test on the cryo59634

genic propulsion unit in both steady/transient conditions. The
advantage of the platform is that the total AC loss of the HTS
armature can be measured whilst connected to different types
of power electronics to study the system impact on the HTS
machine efficiency. More importantly, how the HTS machine
reacts in a transient condition from the network point of
view can also be tested. The transient operation confirms that
the HTS machine windings are subjected to damage when
there is a short-circuit event in the propulsion network. Fast
response protection schemes for HTS machines will need to
be investigated.
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