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ABSTRACT Cryogenic electric machines (CEMs) offer significant potential for highly power-dense and
ultra-efficient net-zero aircraft. Aluminum (Al) displays superior conductivity to copper (Cu) at cryo-
temperatures, making Al Litz wires an attractive option for CEMwindings to minimize DC and eddy losses.
However, accurately quantifying Al Litz wire losses remains challenging, particularly considering their
unknown electromagnetic behavior at different cryo-temperatures and frequencies when embedded in iron
cores. To address this, a specialized test setup was developed to measure the losses of two customized Al Litz
coils, alongside a Cu Litz coil, under varying cryo-temperatures (25 to 77K) and frequencies (50 to 1000Hz).
A numerical model was also developed using COMSOL, incorporating a temperature-dependent electrical
conductivity and a homogenization model for Litz wires with rectangular cross-sections. The model was
incorporated into an analytic design procedure to maximize the test-rig loss ratio within the tight space and
maximum heat rejection constraints of the cryostat, to allow accurate loss separation. The experimental data
aligns closely with the numerical simulations, enabling a comprehensive analysis of the loss characteristics
of Al Litz wires. This study provides a detailed design methodology and serves as a valuable resource for
developing CEMs for zero-emission electric aircraft.

INDEX TERMS Cryogenic electric machine, hyperconducting aluminum Litz wire, loss separation, test rig
design, net-zero electric aircraft.

I. INTRODUCTION
This work was part of a large consortium project launched
in 2020 to develop hydrogen technology and accelerate
aerospace decarbonization to zero emissions [1]. One key
objective of this project was to develop the world’s first
Hyperconducting electric propulsion motor for a subregional
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net-zero electric aircraft by exploiting high-purity aluminum
(Al) Litz wires operating at cryo-temperatures.

The use of liquid hydrogen as an aviation fuel has led
to increasing interest in cryogenic technologies for enhanc-
ing the performance of conductors [2] for cables, electric
machines and drives [3], [4], [5], potentially leading to a sig-
nificant reduction in conductor losses [6], [7]. Regarding the
winding materials for cryogenic electric machines (CEMs),
two types are commonly considered: superconducting
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materials and hyperconducting materials. Superconduct-
ing materials can be classified into low-temperature
superconductors (e.g., Nb3Sn, Nb3Al, and NbTi) and
high-temperature superconductors (HTSs, e.g., REBCO,
BSCCO, and MgB2) based on their critical temperatures [8].
HTSs are promising materials functioning at liquid hydrogen
temperatures given their critical temperatures are above 20 K.
While HTSs can substantially diminish DC loss in CEMs for
hydrogen-powered aircraft [9], the persistent challenge lies in
the significant AC loss observed in them [8], despite exten-
sive research efforts on HTS electric machines using HTS
tapes [10], [11]. Hyperconducting materials typically refer
to highly pure, conductive metals exhibiting significantly
reduced electrical resistivity at cryogenic temperatures, such
as copper (Cu) and aluminum (Al). Zheng et al. designed
a 200 krpm super-high speed cryogenic synchronous motor
adopting a cryogenic permanent magnet rotor and Cu stator
windings, both operating at 77 K [12]. Marignetti et al.
constructed and tested a cryogenic tubular linear actuator and
they found that the resistivity of the utilized Cu windings
cooled by liquid nitrogen decreased by 84% compared to
windings operating at room temperature [13]. Kim et al. fab-
ricated a cryogenic induction motor exploiting Cu armature
windings and Al bars, both submerged in liquified natural gas
at -163◦, with 88.8% efficiency at 37 kW rated output [14].
Although Cu is widely employed for electric machine wind-
ings due to its favorable electrical and thermal conductivities,
high-purity Al operating at cryo-temperatures below 70 K
provides better electrical and thermal conductivities and a
reduction of machine mass [15]. Consequently, at cryo-
temperatures, Al emerges as a promising material for CEM
windings when acting as a hyperconductor (Al is actually a
superconductor at T < 1.2 K). Scott et al. first proposed that
hyperconducting Al is a promising candidate for field wind-
ings of high power density pulsed AC generators because
of its high current-carrying capacity at 20 and 28 K and
light weight [16]. Filusch et al. proposed a conceptual design
of a hyperconducting synchronous machine using Al stator
windings cooled by liquid hydrogen (20 K) for high-torque
applications [17].
A Litz wire, comprising multiple insulated metal

strands twisted or braided together, effectively mitigates
high-frequency losses attributed to skin and proximity effects.
As a result, Litz wires have gained traction in various power
electronic applications, including power converters [18],
[19], wireless power transfer systems [20], [21], electric
motors, and generators [22], [23]. Given the high-frequency
environment in the AC windings of CEMs and electric
aircraft drives, Al Litz wires have the potential to address
the persistent challenge of AC losses encountered with HTS
tapes, while exhibiting relatively lower DC loss compared
to Cu Litz wires at cryo-temperatures. The comprehensive
understanding of the electromagnetic characteristics of Al
Litz wires in CEMs however remains limited, owing to their
relatively limited application in electric machines and power
electronics, as well as the nascent stage of CEMdevelopment.

Different test rigs have been designed to characterize Litz
wires. The DC and AC resistances of impregnated Litz wires
with non-insulated Cu strands were specially studied by
use of an iron stack that emulates the slots of an actual
machine in [23]. However, the test rig in [23] is not applicable
at cryo-temperatures because motorette coils do not effec-
tively exploit the limited cryogenic space envelope of small
cryostats and their free end-windings can induce eddy losses
in the surrounding cryogenic test containment which then
hinders accurate loss segregation. The proximity losses in Cu
Litz wires were measured by a test bench composed of a soft
ferrite core and Litz wire excitation coils in [24], which actu-
ally adopted the same approach as presented in [25]. In [25] a
skin effect test rig was also introduced comprising a circular
groove through a brass bar to form the inner conductor of a
coaxial waveguide. However, the above-mentioned test rigs
are all focused on room temperature measurements for Cu
Litz wires. A cryogenic test rig has been recently proposed
in [26] to study the proximity loss of different Cu and Al Litz
wires; however, the temperature was confined at 77 K and
only the proximity effect was investigated.

AC windings in electric machines are commonly embed-
ded into slots in the magnetic core to provide support and
shield them from the full working magnetic field. These coils
however are still subjected to the lower density magnetic
fields passing across the slots (slot leakage) [27]. To char-
acterize the loss properties of Al Litz wires subjected to
slot magnetic fields of varying frequencies over a range
of cryogenic temperatures, a specialized AC test rig was
developed, facilitating the separation of DC and eddy current
losses in different Litz coils. Additionally, a finite element
method (FEM)-based numerical model was developed, inte-
grating a homogenized model for Litz wires that considers
temperature-dependent electrical conductivity. By comparing
the results from the numerical modeling and experimental
tests, the efficacy of the developed numerical model for
cryogenic Litz wires was validated, the functionality of the
designed AC test rig was confirmed, and the loss character-
istics of Al Litz wires operating at cryogenic temperatures
within an electric machine slot environment were elucidated.
This study is expected to serve as a valuable resource for the
design of CEMs and cryogenic energy conversion systems.

This article is structured as follows: Section II outlines the
analytical equations utilized for quantifying Litz wire losses
and homogenization modeling of Litz wires. Section III
details the development of the AC test rig employed for Litz
wire loss separation. Section IV presents the numerical mod-
eling and test results of different Litz wire samples at distinct
cryogenic temperatures and frequencies. Finally, Section V
draws the primary conclusions from the study.

II. LITZ WIRE AC LOSS FORMULATIONS
A. BACKGROUND
The losses generated in Litz wires are composed of two pri-
mary components: resistive loss (DC loss) and eddy current
loss [28]. The resistive loss is caused by the DC resistance,
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which is independent of frequency; the eddy current loss
is frequency dependent and comprises skin and proximity
effects. The resistive loss, PDC, is given by:

PDC = I2rmsRDC =
4I2rmsρlkt
Nπd2s

(1)

where Irms is the effective AC transport current, RDC repre-
sents the frequency-independent DC resistance of the Litz
wire, ρ represents the electrical resistivity of the Litz strand,
l is the axial length of the whole Litz wire, kt refers to the
twist factor of the Litz wire which accounts for the extended
length of the individual strands as a result of the twist, N is
the number of strands in the Litz wire, and ds stands for the
strand diameter.

A correctly chosen Litz wire should be able to minimize
the skin effect, i.e., the strand diameter ought to be no higher
than the skin depth, δ. Under the condition ds ≤ δ, according
to [26], the eddy current loss caused by the skin effect and
proximity effect can be written as:

Peddy = I2rmsRDC

[
N (N − 1)

128

(
ds
dL

)2 (
ds
δ

)4
]

+
Nlkt
16

(BrmsfB)2 π3d4s
ρ

(2)

where dL is the diameter of the Litz wire,Brms is the rms value
of the external AC magnetic flux density, and fB refers to the
frequency of the external magnetic field. The skin depth, δ,
is determined by:

δ =

√
ρ

π fCµ
(3)

where fC denotes the frequency of the AC transport current,
and µ is the permeability of the Litz wire material.
For Litz wires that are made from linear magnetic mate-

rials, their total losses can be obtained by simply adding
PDC and Peddy [29]. It should be pointed out that in practical
applications, e.g., for armature windings in electric machines,
the external magnetic field seen by each strand in the Litz is
not evenly distributed and thus (2) cannot be directly utilized
to quantify the eddy current loss (further information can
be found in Discussion). In this case, the magnetic field
distribution in the Litz wire needs to be determined and FEM
based numerical modeling methods are commonly adopted.

B. NUMERICAL MODELING METHODOLOGY
Modelling a large number of individual strands of a Litz wire
in a motor winding using FEM can be computationally very
time-consuming, especially in the time domain: meshing of
each thin single strand can generate an enormous number
of degrees of freedom (DOFs). Homogenization methods for
Litz wires in the frequency domain therefore provide a good
alternative for fast computation of AC losses in complex
winding arrangements [30], [31], [32]. These often involve
the definition of a homogenized or ‘‘effective’’ conductiv-
ity and permeability of the winding region, as shown in

FIGURE 1. Diagram of the homogenization of the hexagonally packed Litz
wire.

Figure 1.Many proposed homogenization approaches require
preliminary FEA analyses to tune the homogenized wind-
ing properties, which makes parametric sensitivity analyses
of AC losses slow and cumbersome, especially for design
optimization. A closed-form formulation for the effective
homogenized complex conductivity and permeability of Litz
regions filled with hexagonally packed round wires (see
Figure 1) was proposed in [31], with:

σeff =
σkf

µ0
µfd

+
(1−c)
c j� −

1
3

µeff
cµ0

j�
(4)

µeff = (1 − c)µ0 + cµfd (5)

where σ represents the electrical conductivity of the Litz
material, kf is the fill factor for the Litz conductors in the
studied homogenization region, and µ0 is the vacuum per-
meability. The constant c is the fill factor of the equivalent
foil geometry:

c =

√
2
√
3 kf
π

(6)

� represents the non-dimensional frequency:

� =

√
3π2

16
cf σµ0d2s (7)

and µfd refers to the frequency-dependent permeability of a
single equivalent foil, defined by:

µfd =
µ0 tanh

(√
j�

)
√
j�

(8)

Clearly, in the numerical model of a cryogenic hyper-
conducting winding, the temperature-dependent conduc-
tivity of Al Litz wires has to be considered. The
temperature-dependent electrical resistivities ρ(T ) of Al and
Cu are described by [33]:

ρ = ρ0 + ρi + ρi0 (9)

where ρ0 denotes the residual resistivity (the constant value
of resistivity in the limit of zero temperature); ρi represents
the intrinsic resistivity, which is characterized by electrons
interactingwith phonons, with ρi(T=273K) = 24.8 n�·m for Al
and 15.4 n�·m for Cu; and ρi0 refers to a deviation term [33]:

ρ0 =
ρi(T=273K)

RRR-1
(10)

ρi =
P1T P2

1 + P1P3T P2+P4e−(P5
/
T )P6

+ ρc (11)
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TABLE 1. Curve fitting parameters for the ρ(T ) curves of Al and Cu.

FIGURE 2. Electrical resistivities of Al with RRR = 300 and Cu with RRR =

100 in the temperature range of 4-300 K.

ρi0 =
P7ρiρ0
ρi + ρ0

(12)

where ρc is included to account for the mathematical residual
deviations in ρi. For Al and Cu, ρc has been taken as zero.
RRR represents the Residual-Resistance Ratio. The RRR
values for the Cu and Al Litz wires tested in this paper are
100 and 300 respectively and were determined by experi-
mental measurements. Curve fitting parameters in (11)-(12)
for the temperature variation of the resistivity of Al and Cu
are shown in Table 1, and the ρ(T ) curves of the studied Al
and Cu are shown in Figure 2. It can be seen that the chosen
Al with RRR = 300 becomes more conductive than Cu with
RRR = 100 at T < 70 K.

III. TEST RIG DESIGN AND MODELING
A. CONCEPT AND OPERATING PRINCIPLE
To evaluate the performance of Litz coils at cryo-temperatures
in a representative environment, a test rig with a rectangular
slot has been designed, as shown in Figure 3. The test rig is
composed of a group of magnetic iron cores, a test Litz coil,
and a Nylon support structure. This test rig was designed to
provide a reasonable emulation of the magnetic slot-leakage
field in awinding slot of an electrical machine and to correlate
this to an analytic loss-density calculation model for the Litz
wire [34], to allow validation. Compared to other rigs used at

FIGURE 3. Diagram of the test rig in the cryostat.

room temperature [23], [24], [25], the axisymmetric structure
confines the field within the core to minimize eddy currents
in the cryostat containment Cu bucket which would impede
an accurate loss separation.

The losses generated in the Litz coils are composed of
DC and eddy current losses; however, it is challenging to
directly measure them experimentally. To evaluate the loss
performance of the Al Litz coils, their losses have to be
separated from other losses produced in other parts of the test
system. The Al Litz eddy current loss can be calculated as:

Peddy,Al = Prig,Al − Pcore − PDC,Al (13)

where Prig,Al is the total losses generated in the test rig using
Al Litz coils, Pcore represents the iron core loss, and PDC,Al
denotes the DC resistive loss of the Al Litz coil. This assumes
there are no losses due to stray fields in the cryostat contain-
ment vessel – however, we believe these will be negligibly
small.

The challenge of the experimental test therefore comes
from the accurate determination of Prig,Al, Pcore, and PDC,Al:
Prig,Al– The total rig loss is the electrical active power

directly measured at the coil terminals;
PDC,Al – The resistive loss of the tested Al Litz coil can be

calculated based on (1), which requires the measurement of
the DC resistance of the Litz coil at different temperatures;
Pcore – The iron core loss is the most difficult to measure.

It is separated here by a second test run under the same operat-
ing conditions and total slot current, by replacing the Al coil
under test with one of the identical geometrical dimensions
but made of Cu with much thinner strands thus reducing the
Cu Litz eddy current loss to a negligible level. In this way, the
core loss can be obtained by:

Pcore = Prig,Cu − PDC,Cu (14)

where Prig,Cu is the total test rig losses using the thin-stranded
Cu Litz coil and PDC,Cu refers to the resistive loss of the Cu
Litz coil. Equation (14) also requires the measurement of the
DC resistance of the Cu Litz coil at different temperatures
in order to quantify PDC,Cu. It should be noted here that a
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0.04mm diameter strand Cu Litz wire was adopted in the
determination of Pcore. This followed an assessment of the
available strand diameters down to 0.01 mm to identify a
suitable strand size that ensures the Litz eddy current loss is
negligible.

B. CORE MATERIAL SELECTION
Somaloy® 700 was chosen as the iron core material because
it has lower losses than Ferrite at LN2 temperature (77 K)
and low-moderate frequencies. It has the further advantage of
an inherently higher saturation limit – approximately 1.5 T.
In addition, an extensive set of experimental loss measure-
ments for Somaloy® 700 can be found in [35] at different
frequencies and magnetic flux density levels, although only
at 77 K and room temperature. The frequency range tested
varied from 50 Hz to 1 kHz, which aligned very well with
the test rig specification. The experimental DC B-H curve
for Somaloy® 700 at 77 K was found in [36] and it exhib-
ited only a slight reduction in B mainly at low H values
around 1000 A/m compared to room temperature. The outer
diameter (OD) of the iron core was set to 120 mm based on
the available Somaloy® core sizes from Höganäs AB.

C. DESIGN STRATEGY
The primary design variables are shown in Figure 4. In an
ideal Litz wire, the macroscopic current density distribution
(i.e., at the slot level) is uniform; and in the test rig shown
in Figure 4, the slot-leakage magnetic field crossing the slot
travels predominantly in the radial direction, with a near-zero
axial component. By ignoring the radial variation of B caused
by the axisymmetric geometry, the slot flux density has a
triangular distribution with zero and maximum values at the
slot bottom and mouth, respectively (see Figure 4). The peak
value (in the time domain) of the maximum flux density (at
slot mouth) is given by:

Bpk,max =
√
2 kfillµ0hsJrms (15)

where kfill, hs, and Jrms are the coil fill factor, coil/slot height
(assuming that the coil fills the slot), and rms source current
density (ratio between the rms value of the injected current
and the slot cross-sectional area), respectively.

The slot leakage flux density in a CEM is typically below
0.4 T and thus the rig was designed for Bpk,max = 0.4 T. For a
Litz wire strand fill factor of 0.44 and a turn packing factor of
0.85, kfill = 0.37. Jrms was set to 20 A/mm2. Therefore, based
on (15), hs was calculated as 30 mm.
A parametric, axisymmetric 2D numerical model was also

established within COMSOL Multiphysics. The Litz wire
coil region has adopted the homogenization model presented
in Section II. The B-H curve data of the Somaloy® core have
been taken from [36] (relevant to 77 K) due to a lack of avail-
able data at different temperatures. The cryostat containment
vessel was fabricated from Electrolytic Tough-Pitch Cu and
was modeled in order to assess any potential eddy losses due
to field fringing: modeling results showed that the maximum
Cu bucket loss is 0.5W,whichwas assumed to be neglectable.

FIGURE 4. Test rig geometry, design variables, and slot-leakage flux
density distribution.

The whole model was analyzed in the frequency domain,
encompassing temperatures ranging from 20 to 100 K and
frequencies varying from 50 to 1000 Hz.

ARRR-100CuLitz coil with 0.25mm strandswas selected
for the optimization of the test rig. To facilitate accurate seg-
regation of the measured Litz eddy current loss, it is sensible
to maximize the Litz eddy current loss to total rig loss ratio,
ELR, defined by:

ELR =
Peddy
Prig

(16)

A multi-dimensional parametric sweep over the remaining
free variables bs, by, and hy was run using the COMSOL
model to calculate the loss breakdown, the ELR from (16),
and the apparent power S with a single-turn homogenized
coil. The constraints for the parametric sweep include:

1) The maximum output power of the lab power supply
was 10 kVA, and thus the apparent power of the test rig S <

10 kVA;
2) To allow reliable Litz wire eddy loss segregation, ELR

should be maximized - from previous experience on Litz wire
loss characterization [34], the minimum ELR requirement
was 12%;

3) By assuming short-duration (< 200 ms) tests within the
quasi-adiabatic test region (the test rig is surrounded by a vac-
uum space tominimize heat exchangewith the surroundings),
the total test rig loss at 77 K was below 150 W.

Figure 5 shows the ELR trend versus bs and by. The orange
region violates Constraint 1), the blue region violates Con-
straint 3), and the red region violates both Constraints 1) and
3). As a result, the optimal design was chosen with: bs =

7 mm, by = 25 mm, hy = 70 mm, and S = 8.51 kVA. In this
case, ELR = 16% which complies well with Constrain 2).

The required Litz coil geometry and wire parameters were
determined based on the power supply V and A con-
straints: supply rms voltage Vrms ≤ 300 V and rms current
Irms ≤ 80 A. By assuming that, at the target frequency and
cryo-temperature, the Joule losses of the tested Litz coil
are negligible compared to the reactive power demand, the
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FIGURE 5. ELR trend for a RRR-100 0.25 mm strand Cu Litz coil as a
function of dimensions bs and by, with unfeasible regions (orange, blue
and red).

FIGURE 6. Photos of the tested Al and Cu Litz coil samples.

voltage and current constraints translate into the following
inequalities involving the number of turns Nt:

1
Imax

√
S
X1

≤ Nt ≤
Vmax
√
S X1

(17)

where X1 is the single-turn reactance with the maximum
X1 = 3.56 m� at 1 kHz. Finally, the coil turns Nt = 40 (4
layers ×10 turns per layer) was chosen in order to integrate
the rectangular-cross-sectional dimensions of the Litz wire:
1.5 mm × 3 mm. Three bespoke Litz wires with this cross
section and different strand diameter were manufactured and
investigated: a 0.2mm and a 0.3mm strand diameter Al Litz
wire with 80 and 37 strands respectively, as well as a 0.04mm
strand diameter Cu Litz wire with 1500 strands. The com-
pleted coils were wound onto 3D-printed polyamide formers,
as shown in Figure 6.

The twist factor provided by the supplier is kt =1.04. The
average diameter for the three Litz coils is 62.7 mm. The
cross-sectional areas for the 0.2mm and 0.3mm strand diam-
eter Al Litz coils and the Cu Litz coil are 178.12 mm2,
165.27 mm2, and 168 mm2, respectively.

FIGURE 7. Photo of the entire Litz coil test system. (a) Measurement
system; (b) AC test rig.

D. MEASUREMENT SYSTEM
A photo of the experimental AC test rig and measurement
system is shown in Figure 7. A 10 kVA, 300 Vrms, 80 Arms
single-phase linear power supply with a maximum output
frequency of 1 kHz was used to provide DC and AC currents
at different frequencies. A Keysight PA2203A IntegraVision
Power Analyzer was used to measure the total test rig losses.
A cryogenic Hall flux sensor was positioned within the slot
to measure the leakage flux density – despite the limited
frequency range of up to 400 Hz of the Gaussmeter, it served
to validate the test rig design, but the measured flux density
was not required to determine the Litz coil losses. Cryogenic
temperature sensors were used to measure the temperature
variation of the Litz coils. The temperature sensors with 1.8 K
- 300 K operating range were attached to the Litz coils on the
top of the last turn near the slot opening.

It should be noted that the resistances of the Litz coils
becomes negligible compared to their reactances at cryo-
temperatures, especially at higher frequencies. As a result,
the whole electric circuit becomes inductance-dominant and
thus there will be a significant current/voltage inrush tran-
sient in the Litz coils when the supply is switched on. The
long settling time will inevitably cause measurement errors.
To attenuate the impact of the transient inrush current/voltage,
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a 1� resistor was initially added in series with the Litz coil
on test to minimize the inrush transients. The power analyzer
was also configured to record current and voltage signals
following the transient phase. A LeCroy 44Xi-A Oscillo-
scope with 400 MHz bandwidth and 5 GS/s sample rate was
connected to the power analyzer and used to send a trigger
signal to the power analyzer when the transient current and
voltage inrush passed.

IV. RESULTS AND ANALYSES
This study involved temperature variations from 25 to 77 K
(across 8 temperature points) and AC current frequencies
ranging between 50 and 1000 Hz (covering 6 frequency
points), with a fixed applied current of 40 Arms. Initially,
the operating temperature was set using the cryostat, fol-
lowed by tests at different frequencies. Each test at a specific
temperature and frequency required an hour-long interval for
the temperature to stabilize before the next test. As a result,
achieving data points at each preset temperature requires
approximately 6 hours (including DC tests), and to encom-
pass all frequencies, the entire process for each Litz coil test
extended over 8 working days.

A. IRON LOSS SEPARATION
To separate the different loss components, described by (13)
and (14), the DC losses of the tested coils were needed.
The DC resistances of the three tested coils were measured
first, as shown in Figure 8. This shows that the DC resis-
tances of the two Al Litz coils were lower than the Cu coil
with the same coil length because the Al wires (RRR =

300) have a higher conductivity at cryogenic temperatures
than the 0.04 mm strand Cu wire (RRR = 100) and also
have a higher conductor area due to a better fill factor with
the lower strand number. In addition, the DC resistance of
all three coils decreases significantly with decreasing tem-
perature, which confirms that at cryo-temperatures the DC
resistive loss of Cu/Al windings can be greatly reduced.
Based on (14), the core loss was separated by taking the dif-
ference of the total test rig loss and the DC loss of the 0.04mm
diameter strand Litz coil. The resulting iron core losses
at different temperatures and frequencies and presented in
Figure 9.
It can be seen from Figure 9 that for different fre-

quencies, the iron loss has a close to linear correlation
with the temperature, and thus linear equations were used
to curve-fit the experimental data in Figure 9. It is not
hard to understand that the iron loss would decrease with
increasing temperature because the electrical conductivity
of the iron material decreases with increasing temperature
and thus less eddy current losses will be generated. How-
ever, for a fixed temperature, the increase in iron loss is
non-linear with increasing frequency as predicted by the
classical Bertotti model [37] which separates the iron loss
into hysteresis loss (∝f), eddy current loss (∝ f 2), and excess
loss (∝ f 1.5).

FIGURE 8. Measured resistances of different Litz wire coils at different
temperatures.

FIGURE 9. Measured and curve-fit iron losses at different temperatures
and frequencies. Exp – experiment; CF – curve fitting.

B. LITZ COIL EDDY CURRENT LOSS SEPARATION
The simulated and measured total rig losses for the 0.3mm
strand Al Litz coil are shown together in Figure 10; and in
general, the correlation between the measured and modelled
losses is good. The separated Litz eddy current losses for the
0.3mm strand Litz coil are shown in Figure 11. The total
rig losses decrease with increasing temperature because the
Al Litz coil eddy loss and iron loss dominate (especially at
high frequencies) within the studied temperature range, both
of which become less significant as temperature increases.
It should be noted that the simulated results use the iron losses
calculated from the curve-fit equations shown in Figure 9
because the iron properties, e.g., the temperature-dependent
electrical conductivity at cryo-temperatures are unknown.
The measured data however appears lower than the modeled
results, especially at lower temperatures and higher frequen-
cies. One potential reason would be that the discrepancy is
due to the temperature increase during the test measurement:
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FIGURE 10. Measured and simulated total rig losses for the 0.3mm
diameter Al Litz coil. Exp – experiment; Simu – simulation. In the
simulation, RRR = 300 for the tested Al Litz wire.

FIGURE 11. Separated Litz eddy current losses for the 0.3mm diameter Al
Litz coil. Exp – experiment; Simu – simulation. In the simulation, RRR =

300 for the tested Al Litz wire.

1) The temperatures for the experimental data are the nominal
values, namely the starting temperature of the AC test; but
in reality, the temperature of the Litz coil will rise due to
heating caused by the AC power dissipation; 2) In addition,
to measure the test rig losses accurately it is important to
wait for the transient inrush period caused by the circuit
inductance in the order of tens of milliseconds to decay to
steady-state conditions and during this period the temperature
is also expected to increase.

It can be seen from Figure 11 that the eddy current loss
increases quickly in a non-linear way with both decreasing
temperature and increasing frequency. The impact of the tem-
perature shift discussed above also pulls through to Figure 11
as well. However despite a good agreement between mea-
surement and simulation at higher temperatures and lower
frequencies, the separated eddy current losses of the 0.3mm
Litz coil appear lower than the modeling results at higher
frequencies and lower temperatures.

FIGURE 12. Variation of temperature during the test measurement of the
0.2mm diameter strand Al Litz coil at different frequencies, with the
starting temperature 25.6 K.

To investigate the potential temperature shift effect during
measurements, another test was conducted on the 0.2mm
Al Litz coil. For this test, the temperature variation during
the test measurement duration, 200 ms, was recorded with a
sampling step of 100 ms and this allowed the loss data to be
correlated to the true measured temperature of the test coil.
Taking the nominal temperature 25.6 K as an example, the
temperature variation of the tested Litz coil during measure-
ments at different frequencies is demonstrated in Figure 12.
It can be seen that the coil temperature keeps increasing dur-
ing the test measurement (the power supply was turned on at
approximately t= 400ms and turned off at around t= 600ms)
and here we adopted the temperature at the end of the actual
measurement period to reflect the true coil temperature.

The experimental and simulated results are presented in
Figures. 13 and 14. It can be seen that the loss data with the
corrected temperatures now agree very well with the numer-
ical modeling results, which would validate the assumption
that the data deviations in Figures 10 and 11 are caused by
themeasurement temperature shift. In addition, by comparing
the loss data at nominal and corrected temperatures, it can
be concluded that the temperature shift is more pronounced
at lower temperatures and higher frequencies because of two
potential reasons: first, a higher frequency and a lower tem-
perature (meaning a higher electrical conductivity) together
lead to higher eddy current losses in the Litz coil, as shown
in Figure 14, which can lead to more heating and thus a
more significant temperature shift; secondly, the specific heat
of Al decreases with lower temperatures, and thus a higher
temperature variation is expected at lower temperatures for
the same amount of heat generated in the Al coils. From
Figure 14 it can be seen that the separated Litz eddy current
losses from experiments are also in good agreement with
simulation, which has not only confirmed the validity of the
developed numerical model incorporating the homogenized
Litz wires in this paper but also verified the loss separation
methodology proposed in Section III.
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FIGURE 13. Measured and simulated total rig losses for the 0.2mm wire.
The hollow points represent the measurement data at nominal
temperatures, the solid points refer to the loss data at corrected
temperatures after considering the temperature shift effect, and the solid
lines are the modeled results with RRR = 300 for the tested Al Litz wire.
Nom – nominal; cor – corrected.

FIGURE 14. Separated Litz eddy current losses for the 0.2mm wire. Exp –
experiment; Simu – simulation. In simulation, RRR = 300 for the tested Al
Litz wire.

By comparing Figures 11 and 14, it can be seen that the
Litz coil eddy current losses can be significantly mitigated
by reducing the Litz strand diameter, as predicted by (2).
Taking 1 kHz and 20 K as an example, the Litz eddy current
loss drops from 830 W to 380 W by replacing 0.3mm with
0.2mm diameter strands, corresponding to an approximately
54% loss reduction. However, thinner Litz wires can be more
fragile and susceptible to damage during handling and instal-
lation, which can affect the overall robustness and reliability
of the windings; additionally, thinner Litz wires also result
in increased manufacturing complexity and higher costs.
In practical design work for CEMs and cryogenic energy
conversion systems, the choice of Litz wires should not only
consider the loss reduction effect but also the specific system
design, cryogenic cooling budget and method, mechanical
strength, as well as cost-effectiveness.

FIGURE 15. Cross-sectional diagram of the test rig in the cylindrical
coordinate system.

FIGURE 16. Eddy current losses of the 0.2mm diameter strand Litz coil
calculated by different approaches, compared to the measured data.

V. DISCUSSION
The simulated Litz coil eddy losses presented above have
been calculated by integrating the COMSOL built-in mag-
netic power loss density, Qml, over the coil volume:

Peddy =

∫∫∫
V
QmldV =

1
2

∫∫∫
V
Re

(
iωB · H∗

)
dV (18)

where ω is the angular frequency and i is the imaginary unit.
In this paper, the studied frequency is relatively low (no

higher than 1 kHz) and at most of the studied temperatures,
we have ds ≤ δ [see (3)]: the skin effect of Litz wires can be
neglected. In this case, based on (2), the eddy current loss can
also be calculated by:

Peddy ≈

∫∫∫
V

(
Bpkωrs

)2
8ρ

dV =
Nlkt
16

(BrmsfB)2 π3d4s
ρ

(19)

where Bpk is the peak flux density amplitude, rs is the radius
of the Litz strand, N denotes the number of strands per Litz
turn, and l is the total length of the Litz wire in the coil.
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Taking it one step further: the Litz coils here were situated
in a regular rectangular slot and thus the magnetic field
distribution across the Litz coil cross sections, Bpk(r, z), can
be quantified analytically. Based on (19), it can be inferred
that the eddy current loss can be calculated analytically if an
average B2rms across the whole Litz coil cross section can be
derived:

Peddy ≈
Nlkt
16

f 2Bπ3d4s
ρ

B2rms (20)

Let us consider a more general case where the Litz coil
does not fully fill the slot, as shown in Figure 15: rC1 and rC2
represent the inner and outer radius of the Litz coil; zC1 and
zC2 denote the coil bottom and top coordinates; rS1 and rS2
refer to the inner and outer radius of the slot; and zS1 and zS2
stand for the slot bottom and top coordinates. The slot leakage
field lines are still assumed to be parallel to the r-axis. Based
on Ampère’s circuital law we have

∫ rS2

rS1
Bpk(r, z)dr = µ0Jpkkf,cbc (z− zC1) (21)

where bc and hc are the coil width and height, respectively;
rS1 ≤ r ≤ rS2 and zC1 ≤ z ≤ zC2. Notably, here the Litz coil
fill factor, kf,c, should be calculated by

kf,c =
πr2s NNt

bchc
(22)

where Nt is the number of turns in the Litz coil.
According to Gauss’s law ∇ · B = 0, along the r-axis

the magnetic flux density should decrease inversely with
increasing radius, namely

Bpk(r, z) = Bpk(rS1, z)
rS1
r

(23)

Consequently, (21) - (23) give

Bpk(r, z) =
µ0Jpkkf,cbc
log

(
rS2

/
rS1

) z− zC1
r

(24)

Then, B2rms can be derived as

B2rms =

∫ zC2
zC1

∫ rC2
rC1

B2pk(r, z)drdz

2bChC

=
1

3rC1rC2

[
µ0kf,cbchc

log
(
rS2

/
rS1

)]2

J2rms (25)

Taking the 0.2mm strand diameter Litz coil as an example,
the eddy current losses calculated by (18), (19), and (20)
using the average flux density squared from (25) have been
depicted together in Figure 16. Here, rC1 = 28.4 mm, rC2 =

34.3 mm, zC1 = 30.3 mm, zC2 = 60.8 mm, rS1 = 27.0 mm,
rS2 = 34.9 mm, zS1 = 29.5 mm, and zS2 = 61.5 mm. Jrms =

15.92 A/mm2 for the injected current 40 Arms. It can be
seen that the calculated eddy current losses by (18) and (19)
agree closely with each other for all the studied frequencies

and temperatures, which further confirms that the skin effect
for the 0.2mm diameter strand Litz coil is neglectable in
the frequency range up to 1 kHz at varying temperature
from 20 to 100 K. As a comparison, in general, the analytical
results calculated by (20) are in good accordance with (18)
and (19), though (20) overestimated the eddy current losses
by approximately 9.8% compared to (18) and (19). It should
be noted that the Bpk(r, z) surface was assumed to linearly
vary in the z direction to facilitate the derivation of the for-
mulae, as described by (21) and (24). However, in reality, this
linear variation trend does not hold in the regions near the
slot opening. Nevertheless, (20) serves as a useful analytical
method allowing for quickly quantifying eddy current losses
in Litz coils and cross-checking modeling and experimental
results.

VI. CONCLUSION
Through numerical modeling and experimental measure-
ments, this research has conducted a comprehensive analysis
of the loss behavior of Al Litz coils with varying strand diam-
eters, when subjected to slotmagnetic fields typical of electric
machines with frequencies ranging from 50 to 1000 Hz,
across different cryogenic temperatures from 25 to 77 K.
The numerical model has integrated a homogenization model
for Litz wires with rectangular cross-sections considering
the temperature-dependent electrical conductivity of Al and
Cu. The development of the bespoke cryogenic AC test rig
has been meticulously delineated, involving a loss separation
methodology for characterizing the eddy current losses of
different Al Litz coils, and iron loss. The Al Litz wires
have been shown to function as a hyperconductor with
enhanced electrical conductivity at cryo-temperatures. The
eddy current loss of Al Litz wires increases in a non-linear
way with both decreasing temperatures and increasing fre-
quencies; however, the eddy current loss can be effectively
mitigated by reducing the Litz strand size. The experiments
also provided ancillary information such as the iron losses
in Somaloy® 700 cores, with a linear increase in the iron
loss with decreasing temperature and a non-linear rise with
increasing frequency, suggesting a dominant eddy current
loss due to the increased core electrical conductivity at lower
cryogenic temperatures.

This paper serves as a robust modeling and experimental
framework for quantifying the Litz wire losses at cryo-
temperatures. The data presented herein are being directly
utilized in the H2GEAR project for designing a novel
ultra-efficient cryogenic electric motor for zero-emission
electric aircraft, and the resultant conclusions offer valu-
able insights for informing the design of cryogenic electric
machines and other Litz wire applications, especially at
cryo-temperatures down to 25 K. It is worth mentioning
that the achievement of the lowest Al Litz losses depends
on the balance between DC and eddy current losses, which
involves the combination of material properties and oper-
ational temperatures and will be detailed in a following
publication.
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