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ABSTRACT Superconducting machine designs have historically focused on an isolated, cryogenic rotor
and conventional (copper) stator due to unacceptable levels of AC loss in a superconducting stator. Thus, AC
loss reduction in the armature windings is one of the key issues for achieving practical all-superconducting
motors that could deliver an unprecedented power density and significantly reduce machine complexity.
In this paper, a 100 kW, 1500 rpm, all - HTS motor operating at 65 K is designed and AC loss simulations
in HTS armature windings wound with different types of (RE)BCO conductor arrangements are carried
out by implementing the 7-A formulation and a rotating mesh using commercial FEM software COMSOL
Multiphysics. Either 4 mm-wide (RE)BCO conductors, 14/2 (14 strands, each strand is 2 mm wide)
(RE)BCO Roebel cables, or striated (RE)BCO conductors with four 1 mm-wide filaments are considered in
the armature windings. The simulation results show that armature windings wound with Roebel cables or
striated conductors can significantly reduce the AC loss in the armature windings compared to windings
wound with 4 mm-wide conductors. It is also shown that the AC loss in the armature winding wound
with the 4 mm-wide (RE)BCO conductors decreases with decreasing operating temperature. The AC loss
reduction can be attributed to the reduced magnetic field penetration associated with the increased [ in the
winding. Finally, a 2% AC loss reduction can be achieved in the armature winding wound with (RE)BCO
conductors with asymmetric /.(B, 6) characteristics by simply flipping the direction of the conductors of
the armature winding. The simulation results in this work have practical implications for designing all-HTS
superconducting rotating machines. Such machines could be suitable for Hy powered electric vehicles like
large interstate trucks, heavy machinery, or locomotives.

INDEX TERMS FEM (finite element method), 7-A formulation, high-temperature superconductors,
all-superconducting motor, armature windings, AC loss, Roebel cables, striated conductors, asymmetric
magnetic-field and field-angle dependent critical current.

I. INTRODUCTION

High temperature superconducting (HTS) motors can provide
higher efficiency and power density, with lower weight and
smaller size compared with conventional copper wire-based
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rotating machines [1]. In an all-HTS motor, armature wind-
ings will carry AC currents under rotating magnetic fields
generated by the field windings. The AC loss generated in the
armature windings poses a major challenge to the cryogenic
cooling system and techniques to reduce this AC loss in the
armature windings must be developed in order to achieve
practical fully - superconducting rotating machines.
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The finite element method (FEM) has been widely used
in modelling superconductors [2]-[9]. However, HTS motor
modelling is a non-trivial task due to the rotating struc-
ture, non-linear resistivity, and high aspect ratio of HTS
(RE)BayCu3O7_ (hereinafter referred to as (RE)BCO, RE:
rare earths) conductors. In 2018, hybrid models using mixed
H- and A- formulation frameworks for modelling simple
superconducting rotating machine examples were introduced
in [10]. In these models, the superconducting coil windings
were represented by simple rectangular or circular elements.
Recently, more works simulating HT'S machines have been
published [11]-[13], based on the 7-A formulation as an alter-
native to the H-A formulation. The 7-A formulation offers
the advantage of easier implementation and faster computing
time, treating the cross section of the (RE)BCO conductor
as a 1D line [6]. In [11], a superconducting torque motor
was designed for investigating the AC loss behaviour in the
armature windings. Permanent magnets were used in the rotor
to generate the rotating magnetic field. In [12], an AC loss
model for one pole pair of a 10 MW generator was built based
on T-A formulation. In [13], the T-A formulation was utilised
for simulating the electromagnetic behaviour of the whole
armature winding of a four-pole all-HTS generator. The sim-
ulation results using 7-A formulation have close agreement
with the simulation results using different methods [11].

However, in the modelling works mentioned above, only
simple (RE)BCO tape arrangements were used in the arma-
ture windings and the AC loss behaviour in armature wind-
ings wound with low-loss conductor arrangements such as
Roebel cables [14]-[18] and striated (RE)BCO conduc-
tors [19]-[23] have not yet been investigated. In addition,
previous studies have reported an AC loss reduction in HTS
coils wound with (RE)BCO conductors by simply varying the
direction of the conductors in the coil windings [24]-[26].
The authors attributed the loss reduction to the asymmetric
I.(B, 0) characteristics of the (RE)BCO conductors, where
field angle 6 is defined as the angle between the normal
vector of the conductor face and the magnetic field with
respect to the current direction, as shown in Fig. 1(a). How-
ever, the influence of asymmetric I.(B, 0) characteristics
of (RE)BCO conductors in HTS armature windings under
rotating magnetic fields have also not yet been studied.

In this paper, a 100 kW, 1500 rpm HTS motor is designed
and 2D simulations of the AC loss in the HTS armature
windings are carried out using the T-A formulation and a
rotating mesh, implemented in COMSOL Multiphysics. The
cross-section of the HTS motor is shown in Fig. 2 and the
main parameters of the HTS motor are listed in Table 1.
The detailed calculation of the parameters in Table 1 is
described in the Appendix. This motor is iron dominated just
like conventional machines. However, replacing copper coils
with superconducting coils reduces needed cross-sectional
space for the coils with associated benefit of reduced iron
core size and mass. The losses associated with the super-
conducting coils are a small fraction of losses in the copper
coils. Since all superconducting coils and iron core operate at
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FIGURE 1. Relationship between the field angle, current direction,
perpendicular component (Bper) and parallel component (Bpar) of the
external magnetic field: (a) definition of field angle ¢; (b) definition of
field angle after flipping the (RE)BCO conductor. The black dot is used to
indicate the orientation of the (RE)BCO conductor.
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FIGURE 2. Cross-section of the 100 kW 1500 rpm all-HTS motor. All
dimensions are given in mm.

the same cryogenic temperature (LN2 or LH2), significant
thermal load due to iron core losses becomes unattractive
to remove with refrigerators. Such machines are expected
to be suitable for applications where a cooling penalty is
absent. Such applications include pumping of liquid cryogens
(LN2 and LH2), Hp powered electric vehicles like large
interstate trucks, heavy machinery, and locomotives.

This work firstly explores the AC loss behaviours of
the HTS armature windings for three different (RE)BCO
conductor arrangements: 4 mm-wide (RE)BCO conductors;
14/2 (fourteen 2 mm wide strands) (RE)BCO Roebel cables;
striated (RE)BCO conductors with four 1 mm-wide fila-
ments. The schematic drawing of the three types of conductor
arrangements are shown in Fig. 3. For the HTS armature
windings wound with 4 mm - wide (RE)BCO conductors,
the AC loss at different operating temperatures is calculated

130969



IEEE Access

S. You et al.: Simulation of AC Loss in Armature Windings of 100 kW All-HTS Motor

4-mm wide

(a) conductor (b) Roebel cable (€) Striated conductor
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FIGURE 3. The three types of (RE)BCO conductor arrangements used in
the numerical models: (a) 4 mm-wide (RE)BCO conductor, (b) 14/2
(fourteen 2 mm-wide strands) roebel cable, (c) striated (RE)BCO
conductor with four 1 mm-wide filaments.

TABLE 1. Key parameters of the HTS motor.

Parameters Value
Output power (kW) 100
Rotating speed (rpm) 1500
Operating temperature (K) 65
Self-field /. of the (RE)BCO conductors at 765
65 K (A/cm)
Ampere-turns (AC) per armature coil (kAt) 1.5
Frequency of armature current (Hz) 50
Ampere-turns (DC) per field coil (kAt) 4.0
Number of poles 4
Outer radius of the stator core (mm) 100
Inner radius of the stator core (mm) 62
Outer radius of the rotor core (mm) 60
Active length of the motor (mm) 300
Rotor pole width (mm) 52
Rotor pole length (mm) 24
Stator pole length (mm) 20
Stator notch width (mm) 11
Air gap (mm) 2
Radius to notch corner (mm) 86.5

Silicon steel (non-
grain oriented)
M-36

Material of iron core and yoke

to explore its dependence on the operating temperature. Fur-
thermore, the influence of the (RE)BCO conductor I.(B, 6)
characteristics on the AC loss in the armature winding is
investigated when wound with SuperPower SCS (Surround
Cu Stabilizer) 4050 AP (artificial pinning) (RE)BCO conduc-
tors which exhibit strong I.(B, 6) asymmetry. The magnitude
of the AC loss as well as current density and magnetic field
distributions for the different armature windings are com-
pared and discussed.

Il. NUMERICAL MODELLING

In this section, the modelling framework for the FEM mod-
els implemented in COMSOL Multiphysics is described.
COMSOL’s ‘“Rotating Machinery” interface is used for
implementing the A-formulation and the ‘“Coefficient
Form Boundary PDE” interface is used for implementing
T-formulation. The B-H curve of the iron core and yoke
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FIGURE 4. (a) Definition of the current vector potential T of the
superconductor and (b) the boundary condition for the applied current.

(Non-grain-oriented silicon steel M-36) is imported from
COMSOL’s material database.

A. T-A FORMULATION

In the T-A formulation [6], the magnetic vector potential A
is applied to the whole model, including the superconducting
tape and other subdomains, while the current vector potential
T is used only for computing the current density distribution
in the superconducting layers. As shown in Eq. (1), current
density J in the superconductor layers is defined as the curl of
the current vector potential 7, which is always perpendicular
to the conductor surface.

aT.  dT, AT, T
J=VxT=—"-2)i+[—=-=—)j
ay 0z 9z ax

o7y, 0T,

+ ( ax ay ) k M
where T, Ty and T, are the x, y and z component of T in
Cartesian coordinates, as defined in Fig. 4.

In the 2D FEM model, the variable in “Coefficient Form
Boundary PDE” interface is |T|, which is a scalar. The direc-
tion of T is given by multiplying the unit normal vector, which
is always perpendicular to the (RE)BCO conductor surface —
see Fig. 4(a). The thickness of the (RE)BCO conductors is
ignored and all conductors are simplified as 1D lines. J in the
(RE)BCO conductors has only a z-component and T has only
x and y components in the 2D plane. Thus, Eq. (1) can be
written as Eq. (2) in the FEM model.

The operating current in each (RE)BCO conductor is equal
to the circulation line integral of T"as shown in Fig. 4(b). Thus,
the edge constraints for defining the operating current can be
written as Eq. (3).

0T «ny 0T .ny

dax dy

1,
ﬂ—h=§ A3)

J=J,= 2)
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Rotating meshes

FIGURE 5. A moving mesh applied to the rotor part including rotor core,
field windings and some air subdomains. A gradient mesh is applied to
the edges of the (RE)BCO conductors.

where n, and ny, are the x and y components of the unit normal
vector of the (RE)BCO conductors. 77 and T, are the values
of |T| on the edges as shown in Fig. 4(b). I is the forced
transport current flowing in the (RE)BCO conductors and
§ is the thickness of the superconducting layer which is set
as 1 um.

B. ROTATING MESH AND 2D MOTOR MODELS

A rotating mesh is applied to the rotor (see Fig. 5) to rotate the
magnetic field generated by the rotor windings. In the arma-
ture windings, each 4 mm - wide conductor in the windings
is divided into 60 mesh elements. A gradient mesh is applied
in the (RE)BCO conductors for increasing the mesh density
at the edges of the conductors.

Although the four field coils shown in Fig. 2 are designed
with 4 mm - wide (RE)BCO conductors in the FEM model,
they are treated as carrying homogenous DC currents in a
4 mm x 8 mm rectangular block. The AC loss behaviour in
the field coils are not considered in this work. The field coils
are defined using the “homogenized multiturn coil” node
in the “Rotating machinery” interface. Each field coil has
28 turns and each turn carries a 142.9 A DC current, giving
a total of 4 kAt. The armature winding is comprised of six
double-racetrack coils wound around the iron stator poles
and two serial-connected coils spatially facing each other
form a phase (A, B, or C) as shown in Fig. 6. The enlarged
cross-sections in Fig. 6 show one leg of the double-racetrack
coil in Phase C wound with different (RE)BCO conduc-
tors. The distance between the neighbouring superconduct-
ing layers is 250 um considering the non-superconducting
layers and insulation thickness. All three cases use the same
quantity of superconductor: in case (a), the double-racetrack
coils are wound with 4 mm-wide (RE)BCO conductors and
have 14 turns in total; in case (b), the double-racetrack
coil is wound with a single 14/2 (fourteen 2 mm-wide
strands) Roebel cable, hence have two turns; and in case (c),
the double-racetrack coil is wound with 4-filament striated
(RE)BCO conductors and have the same number of turns as
case (a). The horizontal gap between the strands in the Roebel
cable is 50 um. Each striated conductor has four 1 mm-wide
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Phase A

One-side cross
section of the
4 kAt armature winding

DC Ampere-turn

AC Ampere-turn

FIGURE 6. Schematic of the three different types of armature windings
under investigation and the definition of the phases in the motor: (a) 4
mm-wide conductor; (b) 14/2 roebel cable; (c) striated conductor. The
ampere-turns of the armature windings are 1.5 kAt (AC) while the
ampere-turns of the field winding is 4 kAt (DC). The phase difference of
the current for different phase in the armature winding is %7{.

filaments and three 50 um-wide grooves which separate the
filaments. Here, we assume the striation can be achieved by
laser ablation [27]. Coupling between the filaments is not
considered in this work [20]. The ampere-turns per armature
winding for all three different cases in this study is 1.5 kAt.

In the simulation, Roebel cables are simulated as two
parallel stacks carrying the same current in each Roebel
strand [14], [15]. Equal current is assumed in the striated
conductors. Therefore, each double racetrack coil wound with
Roebel cables and striated conductors is equivalent to a stack
of two double racetrack coils wound with 2 mm conductors
and a stack of four double racetrack coils wound with 1 mm
conductors, respectively.

C. INTERPOLATION OF ANGULAR MAGNETIC FIELD
DEPENDENCE OF CRITICAL CURRENT
The E-J power law and Ohm’s law in Eq. (4) [28] and
Eq. (5) are used in the FEM models for simulating the electro-
magnetic behaviour of the (RE)BCO conductors, specifically
their nonlinear resistivity.
J n
E_E“'(JC(B,O)) “

E = pprs «J (5)

where E. is the characteristic electric field 1 uV/cm, n is
the exponent of the E-J curve defining the steepness of
the transition between the superconducting and normal state
which is assumed to be 21, J.(B, 6) is the angular mag-
netic field-dependent critical current density of the (RE)BCO
conductors derived from measured I.(B, 6) values divided
by the cross-section of the (RE)BCO conductors. pyts is
the non-linear resistivity of (RE)BCO conductors determined
from Eq. (4).

(RE)BCO conductors from Shanghai Superconductor are
considered for the AC loss calculation in the armature wind-
ings wound with different types of (RE)BCO conductors. The
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Shanghai Superconductor PA1212 2G HTS wire
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FIGURE 7. The measured I¢(B, 0) data used in the FEM models to
represent the angular magnetic field-dependence of the critical current
density. Symmetry is assumed for the data from 180° to 360°.

specifications of the HTS wires are listed in Table 2. The I..(B,
0) data shown in Fig. 7 are used to obtain the J.(B, 0) values
used in the simulations. In Fig. 7, the values between 0° and
180° are the measured data using the SuperCurrent system
at the Robinson Research Institute, Victoria University of
Wellington [29] and symmetry is assumed for the data from
180° to 360°. The baseline simulations in this work assume
an operating temperature 65 K and hence Fig. 7(a) is used
for these simulations. Isothermal conditions are assumed, i.e.,
a constant temperature. Figs. 7 (b), (c), and (d) are used in
the latter part of the paper for investigating the temperature
dependence of the AC loss in the armature winding wound
with 4 mm - wide (RE)BCO conductors.
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TABLE 2. Parameters of the 4 mm (RE)BCO conductors.

Parameters value
Superconducting layer thickness(um) 1
Conductor width (mm) 4
Conductor thickness (um) 100
Conductor thickness after insulation (um) 250
Substrate material Hastelloy
Ic (self-field, 77.5 K) 145 A
TABLE 3. Computing parameters of three FEM models.
Types of armature winding DOF Cc.)mputing
time (hr)
4 mm conductor 9.7k 11.5
Roebel cable 10.5 k 14
Striated conductor 15.4 k 22

A direct interpolation of a three-column look-up table
[Bper, Bpars Jc(Bper, Bpar)] is used to include this J.(B, )
dependence, where Bper and By, are the perpendicular and
parallel components of the magnetic field to the (RE)BCO
conductor surface. Bpe; and By, are given by Eq. (6) and
Eq. (7).

Bper = B.n = (B, By) . (ny, ny) (6)
Bpar =B. (R%") = (By, By) . (_ny» ny) @)

where By and By, are the x and y components of the magnetic
field in Cartesian coordinates, » is normal vector to the
conductor surface, and Ry is the rotation operator given by

Eq. (8).
cosf —sinf
Ry = |:sin9 cos 0 } ®)

Ill. SIMULATION RESULTS AND DISCUSSION

The models in this work are a 2D representation of the cross-
section of the HTS motor. Thus, end effects (i.e., the winding
heads) in the armature windings are not considered. The AC
loss values in the armature windings are obtained from the 2D
results per unit length multiplied by the effective length of the
coil windings. The number of DOFs (degrees of freedom) and
computing time for the three models wound with different
(RE)BCO conductors for one rotational period (40 ms) are
listed in Table 3. The PC used in this work has a 3.7 G Hz
CPU (Intel(R) Xeon(R) W-2135) and 64 GB RAM.

A. LOSS COMPARISON IN HTS ARMATURE WINDINGS
WOUND WITH THREE TYPES OF (RE)BCO CONDUCTORS
The magnetic field distributions of the HTS motor wound
with the 4 mm - wide (RE)BCO conductor at 4/6 cycle,
5/6 cycle and 6/6 cycle are shown in Fig. 8. In order to
avoid the influence of transient results associated with the
virgin magnetisation state, the results shown in Fig. 8 start
from 4/6 cycle. The pattern of the magnetic field distributions
remains the same for all different moments, except for the
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4-mm wide conductor

Rotating
direction

Reference

0.5 1 15 2

FIGURE 8. Magnetic field distributions in the motor at t = 4/6 cycle, t =
5/6 cycle and t = 6/6 cycle. The conductors used in the armature winding
here are 4 mm - wide (RE)BCO conductors. The distributions derived from
the other two FEM models using roebel cables and striated conductors
are very similar to that shown here.

counter - clockwise rotation associated with rotation of the
rotor. Every 1/6 cycle the field distribution is repeated but
is rotated by 60°. Although the maximum magnetic field in
the motor is approximately 2.2 T, the field at the armature
windings is lower than 0.5 T because the magnetic flux is
concentrated in the iron poles and yokes due to their high
permeability.

These results indicate that the electromagnetic behaviour
of each coil winding is equivalent but with a 60° phase differ-
ence. Therefore, because of this symmetry, we can choose any
coil winding to analyse the AC loss behaviour and translate
this to the whole armature winding.

Although the AC loss behaviour of each double-racetrack
coil are equivalent, there is difference in the AC loss
behaviour of each leg (straight part) of the coil. As shown
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FIGURE 9. C1 and C2: two legs of one armature coil. The calculated
instantaneous losses of C1 and C2 wound with 4 mm - wide (RE)BCO
conductors are shown.
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FIGURE 10. Maximum perpendicular component of the magnetic field in
C1 for three different types of armature winding as a function of time.

in Fig. 9, Cl and C2, which are the two legs of a double-
racetrack coil, exhibit different instantaneous loss character-
istics. The different instantaneous loss curves of C1 and C2 in
the plot arise from the fact that C1 and C2 experience a differ-
ent magnetic field from the rotor and carry opposite currents.
In the following, C1, which has a higher instantaneous loss
than C2, is chosen for analysing the loss behaviour in more
detail.

Fig. 10 shows the periodic maximum perpendicular com-
ponent of the magnetic field (hereafter referred to as Bper)
in C1 wound with the three different (RE)BCO conductor
arrangements. The period of maximum By is 10 ms, which
is 1/4 of the rotational period of the rotor and the maximum
Bper value occurs at 29.6 ms. The peak values of Bpe, for the
three cases are 0.45 T, 0.40 T and 0.36 T, respectively. The
maximum value of Bpe; in windings is an indirect reflection of
the magnitude of the AC loss in the coil windings because Bper
contributes the most to AC loss in (RE)BCO conductors [30].
The results in Fig. 10 show that Roebel cable and striated
conductor reduce the maximum By, in the windings.

Fig. 11 shows the magnetic flux density distribution and
flux lines around CI1 at t = 29.6 ms. The magnetic field
density is the highest near the airgap for all the three cases.
Flux-free regions exist in the middle of each racetrack coil
wound with the 4 mm-wide (RE)BCO conductors and Roebel
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t=296ms |B]
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magnetic flux
density 0.45 T

magnetic flux
density 0.40 T

\\.\\\\\“' magnetic flux

density 0.38 T
I T
0.1 0.2 0.3 0.4 0.5

FIGURE 11. Magnetic flux density distributions and flux lines in C1
wound with three types of (RE)BCO conductor arrangements at t = 29.6
ms. The thickness of the superconductor layer is artificially enlarged here
for clarity.

cables, as shown in Figs. 11(a) and (b). In both cases, the flux-
free region becomes smaller closer to the airgap. The exis-
tence of the flux-free region is due to the shielding current
in the racetrack coils which repels the external magnetic
field from the rotor. The magnetic field is concentrated in
the gaps annotated by red arrows. This is caused by the
superposition of the magnetic field generated by the shielding
current and the external magnetic field from the rotor. The
maximum magnetic flux density in C1 wound with 4 mm-
wide conductors, Roebel cables, and striated conductors are
0.45T, 0.40 T and 0.38 T, respectively. These values are very
close to the maximum Bpe, values at 29.6 ms. This indicates
the magnetic field is mostly perpendicular to the (RE)BCO
conductors.

Fig. 12 shows the normalized current density J/J. distri-
butions for the three cases in Cl at 29.6 ms at the rated
current. In Section II. B, it was mentioned that each double
racetrack winding wound with Roebel cables and striated
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FIGURE 12. Normalized current density J/Jc distributions in C1 wound
with three types of (RE)BCO conductor arrangements at t = 29.6 ms at the
rated current.

conductors is equivalent to a stack of two double racetrack
coils wound with 2 mm conductors and a stack of four double
racetrack coils wound with 1 mm conductors, respectively.
In all cases, shielding currents in the conductors repel the
external magnetic field which is consistent with the mag-
netic field distribution in Fig. 11. It is worth noting that
the magnetic flux is fully penetrated in the regions where
|[J/Jc| > 1 and the AC loss is mainly generated in these
regions. There exists current-free regions (|J/J.| ~ 0) near the
centre of each equivalent racetrack coil denoted in the rectan-
gular boxes in the figure and it is most obvious in C1 wound
with the 4 mm-wide (RE)BCO conductor. The current-free
regions correspond to the flux-free regions in Fig. 11. It can
be seen that the blue-filled region in each equivalent racetrack
coil is larger than that of the red-filled region which means
the net current at this moment is negative and is flowing near
the central region. The maximum value of |J/J.| for the three
cases are 1.44, 1.39 and 1.34, respectively.

Fig. 13 shows the normalized current density J/J. distribu-
tions for the three cases in C1 at 29.6 ms when the coils carry
zero net transport current. In this situation, only shielding
currents flow in the windings due to the external magnetic
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t=296ms  J/J;

-1.36

FIGURE 13. Normalized current density J/J. distribution in C1 wound
with three types of (RE)BCO conductor arrangements at ¢ = 29.6 ms,
without any operating current, i.e., no net transport current.

field from the rotor. The current density distributions closely
resemble those in Fig. 12 where net transport current flows
in the middle of the equivalent coils. The difference between
the current density distributions in Figs. 12 and 13 gives a
clear idea of where the transport current flows. The result
in Fig.13 implies that magnetization loss due to shielding
current caused by the rotating field dominates the total AC
loss in the armature windings. The difference in the size of
the current-free (or flux-free) region in the two racetrack coils
wound with 4 mm-wide conductor is due to the difference
in the magnetic field around C1. Although a current-free
region does exist in small central regions in C1 wound with
4 mm-wide conductors and Roebel cables, most regions in
C1 wound for all the conductor arrangements are filled with
saturated shielding current (|J/J;| > 1) due to the rotating
magnetic field. In other words, the magnetic field is almost
fully penetrated in each conductor. When the external mag-
netic field is fully penetrated, the magnetization AC loss is
proportional to the amplitude of the external magnetic field
and the conductor width, and hence the magnetization loss in
the armature windings could be reduced by the use of narrow

VOLUME 9, 2021

800 T T

700 (a) With current ]

600 rAverage
500
400
300
<200
100

— '4~mm Iwide condulctor '
Roebel cable b

AC loss (W

700

600 F —Striated conductor
[Average

(b) Without current-
500 L

400 r
300
200
100

0 10 20 30 40
Time (ms)

FIGURE 14. Comparison of the instantaneous AC loss in the armature
windings wound with three types of (RE)BCO conductor arrangements:
(a) at the rated current; (b) with zero net transport current.

low-loss Roebel cables and striated conductors [31], [32].
Because the magnetization loss is the dominant loss com-
ponent, this would reduce the total AC loss in the armature
windings.

Fig. 14 (a) compares the instantaneous loss in the armature
windings wound with three different (RE)BCO conductor
arrangements when the armature carries the rated current.
The result shows the total AC loss considering all six coils of
the armature. The average total AC loss values for armature
windings wound with the 4 mm-wide conductor, 14/2 Roebel
cable, and the 4-filament striated conductors are 407 W,
285 W, and 170 W, respectively. This total loss result shows
a significant AC loss reduction can be achieved by using
Roebel cables or striated conductors in the armature wind-
ings. Compared with the armature winding wound with
4 mm-wide conductors, the average AC loss in armature
windings wound with Roebel cables and striated conductors
is reduced by approximately 30% and 58%, respectively.

Fig. 14 (b) compares the instantaneous loss of the armature
windings wound with the three different (RE)BCO conductor
arrangements when the coils carry zero net transport current.
In this case, the AC loss in the armature windings is purely the
magnetization loss. The average values of the magnetization
loss for the 4 mm-wide conductor, 14/2 Roebel cable, and
the 4-filament striated conductor arrangements are 276 W,
212 W and 136 W, respectively. Again, a large reduction in
the magnetization loss is observed for the Roebel cable and
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FIGURE 15. Temperature dependence of the AC loss in the armature
winding wound with 4 mm-wide conductor and the temperature
dependence of the self-field critical current of the (RE)BCO conductor.

striated conductor arrangements. The result is consistent with
the previous discussion related to Fig. 13. The magnetiza-
tion loss values are 68%, 74% and 80% of the total loss,
respectively. The result shown in Fig.14 provides additional
evidence that magnetization loss dominates the total loss in
the armature windings.

B. AC LOSS DEPENDENCE ON OPERATING TEMPERATURE
In Fig. 15, the AC loss values in the armature winding
wound with a 4 mm-wide (RE)BCO conductor are plotted
as a function of operating temperature over the temperature
range of 40 K — 65 K. The self-field critical current of the
4 mm - wide (RE)BCO conductor is also plotted in the fig-
ure. The average AC loss in the armature winding decreases
with decreasing operating temperature, while the self-field
critical current of the conductor increases with decreasing
operating temperature. The AC loss characteristics can be
attributed to the change of the effective penetration field in
the coil windings due to the change of operating tempera-
ture and its influence on the flux pinning properties of the
superconductor.

In Fig. 16, the theoretical magnetization loss curves under
a perpendicular AC magnetic field derived by Brandt and
Indenbom for a single (RE)BCO conductor used in this work
at 65 K and 40 K are plotted as a function of the magnetic
field amplitude [32]. 308 A and 750 A — the self-field /.
values of the 4 mm (RE)BCO conductor at 65 K and 40 K —
are assumed in the calculation. There is a crossover magnetic
field, Bcrossovers at Which the magnetization loss values are
equal for different critical current values. Therefore, the mag-
netization loss in the conductor with a higher I, are lower than
those in the conductor with a lower I, when the magnetic field
is lower than Brogsover @S shown in Fig. 16. This phenomenon
is due to the increase of the effective penetration magnetic
field in the higher /. conductor, i.e. the effective penetra-
tion field shifts towards higher magnetic field as depicted
in Fig. 16. We can expect a similar behaviour in multi-turn
armature coil windings. For HTS windings wound with many
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FIGURE 17. Normalized current density J/J. distributions in C1 wound
with 4 mm-wide HTS conductor at operating temperature of 65 K and
40 K.

turns of (RE)BCO conductor, the penetration magnetic field
increases due to a higher shielding ability at a given operating
temperature [33], [34]. With decreasing the operating temper-
ature, penetration magnetic field increases further due to the
increase in /.. Therefore, Bcrogsover in (RE)BCO coil windings
under AC magnetic fields is much larger.

Fig. 17 compares the normalized current density, J/J; in
C1 at 65 K and 40 K. Both racetrack coils at 65 K are almost
fully penetrated while the flux penetration is limited to the
edges of the coils at 40 K. The result implies that effective
penetration field for the coils at 40 K is much greater than
the effective penetration field of a single conductor at 40 K
(184 mT, as shown in Fig. 16) and larger than 0.45 T which
is the maximum perpendicular magnetic field component
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FIGURE 19. Schematic drawing of the flipping of a double racetrack
armature coil: (a) non-flipped; (b) flipped.

shown in Fig. 10. This proves the point made above regarding
Fig. 16. The AC loss in the armature winding will decrease
with a lower operating temperature because the effective
penetration field for the coils will increase with decreasing
operating temperature. However, one should be aware of a
higher cooling penalty at lower operating temperatures. If the
motor is a liquid hydrogen pump operated at 20 K where the
cooling is “free” then this has practical implications on its
efficiency.
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FIGURE 21. Normalized current density J/J¢ distributions in C1 wound
with the superpower conductor at t = 29.6 ms: (a) non-flipped and
(b) flipped.

C. INFLUENCE OF ASYMMETRIC I.(B, 6)
CHARACTERISTICS ON AC LOSS OF ARMATURE WINDINGS
Fig. 18 shows the measured /.(B, 6) of a 4 mm-wide Super-
Power SCS 4050 AP (RE)BCO conductor in the full field
range from 0° to 360° at 65 K [26], [29]. The I.(B, ) charac-
teristics are highly asymmetric. The AC loss in the armature
winding wound with the SuperPower conductor were calcu-
lated using the asymmetric I.(B, 6) data for (a) non-flipped
and (b) flipped conductor cases. Fig. 19 shows the schematics
of the double racetrack coil flipping. Compared with the non-
flipped coil, the field angle of the (RE)BCO conductors in
the flipped coil changes to 180° - 6 as shown previously
in Fig. 1(b). It is worth noting that the change of current
direction is also considered in the resultant field angle [26].
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Fig. 20 shows the simulated AC loss in the non-flipped
and flipped armature windings wound with the SuperPower
conductor at 65 K plotted as a function of time. The aver-
age AC loss in the entire non-flipped armature winding is
448 W while that in the entire flipped armature winding is
438 W. The 10 W AC loss reduction can be translated to
approximately a 2% AC loss reduction. However, the AC
loss reduction is achieved with minimal effort by simply
flipping the coil winding. Furthermore, considering a cooling
penalty of 20 at 65 K, the AC loss reduction is approximately
200 W if translated to room temperature. This is the first
numerical demonstration of an AC loss reduction in a coil
winding wound with a conductor with asymmetric I.(B, 6)
characteristics under a rotating magnetic field.

Fig. 21 shows the normalized current density J/J. in C1
for the non-flipped and flipped cases. Even though the dis-
tributions for the two cases are similar, one can still notice
that the current-free region in the flipped Cl1 is slightly larger
than non-flipped one. This subtle difference means more
flux penetration in the non-flipped case for these particular
asymmetric /.(B, 6) characteristics. This may explain the 2%
AC loss difference for the two cases because the AC loss is
generated primarily in the fully penetrated regions.

IV. CONCLUSION

In this work, we have numerically investigated the AC loss
behaviour of the armature windings of an HT'S motor wound
with different types of (RE)BCO conductor arrangements at
65 K, wound with 4 mm-wide (RE)BCO conductor, 14/2
(14 strands, each strand is 2 mm wide) (RE)BCO Roebel
cables, and striated (RE)BCO conductors with four 1 mm-
wide filaments. Finite-element models implementing the 7-A
formulation and a rotating mesh were built using commer-
cial FEM software COMSOL Multiphysics. The simulation
results show that the AC loss in the armature winding wound
with 4 mm-wide (RE)BCO conductor can be significantly
reduced by utilising low-loss Roebel cables and striated con-
ductors, where AC loss reductions of 30% and 58% were
calculated for the Roebel cables and striated conductors,
respectively. It is shown that the magnetization loss in the
armature windings dominates the total AC loss and the AC
loss reduction is mainly due to a reduction in magnetization
loss values because of different flux penetration behaviour.

The temperature dependence of the AC loss in the armature
winding wound with 4 mm-wide (RE)BCO conductor was
also studied in the temperature range of 40 K - 65 K. The
AC loss in the armature winding decreases with decreasing
operating temperature. This AC loss reduction is attributed
to the increase in the effective penetration field of the arma-
ture winding which is proportional to the critical current
of the conductors that increases with decreasing operating
temperatures.

Furthermore, the AC loss in an armature windings wound
with a SuperPower SCS4050-AP (artificial pinning) wires
which exhibit strongly asymmetric (B, 6) characteristics
are carried out to study the influence of the wire I.(B, 6)
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on the AC loss in the HTS armature windings under rotat-
ing magnetic fields. The AC loss in the armature windings
is reduced by 2% by simply flipping the direction of the
armature coils. This is the first numerical demonstration of
an AC loss reduction in a coil winding with a conductor with
asymmetric /.(B, 6) characteristics under a rotating magnetic
field.

The simulation results in this work have practical
implications for designing all-HTS superconducting rotating
machines.

APPENDIX
Details about the calculation of the parameters in Table 1 is
shown below.

Mutual inductance between field winding and phase A coil
is calculated using the 2-D FEA (FEMM public) code. FEA
codes provides flux linkages with phase A coil. On this basis,
the mutual coupling between the field coil and stator Phase
A coil is My = 12.6 uH/turn. The same number is obtained
when stator coil is excited and mutual coupling with the field
coil is calculated.

In our design, each field coil has 40 turns and each stator
phase coil has 30 turns. Using these turns, the mutual reac-
tance between the field and stator phase A coil is:

Xaf = @« Myp « Ny« Np(Q2)

where w = 2.7 . f — rotational frequency

M,s = mutual inductance between field and phase A stator
windings (H/turn)

N, = number of turns in stator phase A

Nf = number of turns in field coil

Synchronous reactance (Xy) is determined similarly by
just exciting the stator coils. Induced voltage in stator coils,
E = X,r . It, where I is field current.

Terminal voltage, V; = vE? — (Xg . Ia)2, where I, is phase
A current (resistance of phase A is neglected).

RMS terminal voltage is Vips = Vt/ﬁ and RMS phase A
current Iyys = a/\/i.

Power output for 3-phases P, = 3.Vimg « Irms by assuming
power factor = 1.

P, = 106 kW is obtained in our analysis.
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