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Abstract

Litz wires operating in a cryogenic environment can potentially improve both the effi-
ciency and power density of electrical machines and passive components. However, due to
the low resistivity and high magnetic fields, eddy-current losses may become significant in
cryogenically cooled windings, especially in airgap winding arrangements or in the case of
significant slot leakage fields, unless the litz wire parameters are carefully chosen. A
framework for litz wire loss performance optimization and experimental characterisation
at cryogenic temperatures is provided. An optimum operating temperature for minimum
loss is derived based on analytical expressions, which highlights the role of litz wire pa-
rameters, current density and external field. The proximity loss model, used to calculate
the optimum operating temperature, is validated experimentally. Two test rigs with
different magnetic cores were designed and built. Copper and aluminium litz wires with a
strand diameter down to 0.1 mm were tested in a liquid nitrogen bath with a uniform
harmonic external magnetic field up to 0.5 T peak and a frequency up to 1 kHz. Mea-
surements show good agreement with the theoretical results and confirm that the pro-
posed model can be confidently used during the preliminary design of cryogenic windings.

KEYWORDS

1 | INTRODUCTION
Litz wires are multi-filament wires composed of very fine,
insulated and twisted conductors (strands). Traditionally, litz
wire windings are used in medium and high-frequency inductors
and transformers [1, 2] to reduce the skin effect and proximity
losses due to the leakage fields. Litz wire technology has also
been considered to replace the stranded coils in stator windings
in electrical machines [3] with both slotted and air-cored layouts
where litz wires are exposed to high magnetic fields. Applica-
tions of air-cored designs with airgap-winding litz wire include
large synchronous turbo-generators [4], high speed permanent
magnet motors [5] and hybrid-superconducting machines [6, 7].
The losses in a litz wire are generally divided into skin
losses and proximity losses. Different definitions have been
used in the literature for these terms. For example, in Ref. [8],
each loss factor is divided into strand and bundle level, and the

electric motors, loss measutement, machine windings

proximity losses are further divided into internal and external
proximity losses. A simple definition of the losses is used in
Refs. [9, 10]. Analytical loss equations for round conductor
windings are developed in Refs. [11, 12].

A significant increase in power density and efficiency of
electric components may be achieved by cooling down to
cryogenic temperatures [13, 14]. Reduced Joule losses are also
expected in an electrical machine winding operating at cryo-
genic temperatures [15, 16], potentially allowing a step change
in performance compared to ordinary machines [17].

This will fit very well in some applications, such as ma-
rine and aerospace electric propulsion, where the cryogenic
cooling may be provided ‘for free’ in the form of cryogenic
fuel (eg LNG/LH, [liquid natural gas/liquid hydrogen]),
which can then use the electric losses to evaporate and feed
the engine/fuel cells. Cryogenically cooled ‘hypet-conducting’
windings can be made of readily available materials like

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the

original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2022 The Authors. IET Electric Power Applications published by John Wiley & Sons Ltd on behalf of The Institution of Engineering and Technology.

IET Electr. Power Appl. 2023;17:487-498.

wileyonlinelibrary.com/journal/elp2 487


https://doi.org/10.1049/elp2.12279
https://orcid.org/0000-0002-5705-9068
https://orcid.org/0000-0001-6961-4789
https://orcid.org/0000-0003-0856-7194
mailto:matteo.iacchetti@manchester.ac.uk
https://orcid.org/0000-0002-5705-9068
https://orcid.org/0000-0001-6961-4789
https://orcid.org/0000-0003-0856-7194
https://ietresearch.onlinelibrary.wiley.com/journal/17518679
http://crossmark.crossref.org/dialog/?doi=10.1049%2Felp2.12279&domain=pdf&date_stamp=2022-12-13

488 |

MANOLOPOULOS ET AL.

copper (Cu) and aluminium (Al), but compared with room-
temperature windings, they are more sensitive to eddy cur-
rent losses so careful attention to the strand size and the
twist/bunching arrangements is needed. Unlike high tem-
perature superconductors (HTS) windings, they do not suffer
from quench, which makes cryogenically cooled Cu and Al
windings, a viable alternative to HTS for AC armatures [18].
By way of example, temperatures around 77 K enable an Al
resistivity reduction by almost 20 times compared to that at
normal operating temperatures around 400 K. As a drawback,
however, the low resistivity may increase the winding skin
effect and proximity losses significantly. To achieve substan-
tial reduction of winding total losses using a litz wire tech-
nology in a cryogenic environment, the strand size has to be
chosen appropriately, particularly considering the frequency
and the presence of external fields. Unfortunately, there is a
lack of results in the literature to inform the selection of the
best cryogenic temperature level and strand parameters for
given operating frequency, current density and external field
levels experienced in typical airgap windings and coil sides
facing significant slot leakage. As a result, the loss reduction
in litz wires in winding arrangements operating at cryogenic
temperatures is not optimised [19].

This paper investigates the loss performance of different
litz wires operating at cryogenic temperatures and provides
critical information to facilitate the preliminary design of litz
wires used in cryogenically cooled windings. The focus is
mainly on high external magnetic fields experienced in airgap
windings or as a consequence of significant stray/leakage fields
and the frequency range is typical of high-speed power-dense
electrical machines. The key objectives including the novel
contributions are as follows:

1. Discuss the effect of cryogenic temperature on proximity
losses due to high external fields highlighting opportunities
for design optimization and the test challenges.

2. Derive the optimum operating temperature for a given litz-
wire specification and operating conditions in order to
achieve minimum loss density.

3. Propose a comprehensive design framework for cryogenic
test rigs to measure proximity losses under high external
fields, including detailed guidelines on core material selec-
tion and rig setup and performance evaluation.

4. Provide experimental validation of the loss calculation,
based on two different test-rig prototypes operating at
Liquid Nitrogen (LNy) temperatures.

2 | THEORETICAL BACKGROUND AND
MODELLING

Adopting an approach similar to that in Refs. [9, 10], the total
losses in a litz wire are divided into three major categories:

1) P ‘ems losses™ These losses ate calculated by multiplying
the squared rms current with the dc resistance. These losses
are independent of the operating frequency.

2) Pyn, ‘Skin losses™ These losses are defined as the sum of
the loss caused by the skin effect and the proximity losses
caused by the surrounding strands in the litz wire (internal
proximity losses).

3 P,

caused by external fields. The origin of those external fields

rox, Proximity losses™ These are the proximity losses

could be other conductors, leakage and main field in cored
and coreless electrical machines, etc.

Figure 1 shows the current distribution of an ideal litz wire
with radial and azimuthal transposition considering three
different scenarios. The litz wire operates in LN, and has 61
Cu strands with a strand diameter equal to the skin depth of
0.77 mm. For dc current excitation, the current density has a
uniform distribution as shown in Figure 1a. Figure 1b shows
the current distribution at 1 kHz where the skin and proximity
effect disturb the uniform pattern. In Figure 1c, an additional
external magnetic field is applied with the same frequency.
Depending on the external field strength, the current density
pattern of Figure 1b is completely altered, losing its polar
symmetty.

For a litz wire composed of cylindrical strands with a linear
magnetic material, superposition is valid and loss components
can be calculated independently [11]. As a result, the total
losses are the sum of each loss component

Ptot = Ltms +Pskin +Pprox (1)

For a fine litz wire with strand diameter less than the skin
depth, 27, < 9§, the reaction field due to the eddy currents can
be neglected. As a result, the simplified expressions derived in
[20, 21] are used for Py, and P,y in Equation (1), respec-
tively. With these assumptions, the expression of total losses
P, in a litz wire with N strands is

2 A2 2
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FIGURE 1 Current density distribution of an ideal copper litz wire
carrying 14 A, in each strand. The current density colour scales are in A e/
mm?. (a) dc, self-field; (b) 1 kHz, self-field; and (c) 1 kHz, 0.3 T external
field.
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with

1 2

5= |— (3)

Nomr? WU

Rdc

In Equations (2) and (3), I is the peak of the sinusoidal
current in the litz wire, H is the peak of the sinusoidal external
magnetic field strength, R, is the dc resistance of the litz wire
per unit of length, 6 is the skin depth, @ is the angular fre-
quency, p is the permeability, ¢ is the conductivity, and 7; and
7y are the radius of the strand and the litz wire, respectively.

Figure 2 illustrates the accuracy of (2) against the finite
element (FE) results for the litz wire shown in Figure 1.
Although the average current density was chosen equal to
30 Apk/ mmz, proximity losses are the major loss contribution
at strong external field levels.

3 | OPTIMUM TEMPERATURE FOR
MINIMUM LOSSES

3.1 | Formulation

The power-loss density of a litz wire can be calculated by

dividing Equation (2) with the total conductive area Nn7,” of
the wire

2 o 5
Pden - ]_ +]2 N(N—l) (rs) 7’4602 2
20 2 32

+ %a)2 (uH)era (W/m’)

where ] =7 / (N 71'1’?) is the average value (over the cross-
sectional area) of the current density (peak) in a strand.
From Equation (4), it is clear that a decrease in the operating
temperature from room values to cryogenic levels will cause a
drop in the rms loss and an increase of the skin and proximity
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FIGURE 2 Comparison of analytical loss, Py, (1), for the ideal litz
wire shown in Fig. 1 with finite element (FE) results, Ppy, for strand
diameter equal to skin depth (27, = 9). The litz wire operates at 1 kHz at
77 K and the average current density is set to 30 Apk/ mm?>,

loss components. Considering normal litz wire parameters, the
initial decrease of rms loss will be sharper than the increase of
the other components, therefore resulting in a reduction of the
overall power loss density. However, depending on the strand
number, size and operating conditions, there is an ‘optimal’
temperature value at which the total loss density is minimised.
Any further decrease in temperature below the optimal value
will cause an increase in losses. The resistivity value at the
optimal temperature is the ‘optimum resistivity’ and is obtained
from the following optimality condition:

oP den
op(T)

=0 5)

where p(T) = 1/0(T) is the resistivity of the litz wite as a
function of temperature. Solving Equation (5) gives the opti-
mum resistivity as a function of litz wire parameters and
operating conditions

_oprs |1

1) =2 [N = 1) () 72+ 7)o

For litz wires with a strand diameter less than the skin
depth, 27, < 6 under a strong external magnetic field experi-
enced in airgap windings, skin losses may be neglected. This
approximation is acceptable for litz wires with a small number
of strands. Although the error is higher for litz wires with a
high number of strands, it drops to acceptable levels for high
fields as shown in Figure 3. As a result, Equation (6) is
simplified to

 wufi,

popt(T) - Zj (7)

The litz wire-specific losses for optimum resistivity are

14 A
Pden,opt = ij”’Hrs (8)

Optimum temperature 7T, is obtained from Equation (7)
by inverting the non-linear equation pop = p(Tp0), where p(T)
is the experimental resistivity versus temperature of the litz
wire material.

3.2 | Discussion

Although Al is cheaper and significantly lighter than Cu, it is
not a common choice for litz wires because its resistivity at
near room temperature is typically 55%—60% higher than in
Cu. Figure 4 shows the trend of resistivity versus temperature
for 99.999% pure Al and 99.996% pure Cu wire. The wire
samples were measured in a cryostat within the temperature
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range 21-270 K. The resulting analytic expressions for the
resistivity curve fitting functions p; (T) and pc, (T) are given
in Equation (16) in the Appendix. Figure 4 shows that, as the
temperature decreases, the resistivity of Al falls more quickly
than in Cu, and below around 77.9 K becomes lower than Cu
resistivity. Thus, Al litz wire operating at cryogenic tempera-
tures may be a viable solution for windings of electrical ma-
chines to combine high operating power density and efficiency
levels.

Equation (8) reveals that the optimal loss density for given
frequency, current density and external field levels is propot-
tional to the strand diameter. However, for a specific strand
diametet, limited by manufacturing feasibility and/or cost, the
minimum loss Equation (8) requires litz wire operating at the
optimal temperature where the conductor resistivity matches
the optimal resistivity Equation (7). Therefore, despite Pdm,opt
Equation (8) and p,p, Equation (7) being independent of the
conductor material, this will set the required optimal operating
temperature to achieve minimum losses. Figure 5a,b show the
loss-density contour lines as a function of strand diameter and
temperature for Al and Cu litz wires for 15 A ¢/ mm? current
density and under an external, uniform, sinusoidal magnetic
field of amplitude B = 0.5 T. These values may be sensible for
airgap windings in electrical machines. The thick red line in
Figure 5a,b represents the optimal diameter vs. temperature
relationship.

Figure 5c,d show the loss density versus temperature for Al
and Cu, respectively, and for 0.03 and 0.18 mm strand

N
o

2r_ =4, 61str
st
— — —=2r_=4, 469str
st
2r_ =412, 61str
st
— — _2rst=6/2, 469str

-

Percentage error (%)
o o © 8

0.2 0.3 0.4 0.5
External magnetic field (Tpk)

o
e
S

FIGURE 3 Loss error with external field for litz wire with different
number of strands and strand diameters when neglecting the skin effect.
The litz wires operate at 1 kHz at 77 K and the average current density is
set to 30 Apl\/rnm2
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FIGURE 4 Resistivity of copper and aluminium at cryogenic

temperatures.

diameters. These diameters may be deemed to be the minimum
achievable values with two different technologies (or/and at
two given costs). They yield optimal loss density values of
0.5 MW/m> and 3 MW/m>, respectively. The corresponding
optimal temperature values for tested Al (Cu) grade are 61.2
and 117.7 K (54.7 and 139.7 K), respectively. For 0.18 mm, Al
in the considered operating conditions, for instance, any
further decrease in the operating temperature below 117.7 K
would be detrimental. Furthermore, the density of the contour
lines reveals that the sensitivity of the power loss density to the
strand diameter is higher above the red line in Figure 5ab.
Thus, below the red line, a reduction of the strand diameter —
should this be allowed by a new manufacturing technology —
does not lead to significant gains in terms of loss density
reduction.

Finally, the temperature of &77.9 K corresponds to the
value at which the tested Al and Cu grades exhibit the same
resistivity (see Figure 4). Therefore, regardless of the strand
diameter, an Al litz wire operating between its optimal tem-
perature and the critical value (e.g within range 77.9-117.7 K
for 27, = 0.18 mm) outperforms Cu both in terms of weight
and loss. The following points summarise the choice process
between Al and Cu:

1. Find critical temperature, T, using the p versus T cutrves
for the Cu and Al conductor materials.

2. Calculate optimal temperature for Al and Cu using (8) and p
versus I curves for minimum strand diameter available
(considering manufacturing and cost).

3. Calculate skin depth using (3) and check validity of 27, < &

4. If the winding operating temperature is between TOPt for Al
and T, the Al conductor produces lower losses than
copper and should be considered.

4 | TEST RIG DESIGN FOR PROXIMITY
LOSS MODEL VALIDATION IN LIQUID
NITROGEN

4.1 | Test-tig operation

Electrical machine airgap windings experience significant
proximity loss due to high external fields. Proximity losses in
litz wires have been measured for low magnetic fields (several
mT) at high frequencies (10 kHz up to several MHz) and room
temperature [9, 22].

The proposed test rig aims at measuring proximity losses
at higher field values up to 0.5 T. The test rig is shown in
Figures 6 and 7. Two C-cores facing each other and wound
with ‘power coils’ form a small airgap that houses the Litz
specimens Under Test (Litz Under Test (LUT)). By ener-
gising the power coils with AC current, a nearly uniform
sinusoidal alternating magnetic field is created in the gaps,
which links the LUT creating proximity losses. The LUT
was placed at the centre of the airgap (Figure 6¢) to ensure
that all the strands of the LUT experienced a uniform
external field. This was verified by hall sensor probe
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measurements before the test (Section 4.3). The input power
to the power coils is measured with and without LUT while
monitoring the gap peak flux density via a hall sensor. As
the LUT sample is not carrying any transport current, the
difference of the two measurements is the proximity loss of
the LUT.

4.2 | Design criteria

To obtain accurate measurements, the loss of the inductor
should be kept comparable with the LUT loss. In other words,
a high-accuracy test rig would have a high LUT to Test-tig Loss
Ratio defined as

Al Cu
0.5 - ; 0.5 ; ; ;
a) s b) 8MwW/m?®
8MW/m
04 3 04 1 1
BMW/m 6MW/m3
n 0.3 r o 0.3 1 . b
E 4AMW/m® £ 4AMW/m
hw 3 Lw
N 3MW/ N 3
0.18 m 048 SMW/m™ |
0.1 ¢ 7.5MW/m ]
— — — 903 F= 0.5MW/m? -
0 1L

Total 0.03mm
Total 0.18mm

— — —Prox. 0.03mm
— — —Prox. 0.18mm

200

s 4

£

:

g

o 2
1
0b==—1 el S S —
20 54.7 100 139.7 200

T (K)

FIGURE 5 Loss-density characteristics for Al and Cu operating at 1 kHz, Joms = 15 A/mm? and B=05T (a) and (b) Loss-density iso-lines as a function of
T and 7,, for Al and Cu (blue lines), and optimal radius versus temperature (thick red lines). (c) and (d) Al and Cu loss-density versus-temperature profiles for

diameters 27, = 0.03 mm (blue lines) and 27, = 0.18 mm (green lines).

150

a)

FIGURE 6 Design of the experimental rig without the power coil (a), test-rig assembly showing the cores below core holder top cap (b) and a side of the

test rig showing the Litz Under Test (LUT) in the gap (c). All dimensions are in mm.
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Test — Rig Loss Ratio (TLR) = 1)1[);1)2 100%  (9)
1

whete P; and P; are the losses of the test tig with and without
the LUT at the airgap, respectively.

For low-frequency applications, such as cryogenic electrical
machines, the field should ideally have a high magnitude close
to 1 T with frequencies up to 1 kHz. Therefore, the ideal
core material should have high magnetic field saturation
(>1.2'T), low losses for frequencies up to 1 kHz, and it should
also maintain these desirable properties at cryogenic
temperatutes.

The proposed test rig consists of two arrays of U-cores
facing each other. To maintain the LUT temperature at
77 K, the whole test rig was placed inside an LN, bath. The 2D
FE model shown in Figure 7 was built to estimate the loss ratio
(9) with different core materials, geometric and operating pa-
rameters and devise an optimised design. The litz wires used
for the power coil and the LUT were modelled using a
homogenised equivalent model to improve the simulation time
[23]. Unfortunately, most of the datasheets for the core

Vessel

Power

T TR

LUT

Core

FIGURE 7 Testrig cross-section used to test different core materials.
The power coil has 25 turns of Cu litz wire with 1100 x 0.08 mm and
3.9 mm outer diameter.

TABLE 1 Magnetic materials considered for the core of the test rig

materials focus on room-temperature properties only, so as-
sumptions and extrapolations to cryogenic temperatures were
made, where possible based on previous tests in the literature
[24, 25]. Table 1 describes the magnetic materials considered
for the core of the test rig.

Figure 8 shows the loss ratio Equation (9) for each material
as a function of the field at the LUT. The LUT has 700 Al
strands, 0.08 mm strand diameter, and an outer diameter of
3.2 mm. The gap is either 3.3 mm with one layer of litz wires or
6.5 mm with two layers. The selected frequency is 1 kHz. For
low fields, ferrite is the obvious choice for the core because it
gives the highest loss ratio. However, this ratio is likely to drop
at 77 K because the performance of the ferrites deteriorates at
low temperatures. The major disadvantage of ferrite is its low
saturation field. That restricts the operation to field peak levels
up to 0.35-0.36 T in order to avoid excessive magnetising
current and losses in the power coil. The limit of 0.36 T was
initially considered too low. Koolmu60, on the other hand, has
a decent saturation level and the highest loss ratio after ferrite.
Although Koolmu60 has half the relative permeability of

Koolmu125 ——MPP125
Somaloy700HR

Koolmu60
FerriteF  ———Finemet

Freq=1kHz, Gap=3.3mm Freq=1kHz, Gap=6.5mm

T~

N

o
N
o

(&)

o

Loss Ratio (%)
>
Loss Ratio (%)

(8}
(%))

0.3 0.4 0.5 0.6 0.3 0.4 0.5 0.6

Magnetic field at LUT (Tpk) Magnetic field at LUT (Tpk)

FIGURE 8 Loss ratio of the inductor shown in Figure 6 for different
core materials versus the mean magnetic field at the Litz Under Test (LUT).
The LUT has 700 x 0.08 mm strands with 9 wires (left) and 18 wires (right)
in the gap.

Performance at 77 K compared
to room temperature”

Core material Composition Available shapes Bsat (T) Loss Rel. perm/ty
Koolmu 60 Sendust powder U-core, Toroid 1 Similar Lower
Koolmu 125 Sendust powder Toroid 1 Similar Lower

MPP 125 Molypermalloy powder Toroid 0.75 Similar Similar

Ferrite F Ferrite U-core, Toroid 0.45 Higher Lower
Somaloy700HR P SMC - 1.8 Higher Similar
Finemet” Nanocrystalline U-core 1.2 -

Note: Somaloy is manufactured by Hoganas, Finemet by Hitachi, and the rest by Magnetics.

Abbreviation: SMC, soft magnetic composites.

“The last two columns indicate the performance at 77 K based on [24, 25].

"This core is made by laminations so a building factor was used to include the ‘gap losses’ due to the fringing fields [26, 27].
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Koolmu125, it gives a higher loss ratio, because in a gapped
inductor, the equivalent relative permeability is determined
mainly by the gap length. As a result, the Koolmu60 cores were
chosen to build the first test rig able to operate with a
maximum airgap peak field of 0.5 T.

Four cores per side were stacked together to achieve the
preferred axial length. Two core holders and two bobbins were
designed and manufactured to build the full assembly of the
experimental rig shown in Figure 6. The power coil used
Cu litz wire with an outer diameter of 4.1 mm comprising
1000 strands of 0.1 mm diameter. The strands have solder-
strippable polyurethane film insulation Solderex/180. Strand
insulation was tested successfully with a dc voltage up to 500 V
in LN,.

A second test rig was designed and built with the above
criteria by using ferrite cores instead of Koolmu60 to achieve a
higher loss ratio although the field was limited to 0.36 T. It was
used for testing Cu litz wire with 0.1 mm strands, for which the
first test rig would not give accurate results.

4.3 | Magnetic field and resistivity
measurements

The magnetic field at the gap was measured using a search coil.
The search coil was calibrated against three cryogenic hall
sensors (HGCT 3020, Lakeshore) connected to a three-
channel gaussmeter (Model 460, Lakeshore). The maximum
frequency of the gaussmeter was 400 Hz, so a search coil was
used to measure the magnetic fields up to 1 kHz. As shown in
Figure 9, the gap spacet, built using a 3D printer, accommo-
dates both the search coil and the three hall sensors in order to
ensure they experience the same field during calibration.

The hall sensors were distributed along the gap length to
check the uniformity of the magnetic field. The search-coil emf
was filtered using a low-pass filter with a high cut-off fre-
quency (>30 kHz) to ensure constant gain for frequencies
below 1 kHz. The magnetic field, B, can be calculated from the
measured back-emf, E, if the surface area, S, is known

100
i — P74 R3.5
16.5
[}

FIGURE 9 3 mm thick gap spacer design and dimensions in mm
(top), search coil side (middle) and hall probes side (down) with the
cryogenic hall probes

E=wSB (10)

To avoid errors due to the calculation of S, the search coil
was calibrated at 77 K using the hall sensors up to 400 Hz.

Figure 10 shows the results from the search coil calibration:
the slope of the line is the effective cross-sectional area of the
search coil. It was noticed that as the frequency increased, the
measured field reduced but the emf divided by the frequency
stays essentially constant. This was thought to be caused by the
eddy currents induced in the hall sensor sheath, which opposed
the main airgap field and reduced the measured value. As ex-
pected, higher currents in the power coil produce higher airgap
field levels. The maximum field was obtained for 80 Arms in
the power coil and is close to 0.5 Tpk.

As for the resistivity measurement, a single strand was
carefully separated from the litz wire and tested in LN, with
the four-probe method to measure the strand resistance
accurately and then derive the resistivity. This procedure was
applied to every tested litz wire sample to avoid errors in re-
sistivity due to different purity of the conductor material.

4.4 |

Loss measurement and power source
The most popular method for measuring the core loss is the
‘two winding technique’ where a primary (power) coil carries
the excitation current and a secondary (search) coil provides an
estimate of the back-emf across the magnetising branch
[28, 29]. Another widely adopted electrical method uses an
impedance analyser with or without a power amplifier to
provide the excitation current [30]. The first method was
impractical here because of the low-effective relative perme-
ability of the gapped inductor. The high fringing fields do not
allow the measured voltage of the secondary coil to be referred
to the primary using simply the turns ratio. The second method
was not applicable due to the small excitation current provided
by the impedance analyser, which would limit the magnetic
field in the airgap to be non-representative.

Due to these issues, a direct method was used to measure
the losses of the experimental rig. The instantaneous current

%107
[ ' "80A i
’ 65A70A \ana
=
¥ sy 2o
Se 50A~a (moo@
ST2 45A—> (g 1
3 40A—> (=¥
=
€
Q
< 1r + 50Hz O 300Hz ]
S O 100Hz ¢ 400Hz
200Hz y=599.31%(10°)*x
0 L 1 L 1 L
0 0.1 0.2 0.3 0.4 0.5

Magnetic flux density B (Tpk)

FIGURE 10 Secarch-coil back-emf divided by angular frequency
versus magnetic field. The slope is the effective surface area of the search
coil in LN,
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and voltage of the power coil were multiplied together to find
the instantaneous power. The real power was calculated by
averaging the instantaneous power over a number of cycles:

1 Tipan )
P:T— U (£) e (2)dt (11)
span J (0
where #,, is the voltage across the power coil, ipc is the current

of the power coil, and T,,, is a multiple of the signal period.
The voltage was measured through voltage taps soldered to the
power coil litz wire ends. Figure 11 shows the schematic of the
experimental apparatus. A 10 kVA, 300 V., 80 Ay single-
phase linear power supply was used to energise the power
coil. A 45 pF parallel capacitor bank provided reactive current
compensation, allowing the test rig to be run up to 80 A within
the power supply VA capability.

The test rig total losses are obviously dominated by the
power coil and core losses, and in most tests, they were above
100 W, which caused severe boil-off of the ILN,. The LUT
temperature was monitored with a thermocouple to make sure
that no significant deviation from 77 K occurred during the
tests and ensure consistency of the resistivity value used in
Equations (3) and (4).

4.5 | Uncertainty analysis

Having established the loss measurement method, it is crucial
to define a minimum TLR (Test-rig Loss Ratio) value allowing
an acceptable uncertainty level, e,,, for the experimental litz
loss measurement

5P
p—ZSem (12)

where P,, = P;-P; is the litz loss measurement with P; and P,
being the loss of the test rig with and without the LUT in the
airgap, respectively. The numerator of (12) is

8P,y =ep\/ (P1)* + (P) (13)

Il Stranded wire
B Litz wire Oscilloscope
@ soldered points Chl Ch2
Capacitor Liquid

bank
Linear AC J_

Power

Supply —|— 1

FIGURE 11 TLoss measurement schematic.

Nitrogen

where e, is the power measurement uncertainty given by the
uncertainty propagation analysis. Substituting Equation (13)
into Equation (12) and P,,, = TLR-P; from Equation (9) yields

N ny
Mgem:e—f’ 1+<]72) <TLR (14)
m 1

TLRP1 €,

Eliminating P, = P, — P; + P; = (1 — TLR) P; in (14) and
solving for TLR gives

2(ep/em)
(ep/em) + /2= (ep/em)’

TLR >

(15)

Equation (15) is a key result as it sets the minimum TLR
target for the test-rig design in order to meet the given mea-
surement accuracy specifications.

In the measurement setup described earlier, the power
measurement uncertainty was ep = 1.7% and ep = 1.9% for
the first (koolmu) and second (ferrite) test rig, respectively, as
shown in Figure 12. These were derived as a function of the
power factor angle between voltage and current and consid-
ering probe uncertainties (<1%) and residual delay time (20 ns)
between the two channels after calibration with a deskew de-
vice. Despite the high power factor angle, the power mea-
surement uncertainty remains low due to the low frequency
(<1 kHz). By way of example, for an acceptable uncertainty
e, = 15% in the experimental litz loss measurement, the
design target for the TLR from Equation (15) is 14.6% and
16.1% for the first and the second test rigs, respectively. Those
values are within the estimated range from the sensitivity
analysis carried out at the design stage using an FE analysis and
this informed the selection of the cores.

5 | RESULTS

Table 2 collects the main data of the tested litz-wire samples
along with the resistivity and the maximum peak field value in
the testing conditions. Only ideal litz wires were considered,

20 : -
———10ns / ‘\‘J

T < 20 ns / I
gi\,Q 5y 50 ns / “H’
o — — —100 ns / [
§ 2 / [l
g g 10r / I
E T v /
o T yZ |
[ 8 P |
8c 5t X802 L — X89.4 // l
. o ——Y16763 v 1.8547 L

E=== — — e 0 — — —

0 ‘ . ‘

88 88.5 89 89.5 90

Power factor angle of the test-rig (deg)

FIGURE 12 Power measurement uncertainty versus the power factor
angle for 1 kHz. A deskew device was used to assure that the residual time
delay between voltage and current was less than 20 ns. The current and the

voltage magnitude uncertainties are 1% as per datasheet.
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TABLE 2 Data of tested litz wire samples

Copper

Aluminium

Tested samples

Il

Strands No x Diam. (mm) 510 x 0.1

Wites No (at the gap) 14 8 8
Pitch length (mm) ~55 ~45 ~45
Resistivity at 77K (n€2-m) 2.167 2.182 2.200
Test rig" #2 #1 #1
B (D) 0.36 0.49 0.49

;

#F

/

i
i

| \I‘[

Il

45 x 0.31 20 x 0.375 15 x 0.5

8 8 6 20 8
=35 ~35 ~35 ~55 ~35
2.323 2.100 2.120 3.127 3.057
#1 #1 #1 #2 #1
0.49 0.49 0.49 0.36 0.49

“Test rig #1-Koolmu cores with 92 mm length, test rig #2-fetrite cores with 120 mm length.

A Meas 200x0.15mm
— — —Cal 200x0.15mm

% Meas 15x0.5mm Meas 45x0.31mm
Cal 15x0.5mm Cal 45x0.31mm

O Meas 20x0.375mm *  Meas 100x0.2mm
— — —Cal 20x0.375mm  — — — Cal 100x0.2mm

' frequency=800Hz ' ! N
- % — = — = T
13k x———x——— -~ __o-——-——-7"%]
P o-———— "
I A .
iR Gt
10 ;_A~I~’A~ . . . 4
2 " frequency=900Hz ' . T«
= 5 x,,,,/*—f**”"'7'7'::;_—&1~'4*‘7&
> 107 l,_ol""" E
£ - o— L
c ##ﬁk,ll~*"*ll#'A_
g L —F*-—-—""T " A
2 102 A — — AT E
S L L L L
" frequency=1000Hz 'J e ==
,,,xJJ*’*”'77777”::_.1"'0 i
10%F g ——©—— E
B
- - —I
[ % — — *—— R
2~A~.”’A#’ﬂ. L .
0.28 0.3 0.35 0.4 0.45 0.5

Magnetic field at the airgap (Tpk)

FIGURE 13 Measured and calculated, Equation (4), loss density
versus external field at different frequencies, for Cu litz wire samples of
different strand radii.

where the length exposed to the field is much bigger than the
pitch length as these show an almost ideal behaviour [9].
Typical airgap windings usually have several pitches per coil.
All the samples were tested at three frequencies: 800 Hz, 900
and 1000 Hz, as 1 kHz is the maximum frequency produced by
the power supply. Four airgap field levels were tested in the test
rig with Koolmu cores (test-rig #1): 0.29 T, 0.32 T, 0.42 T and
0.49 T. The corresponding rms current in the power coil was
40, 45, 65 and 80 A, where the last two values were achieved
after adding the capacitor bank.

The difference between the rig input power with and
without the LUT normalised to the LUT conductor volume

A Meas 800Hz * Meas 900Hz Meas 1000Hz

_ — — —Cal800Hz — — —Cal 900Hz Cal 1000Hz
3 4000 - 1
s N
23000 F T
1%} _ -
g SN
o 2000 | P N
g - A
@ o I
4 T _ ="

1000 AZZ A -~ 1

0.28 0.3 0.35 0.4 0.45 0.5

Magnetic field at the airgap (Tpk)

FIGURE 14 Measured and calculated, Equation (4), power density
versus external field profiles at different frequencies, for the
35 x 0.315 mm Al litz wire.

was taken as a measurement of the LUT proximity loss
density and compared with the theoretical predictions using
Equation (4) for the measured field and resistivity. Figure 13
shows the LUT loss density versus the peak magnetic field
obtained with the first test rig at different frequencies and
with Cu LUT samples of different strand diameters. Al
samples were tested as well and their proximity losses are
shown in Figure 14. The discrepancy between theoretical and
experimental values for the results shown in Figures 13 and
14 remains below 15%.

For litz wire samples with a strand diameter of 0.1 mm,
proximity losses become very small, thereby reducing the loss
ratio Equation (9) and hence accuracy. Therefore, the second
test-rig “H#2’ with ferrite cores instead of Koolmu was used,
providing a higher loss ratio (see Figure 8) and better accuracy,
albeit only allowing lower magnetic fields, up to 0.36 T. Also,
the lower current in the power coil needed to achieve the
maximum operating field of 036 T did not require
the capacitor bank and allowed a power analyser to be used for
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A Meas Cu 510x0.1mm *  Meas Al 390x0.1mm
— — —CalCu510x0.1mm  — — —Cal Al 390x0.1Tmm
150 T T T
frequency=800Hz ol
100 |- - 1
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Magnetic field af the airgap (Tpk)

FIGURE 15 Measured and calculated, Equation (4), loss for
390 x 0.1 mm Al and 510 X 0.1 mm Cu litz wire measured with the ferrite-
core test rig.
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FIGURE 16 Comparison between measured and calculated loss for
the 0.1 mm strand diameter copper and aluminium litz wire for 0.36 Tpy, at
the gap.

the measurements. The comparison between the experimental
and theoretical results for 0.1 mm strand diameter Cu and Al
litz wires is shown in Figure 15. For Cu, the experimental
measurements follow the theoretical results, but the measured
losses for Al remain higher than the corresponding theoretical
values. The detailed loss values and errors between the theo-
retical and experimental results are given in Figure 16 for the
high field measurements (0.36 Tpi). An error of less than
15.4% is observed with the second test rig for 0.1 mm strand
diameter Cu litz wires. On the other hand, a higher discrep-
ancy is observed for the 0.1 mm strand diameter Al litz wire.
This is likely to be caused by the higher resistivity of the Al litz
wire sample at 77 K as per Table 2 due to relatively low purity
of Al In fact, the experimental resistivity of 0.1 mm Al litz at
77 K is 3.127 nQ-m (see Table 2), that is, about 36% higher
than that of tested Cu samples, therefore revealing a lower Al
purity than what was initially envisaged. This causes a signif-
icant reduction in the TLR, which then produces a higher
uncertainty e,, (by inverting Equation (15)) in the experimental
results.

6 | CONCLUSION

This article investigates the loss performance of litz wires at
cryogenic temperatures for low frequencies and under high
external magnetic fields. These operating conditions are
observed in air-cored armatures of emerging, power-dense,
cryogenically cooled electrical machines and inductors/
passives.

An expression for the optimum operating temperature for
minimum loss has been derived combining ‘rms’, ‘skin’ and
‘proximity losses’.

Two new test rigs were designed and built to evaluate
proximity losses of litz wires at LN, temperature indepen-
dently of skin losses. The proximity loss model used in the
optimization method was validated against measurements for
peak fields up to 0.5 T and strand diameter down to 0.1 mm
both for Cu and Al, showing good agreement. The maximum
error was below 15.4%, apart from 0.1 mm Al wires (error
slightly above 20%) where the testing conditions reach the
accuracy limits of the test rig. As long as the skin depth remains
higher than the strand diameter, the developed equations for
the proximity loss, total loss density and optimum temperature
allow extrapolation to thinner strands, higher field levels and
different cryogenic temperature and provide a valuable tool for
the optimal design of cryogenically cooled electrical
components.

NOMENCLATURE

o skin depth (m)

w magnetic permeability (H/m)

P electrical resistivity (€2-m)

c electrical conductivity (S/m)

) angular frequency (rad/s)

B amplitude of magnetic field (T)

€m, € litz loss measurement, power measurement
uncertainties

E amplitude of back-emf (V)

H amplitude of magnetic field strength (A/m)

I amplitude litz wire sinusoidal current (A)

Ipe(f)  instantaneous current of the power coil (A)

J amplitude of average cutrent density in a strand (A/
mz)

LUT  litz wire Under Test

N number of strands

P, loss of the test tig with the LUT at the airgap (W)
P, loss of the test rig without the LUT at the airgap (W)
P,  total power loss density (W/m?)

Prr finite element model power loss per unit length (W/m)
Pyox  proximity effect power loss per unit length (W/m)
P... joule loss pet unit length (W/m)

P,  skin effect power loss pet unit length (W/m)

P, total power loss in litz wire per unit length (W/m)
dc resistance of the litz wire per unit of length (2/m)
litz wire radius (m)

single strand radius (m)

area of the search coil (m?)

temperature ()

NOX I X
(s}
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TLR  test-rig loss ratio
Ty multiple of the signal period (s)
Uyt)  instantancous voltage of the power coil (V)
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ao+a T +aT? +asT° +a, 7" 20K<T<T,
bo+ b T+ b,T? +bT° + b, T T,<T<2710K

(16)

p(T) =

where coefficients 4;, b; and T, are given in Table Al.

el 4 a as

Matetial by (nQ-m) b (nQ-m/K) b, (0Q-m/K> b; (nQ-m/K>)

TABLE Al Coefficients for the

a, PP . . .
4 resistivity curve fit Equation (16) in Figure 4

b; nQm/KY Ty (K)

Cu 3.692-107"  2.214.107° —4312-107* 1.679-107°
—2.484 5.699-10~2 1.078-107* —-3.917-1077

Al —-7.55-1072  2.167-1072 —1.283-1072 2.836-107°
—1.944 1.958-107° 9.07-107* —2.959-107°

—9.311-107% 75.4
4.405-1071°
—1.306-1077 75.1

3.447-107°
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