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Abstract—Electrified aircraft propulsion systems could be
a key solution for achieving zero-emission aviation. The
need for efficient multi-megawatt motors with high power
density makes superconducting motors a promising
solution. This study investigates the performance of radial
flux high-temperature superconductor (HTS) synchronous
motors for electrified aircraft applications, emphasizing
the impact of stator windings on power density and losses.
In this study, two motor benchmarks of 450 kW and
1 MW are proposed, the impact of an iron core on the
stator structure is analyzed, and various stator windings
including copper/aluminium Litz wires and HTS coils are
compared regarding stator AC loss as well as machine
power-to-weight ratio (PTW). The result indicates that air-
cored stators are preferred due to their lower weight and
reduced losses, particularly in cryogenic conditions.
Meanwhile, HTS coils outperform Litz wires at lower
cryogenic temperatures (40 K) in terms of machine PTW.
At 77 K, however, aluminium Litz wires have an
advantage over HTS designs for smaller machines. This
study concludes that HTS stators with an air-cored
structure can be a desired topology for the future high
PTW motor design required in low-emission electrified
aviation propulsion systems, especially at low cryogenic
temperatures achieved with liquid hydrogen (LH-).

Index Terms—AC loss, Cryogenic aircraft, Electric
aircraft, HTS, Litz wire, Power-to-weight ratio, Radial
flux synchronous motor

|. INTRODUCTION

ommercial aviation plays an important role in the
evolution and development of society. However, the
booming aviation industry is responsible for
approximately 2.5% of global CO, emissions; currently, its
total radiative forcing is above 4% due to significant non-CO:
effects such as contrail cirrus clouds, induced by water vapor
emissions, and emission of indirect greenhouse gases such as
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NOy emissions [1], [2], [3], [4], [5]. These figures are
expected to rise as air travel increases. This underscores the
urgent need for more sustainable aviation technologies.
Electrified aircraft propulsion systems are a possible solution
to accomplish the goal of zero-emission aviation.

Turboelectric and hybrid electric propulsion are the most
promising architectures [6], [7], [8] for large scale electrified
aircraft, and their need for efficient multi-megawatt motors
with high power density for electrified aircraft makes
superconducting motors a potential solution thanks to the high
current capability of high temperature superconducting (HTS)
materials [2], [3], [9], [10]. Nevertheless, the extra cryogenic
cooling system becomes a challenge by adding manufacturing
complexity and introducing extra weight.

The adoption of liquid hydrogen (LH>) is proposed to ease
the development of cryogenic superconducting propulsion
systems. The main reason is that the very large latent heat of
LH, makes it sufficient to maintain a superconducting
working temperature, and the coolant could be used as
cryogenic fuel afterwards. Though there are still many
uncertainties of hydrogen electric aircraft regarding increased
contrails caused by higher water vapour emissions but the
absence of combustion particles, depending on the propulsion
strategy (combustion or fuel cell), it could result in an overall
reduction in climate impact of 20-25% [11], [12].

HTS machines can be divided into two categories [13]:
partially HTS motors with either rotor or stator using HTS
materials, and fully HTS motors. Motor designs in the 2010s
targeted achieving power-to-weight ratio (PTW) [9], [10] of
10 kW/kg in the short term, 20 kW/kg mid-term, and
50 kW/kg over the long-term respectively. To achieve these
ambitious targets, it is important to determine suitable motor
topologies. Considering the main losses come from the stator
part, it is therefore crucial to determine the stator design.

This study compares the radial flux synchronous motor
topology of different HTS motors for aviation applications,
highlighting the performance of air-cored designs, the impact
of different stator winding technologies, and the specific
benefits of HTS stator coils. The comparison focuses on the
machine performance of PTW and the stator AC loss. First of
all, regarding magnetic loading limits, two motor benchmarks
rated at 450 kW (permanent magnet rotor) and 1 MW (HTS
magnet rotor) are proposed. The iron core impact on the
machine performance is analyzed to explore the features of the
air-cored design. In the following part, the HTS stator coil is
compared to copper and aluminium Litz structure coils [14],
[15] under cryogenic temperatures to investigate the strengths
of the HTS stator design. Finally, an in-depth HTS stator coil



performance analysis in a machine environment is conducted
with the help of FEM (finite element method) simulations in
COMSOL Multiphysics.

Il. RADIAL FLUX MOTOR BENCHMARKS

Though the axial flux motor is desirable because of its
compact structure thus high PTW, this design suffers from
significant mechanical challenges [16]: Generally, a motor
achieves high power density by increasing its rotation speed as
fast as mechanically possible. Axial flux motor speed is
usually limited by the centrifugal force acting on the rotor
which tries to pull it apart. Hence, for high power motor
design (such as MW level) in electrified applications, radial
flux motors with smaller diameters are preferred due to the
lower centrifugal force. As indicated in [17] and [18], to
achieve ideal electrical loading for HTS motors, the magnetic
loading could be kept under 1 T, which is achievable for both
permanent magnet rotors and HTS magnet rotors. Two radial
flux motor benchmarks are used for comparison in this study:
a 450 kw motor with permanent magnet rotor operating at
77K, and a 1 MW motor with HTS magnet rotor at 40 K,
where 77 K is the temperature using liquid nitrogen (LN2) as
coolant while 40 K is set using LH; regarding recent projects
of HTS motor design for electric propulsion systems such as
the Advanced Superconducting Motor Experimental
Demonstrator (ASCEND).

These benchmarks allow the exploration of different stator
winding choices and their performance at various
temperatures. The detailed benchmark parameters are given in
table I.

TABLE |
MOTOR BENCHMARK PARAMETERS

450 kW 1 MW
value unit | value unit
Output power 450 KW| 1 MW
Input phase voltage 170 Vrms| 400 Vrms
Pole pair numeber 6 6
Mean airgap radius 0.195 m 0.5 m
Stack length 65 mm| 100 mm
Rated speed 5000 rpm | S000 rpm
Frequency 500 Hz | 500 Hz
Airgap magnetic loading | 0.68 T 1 T
Stator working temperature | 77 K |77,40 K

Benchmark

Parameter

Both motors are designed to operate at a rated speed of
5000 rpm, with an airgap magnetic loading of 0.68 T for
450 KW design and 1 T for 1 MW design. These benchmarks
allow for a  meaningful  comparison  between
copper/aluminium Litz wire stators and HTS stator coils in
terms of power density and losses.

I11. MOTOR TOPOLOGY DETERMINATION

In general, the motor components can be divided into two
main categories: active components such as rotor magnets and
stator windings and inactive components like the stator core
structure. The machine PTW is determined by both types of
components. In this study, motor topology determination is
mainly focused on the stator part. In this section, the impact of
the iron core as well as different types of stator windings on
the motor overall loss and the PTW is analyzed.

A. Air-cored Stator Design

First of all, the iron core always adds extra weight, which is
not desirable for the high PTW requirement motor design. In
addition, this structure produces extra loss. For cryogenic
motors, an iron core can introduce additional challenges due to
increased hysteresis and eddy current losses. At cryogenic
temperatures, iron suffers same amount of hysteresis loss as at
room temperature, however, iron experiences 10-20% higher
eddy current losses [19] compared to room temperature due to
its increased conductivity. Assuming iron loss of 25 kW/kg at
0.7 T and 500 Hz and 50 kW/kg at 1 T and 500 Hz [20], in the
450 kW motor case, this results in 1.5 kW of additional
cooling power required, 3-5 kg extra weight, and in the 1 MW
motor case, this increases to 3 kW of additional cooling power
and 8-12 kg extra weight. These results make an air-cored
structure more desirable for high PTW cryogenic motor
designs.

B. Stator Winding Comparisons: Analytical AC Loss Analysis

1) Copper/aluminium Litz wire coil

Litz wire, a multi-filament wire made of fine, insulated and
twisted strands can be used at cryogenic temperature to
improve the power density of electrical machines by
increasing their current capacity. Cryogenic cooled materials,
copper (Cu) and aluminium (Al) for instance, have been
proven to achieve current densities as high as 30 Apea/mm? at
77 K. Unlike HTS windings which suffer from quenching,
cryogenic-cooled Cu/Al Litz wire windings are less sensitive
to working temperature under AC conditions. However, the
eddy current loss could be a serious problem due to low
resistivity and high magnetic field. The total loss in a Litz wire
coil is summarized in

Piot = Prms + Pogin + Pprww €Y

where Py is the coil resistive loss due to transport current,
which is independent from the operating frequency, Psin is the
skin effect loss and the internal proximity loss (caused by
surrounding strands) and Pprox indicates the external proximity
loss caused by the external field. Considering a Litz wire
structure of N strands under a background field strength H, the
total AC loss [14] could be described in
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The radii of the wire strand, rs, and of Litz wire, r,, are set to
0.04 mm and 0.95 mm, respectively, and this strand radius is
chosen to ensure that the diameter is less than the skin depth, J,
so that the reaction field due to the eddy currents can be
neglected [21], [22]. The material resistivity at cryogenic

temperature is considered, and the detailed calculation of
resistance, Rqc, is given in [14] as well.

2) HTS coil

Compared to Litz wire coils, HTS materials have much
higher current capacity, especially at lower operating
temperatures such as 40 K. Therefore, they show great



potential as stator windings for cryogenic motors. However,
under AC conditions, HTS coils experience losses due to the
transmitted current and external fields, and their performance
depends strongly on the operating temperature and the ratio of
the applied current to the critical current. The coil loss due to
transport current and a sinusoidal background field is given
below [23]:

Pac = Perans + Pmag' 3
where the transport current loss could be evaluated by [24],
[25]:
_ ﬂOfIcOZ
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This expression describes the average transport current loss
per unit length regarding the Norris equation. If an HTS tape
carries an AC current with the amplitude of I, with the
frequency of f, with its self-field critical current, I, then the
load current ratio, i = I, /I, witha=1—-iandb =1+

The magnetization loss regarding the Brandt equation [24],
[25], [26]:

Prag = Ampow?fHoH, {ZHiO In[cosh(c)] — tanh(c)} w/m), (5)
with the magnetic strength H, = B,/ due to the external
field B,,.; H. describes the characteristic field generated by
I.o/(2wrm) ; and ¢ = Hy/H,., then this expression above
describes the average magnetization power loss per unit length
where the HTS tape has a width of 2 w, and a thickness of h.

A 4mm YBCO tape is used and its current capacity is
assumed to be 50 Ams per tape at 0.68 T and 77 K, and
350 Ams per tape at 1 T and 40 K, respectively, according to
information provided by the manufacturer SuperOx [27].

3) Results and discussion

The two benchmarks are set to optimize the performance of
Litz wire windings to ensure a fair comparison to HTS
windings, which means that HTS stator could be smaller than
the stator volume. Regarding AC loss comparison of the three
types of windings shown in Fig. 1a, for 450 kW working at
77 K, the HTS coil produces much higher loss than the Cu/Al
Litz wire coil, but as the applied current increases, the loss
difference reduces. As for the machine PTW ratio comparison,
the total machine weight assumptions made here regard the
target PTW of short, mid and long term goals. Regarding the
PTW result in Fig. 1b, the Al Litz wire design has the best
PTW performance, followed by the HTS design and the
copper Litz design. The same result could be found in the
1 MW benchmark working at 77 K.

However, a different result is given in the 1 MW benchmark
when further reducing the working temperature to 40 K. As
shown in Fig. 2, the HTS coil still produces higher loss than
the Cu/Al Litz wire coils, however the Al Litz wire generates
higher losses than the copper one because of higher eddy
current loss due to lower resistivity. Nevertheless, the HTS
coil design always has the best PTW performance, especially
if the machine weight can be reduced below 50 kg.

Therefore, regarding machine PTW, the advantage of an
HTS stator over Litz wire structure happens when the
cryogenic temperature is low enough for the HTS structure to
show its superior current capacity.
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IV. IMPROVED HTS INSULATED STATOR CoIL AC L0oss
SIMULATIONS

A. HTS coil preparation and simulation validations

A 68 turn (34 turn per layer) double pancake sample coil
wound from SuperOx 2G YBCO tapes is made to further
analyze the AC loss performance of insulated HTS coils under
a real motor environment. The tape width is 4 mm, with inner
and outer diameters of 60 mm and 85 mm, respectively; and
for each coil turn, the copper stabilizer around each tape is
about 20 um thickness. The coil self-field, I, is 80 A at 77 K.

Dirichlet boundary _|
condition of B

Coil
inner  Coil detail
radius

Fig. 3. Coil simulation model geometry of one side of the coil.

A 2D Cartesian coordinate model using the H-formulation is
built for numerical analysis. The geometry of one side of the
coil is illustrated in Fig. 3. Regarding the studies in [28], it is
reasonable to simplify the tape structure by modelling only the
2 um YBCO layer. In 2D cartesian coordinates, the current J,
flows along the z direction, while the two magnetic field
variables, H = [H,; H, ] are in the x-y plane. The relationship
between the current and magnetic field is obtained by the
original Ampeére's law. By substituting magnetic field and
electric field variables into Faraday’s law for cylindrical
coordinates:

0E, OH,

oy _ ot
6Ez = —Hrlo a& ' (6)
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To improve the AC loss evaluation, rather than using
constant critical current density, Jc, an external field dependent
Jewp) 1S introduced and is taken from interpolation data of
same samples. Meanwhile, the E-J power law is used to
describe the non-linear resistivity of HTS materials:

EO ] n-1 ;
r~ranon) @

Initially, the coil self-field critical current calibration was
achieved with the help of measurement. Fig.4 shows the
transport current loss simulation validation at 50, 75 and
100 Hz. It shows good consistency.
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Fig. 4. Coil AC loss Simulation model validation.

B. HTS coil AC loss evaluation in machine environment

The coil under a rotating magnetic field of 0.68 T is
simulated at 40, 65 and 77 K and the result is given in Fig. 5,
where the magnetic field distribution is extracted from a radial
flux motor design. The applied current range for each
temperature is limited by the critical current. It is interesting to
find that the magnetization loss increases with reducing
temperature. To further analyze the AC loss variation, the
current penetration of the magnetization loss at each of the
three temperatures is shown in Fig. 6. It indicates that the
magnetic field penetrates more easily and uniformly, thus
reducing the hysteresis loop [29] as the temperature increases,
leading to a more efficient distribution of the field and reduced
localized loss. The total loss dominant component transfers
from magnetization loss to transport current loss as the applied
current increases. The total loss increases dramatically as the
applied current reaches l.. To avoid dominant magnetization
and to maximize HTS current capacity utilization, a current
close to but below its I is desired.

4 40 K magnetization loss|

65 K magnetization loss

AC loss, P, (Jicycle)

77 K magnetization loss

20 30 40 50 607080 100 200
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Fig. 5. AC loss simulation results at 40, 65, and 77 K under a rotating
field of 0.68 T.
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Fig. 6. Coil current penetration at one twentieth of period: a) 77 K, b)
65 K and c) 40 K respectively.

V. CONCLUSION

This study compared stator designs of a radial flux
synchronous motor in electrified applications focusing on the
stator iron impact and the stator winding choices. An air-cored
structure is desirable for cryogenic motor design for electrified
aircraft as iron can introduce extra weight and losses. For a
450 kW level machine, under 77 K, the aluminium Litz wire
stator performs the best considering both stator loss and the
machine PTW; while for a 1 MW level machine, under 40 K,
the HTS coil shows higher PTW especially if the machine
weight is under 50 kg. In addition, with the help of the
simulation analysis of a small insulated HTS coil, to maximize
the high current capacity of HTS coils, a high current close to
its ¢ is desirable. Future work should focus on optimizing the
design and cooling strategies, and evaluate machine power
density considering both the machine weight and volume.
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