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ABSTRACT REBCO coated conductors are exposed to rotating magnetic fields in various high-temperature
superconducting (HTS) applications, such as HTS rotating machines and flux pumps. AC loss will be
generated in the conductors when they carry AC current under rotating magnetic fields. We define AC loss
in the coated conductors with and without current as total AC loss and magnetization loss, respectively.
In this work, total AC loss and magnetization loss, in a REBCO tape under rotating magnetic fields and
a perpendicular AC standing wave magnetic field are numerically investigated. We employ a 2D finite
element method (FEM) based on the T-A formulation, where T and A, are the current and magnetic vector
potentials, respectively. In the simulations, the external magnetic field amplitude (By,) is up to 500 mT and
the reduced AC current (i = I/Io) varies from 0.1 to 0.9, where the I; and /.o are the amplitude of the
transport current and self-field critical current of the conductor, respectively. Two different types of rotating
fields are considered: one is a uniform field with equal amplitudes and phases at each position, and the
other being a non-uniform field created by a rotating Halbach array. Different tape widths ranging from
4 mm to 40 mm are considered. Interestingly, the simulation results show substantially higher magnetization
loss in the perpendicular standing wave compared to the rotating magnetic fields when By, is over 100 mT.
We attribute the result to the fact that the magnetization loss is propotional to J.. of the conductor at magnetic
field amplitudes much greater than the effective penetration magnetic field. Evidently, the instantaneous
loss curves of the SW model and RMF-Uniform model at 200 mT exhibited close similarity with evolving
J¢ values of the two models. Furthermore, when By, is lower than the effective penetrated field, we observe
a pronounced disparity in magnetization loss of the wider tape between uniform and non-uniform rotating
fields. This highlights the importance of considering the effects of non-uniform field distribution, particularly
at lower magnetic field. We further show that total AC loss under the perpendicular standing wave magnetic
field remains greater than that under rotating magnetic fields when By, > 100 mT and i < 0.5.

INDEX TERMS REBCO coated conductors, rotating magnetic field, magnetization loss, total AC loss, finite
element method (FEM).

I. INTRODUCTION
The associate editor coordinating the review of this manuscript and The progress of high-temperature superconducting (HTS)
approving it for publication was Agustin Leobardo Herrera-May . coated conductors along with high efficiency and power
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FIGURE 1. Characteristic of a rotating magnetic field. Here the rotating
field has a constant amplitude value with By, and its rotation direction is
clockwise. The rotating field can be divided into two standing wave
components with same amplitude and 90-degree phase shift. Relative to
the tape position, these two standing wave components are
perpendicular standing wave (By) and parallel standing wave (Bx)
respectively, indicated by the red arrow lines.

density, has accelerated HTS machinery demonstrations for
replacing their conventional counterparts in various areas,
such as electric aircraft [1], [2], ship motors [3], [4] and
wind turbines [5], [6]. However, among these applications,
HTS conductors in the armature windings are exposed to a
rotating magnetic field. As aresult, AC loss will be generated
in the armature windings, and it potentially poses a major
challenge to the safe operation of the machine and its cooling
system.

Until now, numerous studies have focused on the AC loss
characteristics when HTS REBCO conductors are exposed
to a perpendicular AC standing wave [7], [8], [9], [10], [11].
However, the magnetic field characteristics of perpendicular
standing waves and rotating fields are different and previous
conclusions for perpendicular standing wave magnetic fields
may not be applicable to rotating fields. As shown in Fig. 1,
arotating field with constant magnetic field amplitude can be
divided into the parallel standing wave magnetic field com-
ponent (Bx) and perpendicular standing wave magnetic field
component (By). These two standing wave magnetic field
components exhibit identical magnetic amplitude with a 90-
degree phase shift. The presence of the parallel standing wave
magnetic field component potentially affects the behavior of
AC loss in rotating fields. Therefore, it is necessary to explore
the AC loss characteristics of HT'S conductors in the rotating
field environment.

A number of experimental and numerical studies have
been conducted to investigate AC loss in a rotating field
environment [7], [8], [9], [10], [11], [12], [13]. However, the
predominant focus of these studies has been at the machine
level, with only few papers considering rotating fields as an
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isolated factor for fundamental research [14], [15], [16], [17].
In [14] and [15], both experimental results showed that AC
loss in an HTS conductor under rotating fields is smaller
than predicted by the Brandt-Indenbom (BI) equation [18],
[19] at high applied magnetic field amplitudes. However,
the authors did not provide reasons for this phenomenon or
simply attributed it to the reduced critical current density (J¢)
at high magnetic field amplitudes. In [16], measured magne-
tization loss values of a Bi2223 tape under rotating fields and
perpendicular standing wave magnetic fields were compared.
Although the measured results exhibited good agreement, the
magnetic field amplitudes were only up to 70 mT.

Until now, only one numerical work addressed AC loss in
a rotating field [17]. The total AC loss of a vertical YBCO
stack under both standing wave and rotating magnetic fields
with transport current was compared. It is worth noting that
rotating magnetic fields used in the numerical model is uni-
form, with the same phase and amplitude of magnetic field at
each position. This is different from the non-uniform rotating
fields found in real rotating machine environments. More-
over, the Kim model [20] used in the simulation is inadequate
for capturing the complete information of angular magnetic
field-dependent J..

In this paper, to address the research gap, the AC loss
of a single REBCO tape under three different magnetic
fields (standing wave, uniform rotating field and non-uniform
rotating fields) have been simulated and compared, consid-
ering both scenarios with and without an AC current. The
uniform and non-uniform rotating fields environment are
achieved by applying two mutually vertical AC standing
wave magnetic fields on the boundary and a rotating Halbach
array, respectively in COMSOL Multiphysics, based on the
T-A formulation and E-J power law. The three types of
magnetic field models are named as the SW model, RMF-
Uniform model, and RMF-Halbach model, respectively. The
amplitude of the magnetic fields is up to 500 mT in this
study, matching the field in some HTS rotating supercon-
ducting machines. For example, as indicated in [10], [21],
and [22], the magnetic flux density in the air gap or the slot
of the machines is around 500 mT. The reduced transport
AC current (i = I;/I.o) varies from 0.1 to 0.9, where the
I; and I.o represent the amplitude of the transport current
and self-field critical current of the conductor, respectively.
The measured asymmetric field- and field-angle-dependent
critical current data are applied to each case through the inter-
polation method. Finally, the simulation results are compared
with BI equation and Norris equation [23]. To reveal AC loss
characteristics of the tapes, the instantaneous loss, J., and
their evolution over time or across the width of the tape have
been considered.

Il. NUMERICAL MODELLING

A. TWO TYPES OF ROTATING MAGNETIC FIELD

Fig. 2(a) depicts the schematic of RMF-Uniform model,
in which every point is subjected to a uniform time-varying
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FIGURE 2. Schematics of the RMF-Uniform model (a) and RMF-Halbach
model (b).

magnetic field with equal amplitude and phase. As shown in
Fig. 1, combining two mutually vertical AC standing wave
magnetic fields with same amplitude and frequency, but with
a 90-degree phase difference, achieves a uniform rotating
magnetic field. Here, a standing sine wave in the rightward
direction (indicated by the blue arrow) and a standing cosine
wave in the upward direction (indicated by the red arrow)
have been applied. The resulting uniform rotating magnetic
field rotates clockwise and its rotating frequency is 50 Hz.
Fig. 2(b) illustrates the schematic of the RMF-Halbach
model. In contrast to the RMF-Uniform model, the mag-
netic field amplitude and phase in the RMF-Halbach model
exhibits variation across different positions of the HTS tape.
The non-uniform rotating field is achieved by a rotating
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FIGURE 3. At the midpoint (P,), Bx and By components in the
RMF-Halbach model vary over two rotating magnetic field cycles when
HTS conductors have not been placed. The frequency of the rotating field
is 50 Hz.
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FIGURE 4. Time evolution of By components at P; P, and P; (as shown
in Fig. 2(b)) when HTS conductors have not been placed within a 4mm
wide tape (a) and 40mm wide tape (b).

Halbach array consisting of 10 sets of permanent magnets.
A set of the Halbach array is comprised of four permanent
magnets with upward, rightward, downward, and leftward
magnetic field direction respectively, as shown on the left
side of Fig. 2(b). A moving mesh is utilized within the
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FIGURE 5. Boundary condition for the transport current in the HTS tape.

rotating area (indicated by the blue region in Fig. 2(b)) with
arotating frequency of 5 Hz, resulting in a rotating magnetic
field frequency of 50 Hz. Its direction is set as clockwise.
At the initial position, the magnet, facing the centre of the
sample, produces an upward magnetic field. These settings
are in accordance with the RMF-Uniform model. To observe
the magnetic field distribution in the RMF-Halbach model,
three points have been selected at the edges (P;, P3) and
midpoint (P;) of the HTS tape area.

Fig. 3 plots the variations of the Bx and By components at
P, as a function of time. The By component exhibits a phase
lag of one-quarter of a cycle compared to the By component,
while maintaining the same amplitude and frequency. This
is the same as the magnetic field distribution in the RMF-
Uniform model.

Fig. 4 presents the By components at Py, P>, and P3 as a
function of time in one cycle, for both 4 mm and 40 mm
tape widths when tapes have not been placed. In Fig. 4(a),
for the 4 mm width, the amplitude almost remains constant
at 200 mT at each point, and the peak time varies slightly,
with a time lag of 4 ms. For the 40 mm width, as shown in
Fig. 4(b), the amplitude at P; and P3 is smaller at 190 mT
compared to the P> at 200 mT. The amplitude at P; and P3
always have a 5% difference compared to that at P> regardless
of the magnetic field amplitude level. Additionally, there is a
notable difference in the peak times, with a time lag of 34 ms.

B. T-A FORMULATION

In the T-A formulation [24], the current vector potential
Tis applied to the superconducting region and the magnetic
vector potential A is applied in the whole model including the
superconducting tape. T and A can be expressed in terms of
the current density J and the magnetic flux density B as

J=VxT 1
B=VxA 2

The governing equations of the 7' formulation and the A
formulation are

oB
V x pVxT = a7 3)

VA = —poJ “

where p is the resistivity of the superconductor, and p is the
vacuum permeability. Transport current is imposed by setting
boundary conditions which can be written as

I1=(T\—-T)$ (5)
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FIGURE 6. The measured J¢(B, 0) & n(B, 0) data used in the FEM. The data
in the range 240° to 360° is extrapolated from the data in the range 60°
to 180°. The red lines and their arrow indicates how the J¢ and n-value
varies with time when the tape under rotating fields of 200 mT, while the
blue lines and their arrow indicate how the Jc and n-value changes with
time when the tape is exposed to the standing wave of 200 mT.

where T and 75 are the values of T on the right and left edges
as shown in Fig. 5, and § is the thickness of the HTS layer.
The E-J power law in Eq. (6) [25] is used in the FEM models
for simulating the electromagnetic behaviour of the REBCO
conductors.

E n(B,0)—1
c

~ J.(B.0)

Jz

Je (B, 0) ©

0

where E. is the characteristic electric field 1 ©V/cm, J (B, 6)
represents the critical current density of REBCO conductors,
which depends on the magnetic field B and the field angle 6,
which is defined as the angle between the external magnetic
field and the normal vector of the conductor wide-face. Simi-
larly, n(B, 6) denotes the power index, which is also depends
on B and 6.

SuperPower REBCO conductors (SCS4050) are consid-
ered for AC loss simulation. The specifications of the REBCO
conductors are listed in Table 1. It is worth noting that the I,
of 40 mm HTS tape is scaled from the 4 mm tape.

Fig. 6(a) and Fig. 6(b) show the measured J.(B, 6) and
n(B, 6) of the conductors, respectively. The data are from
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TABLE 1. Specifications of the REBCO coated conductor.

Parameters Value

Tape width 4 /40 mm

Strip thickness 0.18 mm
Superconducting layer thickness 1 um

1. (self-field, 77K) 152/1520 A

Bper

Boundary

| Bpar

FIGURE 7. The two different definitions of Bper and Bpar used for the
interpolation look-up tables of Jc and n-value. Blue arrows represent the
magnetic field components applied on the boundary; Red arrows
represent the local magnetic field components on the HTS tape.

the high-temperature superconducting wire critical current
database of Robinson Research Institute [26]. However, mea-
sured values only span the range from 0° to 240°. The
remaining values, ranging from 240° to 360°, are extrapolated
based on the data from 60° to 180° [10].

The modified Kim model [20], has been adopted to define
the magnetic field dependence of the critical current depen-
dence in some studies [27], [28]. However, compared with
those modified Kim models, the direct interpolation method
[29], [30] more fully considers the magnetic field- and field-
angle-dependent critical current data. In our models, two
three-column look-up interpolation tables, namely (Bper» Bpars
Je(Bper, Bpar)) and (Bper, Bpar, 1(Bper, Bpar)), are used to define
Jo(B, 0) and n(B, 6). It is worth noting that in the SW and
RMF-Uniform models, Bpe; and By, represent the perpen-
dicular and parallel magnetic field components applied to the
boundary, respectively. This is depicted by the blue arrows
in Fig. 7. For the SW model, the perpendicular and parallel
magnetic field components applied on the boundary are:

Bper = Bm X cos (wt) 7)
Bpar =0 ®)
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For the RMF-Uniform model, two components on the bound-
ary can be written as:

Bper = B X sin(wt) )
Bpar = B x cos (wt) (10)

where B, is the magnetic field amplitude. However, for the
RMF-Halbach model, where the magnetic field is created
by permanent magnets, Bper and By, are given by the per-
pendicular and parallel components at the midpoint P, (see
Fig. 2(b)) when tapes have not been placed.

In previous studies [10], [29], Bper and Bpar were also given
by the local perpendicular and parallel components on the
HTS conductor, indicated by the red arrows in Fig. 7.

IIl. SIMULATION RESULT AND DISCUSSION
A. MAGNETIZATION LOSS
Fig. 8 shows the simulated magnetization loss results plotted
as a function of the magnetic field amplitude in the three
models: SW-model, RMF-Uniform model and RMF-Halbach
model. The analytical results from the Brandt-Indenbom (BI)
equation for a superconducting strip under an AC perpendic-
ular magnetic field [18] are included for reference. For the
4 mm-wide tape (see Fig. 8(a)), when the external magnetic
field amplitude (By,) is below 100 mT, the magnetization loss
values of all three cases agree well with each other and have
good agreement with the analytical result. However, when B,
> 200 mT, the loss values in all the three models become
lower than the analytical values. This can be attributed to the
decreased J. caused by the influence of the external magnetic
field. Meanwhile, it is worth noting that while the loss values
of the two RMF models still show good agreement with each
other, both exhibit lower values compared to the SW model.
This discrepancy in magnetization loss can be attributed to the
variation in J value distribution between the standing wave
magnetic field and rotating magnetic fields. A more detailed
discussion on this aspect is provided later in this section.
The general tendency of AC loss in the 40 mm-wide tape
(as shown in Fig. 8 (b)) is similar to the 4 mm-wide tape.
However, at B, = 5, 10 and 20 mT, the magnetization loss
results of the two RMF models differ. This discrepancy in
magnetization loss can be attributed to the variation of the
magnetic field amplitude between the two RMF models.
As mentioned in Section A of Chapter II, in the RMF-
Halbach model, the difference in the amplitude between the
edge and center points is equal regardless of the external mag-
netic field level. However, the different loss values are only
observed at low magnetic field amplitudes. This observation
can be explained using the BI equation [26]. According to the
equation, the magnetization loss is proportional to Bﬁl when
By, is much smaller than the effective magnetic field (Bp), and
proportional to B, when B, is much greater than B, [31].
In current work, By, for the 40 mm conductor is 37.5 mT as
marked in Fig. 8(b). This implies that the magnetization loss
is more sensitive to changes in By, values when By, is smaller
than By,. As shown in Fig. 4(b), the difference in By, between
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FIGURE 8. The magnetization loss as a function of magnetic field
amplitude in the SW, RMF-Uniform, and RMF-Halbach models for
different conductor widths: (a) 4 mm; (b) 40 mm. Analytical results from
Brandt-Indenbom (BI) equation are included for reference.

P; and P, for the RMF-Halbach model is 10 mT when By,
at Py is 200 mT. The 5% difference in By, values is the main
cause of the difference in magnetization loss values at low
magnetic fields.

In Fig. 9, the magnetization loss from the RMF-Uniform
and RMF-Halbach models is plotted against the tape width,
ranging from 4 mm to 40 mm, for 10 mT and 200 mT,
respectively. In Fig. 9(a), at 10 mT, when the tape is not fully
penetrated, the difference in loss between the two RMF mod-
els diverges as the conductor width increases. This is because
the different positions of the wider conductors experience
a greater difference in the magnetic field amplitudes than
those in the narrower conductors. However, in Fig. 9(b), at
200 mT, when the tape is fully penetrated, the loss results
from both models continue to agree with each other as the
width increases because the magnetization loss is propor-
tional to By,! at 200 mT.

Fig. 10(a) shows five moments in one cycle (at a frequency
of 50 Hz) to observe the evolution of the normalized local
current density (J;/J;) in the two RMF models. As shown
in Fig. 2, for the RMF-Uniform model, By represents the
magnetic field in the y-direction applied at the boundary.
For the RMF-Halbach model, By refers to the magnetic field
component at P; in the y-direction.
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FIGURE 9. Magnetization loss from the RMF-Uniform and RMF-Halbach
models as a function of tape width. (a) under 10 mT, (b) under 200 mT.

Fig. 10(b)-(f) presents the J,/J. distribution of the 40 mm-
tape along the tape width between two RMF models at
different moments, at 200 mT. The J,/J. distribution curves
of the RMF-Uniform model exhibit central symmetry. How-
ever, the curves of the RMF-Halbach model are centrally
asymmetric, except at #3 where the magnetic field distribution
along the conductor width is axisymmetric. The asymmetric
distribution is due to the phase shift of each position in the
RMF-Halbach model shown in Fig. 4(b). Similar asymmetric
J, profiles were observed in the stator tape of an HTS flux
pump by Matrira et al. where the stator tape in the flux
pump is exposed to a revolving field generated by rotating
rotor magnets [32]. It is worth noting that the asymmetric
distributions have little effect on AC loss of the REBCO tape.
The loss values from the RMF-Uniform and RMF-Halbach
models remain identical at 200 mT, as shown in Fig. 8(b).

Fig. 11 compares the instantaneous AC loss between the
SW model and RMF-Uniform model at 10 mT and 200 mT.
As shown in Fig. 11(a), the instantaneous loss curves of the
SW model and RMF-Uniform model agree well at 10 mT.
However, at 200 mT, as shown in Fig. 11(b), the instantaneous
loss curve of the RMF-Uniform model is lower than that of
the SW model, and the greatest difference occurs near the 1/4
cycle and 3/4 cycle.

Fig 12 presents the J. value of the RMF-Uniform and SW
models over one field cycle at 200 mT. The J; value of the
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FIGURE 10. Comparison of the J;/J distributions from the RMF-Uniform
and RMF-Halbach models along a 40mm tape, at 200 mT. Plot (a) shows
By during one cycle at a frequency of 50Hz. Corresponding to Fig.2, in the
RMF-Uniform model, By refers to its applied magnetic field in the
y-direction. In the RMF-Halbach model, By refers to the y-direction
magnetic field of P,. Plots (b)-(e) show the J;/J¢ distribution at five
moments.
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FIGURE 11. Comparison of the instantaneous AC loss change with time
between the SW model and RMF-Uniform model. (a) 10 mT, (b) 200mT.

RMF-Uniform model is lower than that of the SW model
for most of the time, and the greatest difference occurs near
1/4 and 3/4 cycles as well. Interestingly, comparing Fig. 12
with Fig. 11(b), the instantaneous loss curves demonstrate
a similar trend with the J. curves. We attribute this to the
behavior of magnetization loss which is proportional to the
critical current J. when the magnetic field is much greater
than B, [18].

The key reason for the difference in J. distributions in
Fig. 12 from the two models comes from the different mag-
netic field characteristics of the RMF-uniform model and
the standing wave in the SW model. For the RMF-uniform
model, its magnetic field amplitude remains constant at
200 mT, while its field angle changes with time. The evo-
lution of its J. values corresponds to the red line in Fig. 6(a).
Conversely, for the SW model, its amplitude varies with time
from O to 200 mT, while its field angle remains fixed at 0°
(360°) or 180° degrees. The evolution of its J. values corre-
sponds to the blue line in Fig. 6(a). Apparently, the SW model
has much higher J. values than the RMF-Uniform model for
the majority of the time. The difference in J. profiles over
time for the two models is the single most important reason
which causes the difference in loss values between the two
models at high magnetic field amplitudes.

VOLUME 11, 2023
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FIGURE 13. Comparison of n-value changes over one cycle at a frequency
of 50Hz between the SW and RMF-Uniform models under 200 mT.

Fig. 13 presents the evolution of n-values from the
RMF-Uniform and SW models over one field cycle at
200 mT. Similar to the J; distributions in Fig. 12, the n-value
of the RMF-Uniform model is lower than that of the SW
model for most of the time. In Fig. 6(b), the evolutions of
n-value in RMF-Uniform model and SW model at 200 mT
are indicated by the red line and blue line, respectively.

The differences in J. and n values between the
RMF-Uniform model and SW model not only contribute
to the disparities in losses but also result in variations in
other electromagnetic variables. To further probe the loss
difference in the RMF-Uniform model and SW model at
high magnetic fields, Fig. 14 shows simulation results of
J e, Jz, E, P distributions across the 4 mm-wide tape
from the SW and RMF-Uniform models at 200 mT at 1/4
cycle, where J,/J. is the normalized local current density,
P is the instantaneous power. Between the two models, all
properites exhibit disagreement (see Fig. 14 (a)-(e)), which
can be attributed to the variation in J. and n values. Fig. 14(a)
shows that the |J,/J;| values of the RMF-Uniform model are

VOLUME 11, 2023

------------------ : (@)

| ——SW
=~<- RMF-Uniform

X
-
o

s
(e

E (Vim)
o

X (mm)

FIGURE 14. Simulated change in electromagnetic variables along a 4mm
sample width for the SW and RMF-Uniform models at 1/4 cycle under
200mT. From (a) to (d) are the normalized local current density, J;/Jc, the
local current density, J;, the electric field, E, and the instantaneous power
density, P.

larger than those of the SW model. This is due to the smaller
n-value of the RMF-Uniform model than that of the SW
model. At 1/4 cycle, as shown in Fig. 13, the n-value of the
RMF-Uniform model is 19.73, while that of the SW model is
26.25. The different n-value also contributes to a difference
in E distribution, as shown in Fig. 14(c), where E of the
RMF-Uniform model is slightly greater than that of the SW
model. Fig. 14(b) shows that J, values in the RMF-Uniform
model is smaller than those of the SW model at 1/4 cycle. This
discrepancy arises from the fact that J. in the RMF-Uniform
model, with a value of 2.52 x 100 A/m2, is smaller than that
in the SW model, which has a value of 3.67 x 1019 A/m?2,
as shown in Fig. 12. Finally, as shown in Fig. 14(d), P in the
SW model is greater than that of the RMF-Uniform model.
This is mainly due to the larger J, in the SW model, although
E is slightly smaller than that in the SW model.
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FIGURE 15. The total AC loss of a single tape as a function of the external
AC magnetic field amplitude for five different reduced current levels, i. Bl,

Norris and Bl + Norris theoretical values curves have been added for
reference.

B. TOTAL AC LOSS
Fig. 15 shows the simulated total AC loss curves of the
4 mm-wide tape plotted as a function of the external AC
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FIGURE 16. The local current density (J;) of the SW model and
RMF-Halbach model along the tape width, at 25 ms (1/4 cycle), wheni =
0.3. The inset shows the center part of figure 16(b).

magnetic field amplitude for five different reduced current
levels, i (I; / I0), where the I; and I are the amplitude
of the transport current and self-field critical current of the
conductor, respectively. The phase of the current has been
chosen to be the same as that of the external magnetic field,
although there will be a phase difference in practical rotating
machines. The analytical data from BI equation for the strip
under the perpendicular field and Norris strip equations [23]
are plotted together as reference.

Fori=0.3,and 0.5, as shown in Fig. 15 (b) and (c), the total
AC loss values can be characterized by three stages. Stage
one: when the external field amplitude is below 1 mT, the total
AC loss agrees with the Norris-strip value. This is because
transport loss dominates the total AC loss at this stage, as indi-
cated by the good agreement between Norris-strip value and
“BI 4 Norris” value. Stage two: within the amplitude range
between 2 mT - 70 mT for i = 0.3 and between 5 mT - 100 mT
for i = 0.5, the total AC loss value surpasses the “BI +
Norris” curve. This result can be attributed to the interaction
between the AC external magnetic field and current: transport
loss increases with increasing external magnetic field, and
the magnetization loss increases with increasing AC transport
current [33]. Stage three: when the external field amplitude is
over 100 mT, the total AC loss values agree with the Bl curve.
This is due to the dominance of the magnetization loss in the
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total AC loss. It is worth noting that when i = 0.1, there is
no ‘stage one’ due to the transport current being too small to
dominate the total AC loss even at 0.5 mT. When i = 0.7 and
0.9, there is no ‘stage three’. This is because the transport
current is significantly higher than J.. at high magnetic field
amplitudes, resulting in J,/J. much greater than 1 and hence
flux flow loss [34].

The total AC loss values between the SW and
RMF-Uniform models agree with one another when the
magnetic field amplitude is lower than 100 mT. However,
above 100 mT, there is a notable difference between the loss
values of the two models. When i is lower than 0.5 (as seen in
Fig. 15(a), (b), (¢)), the total AC loss values of the SW model
surpass those of the RMF-Uniform model. As mentioned
earlier, the magnetization loss dominates the total AC loss and
there is difference in magnetization loss values when By, >
100 mT. On the other hand, for i > 0.5 (as seen in Fig. 15(d),
(e)) and By, > 100 mT, the total AC loss in the SW model
becomes smaller than that of the RMF-Uniform model. In the
region where flux flow is the main loss mechanism, the loss
is inversely proportional to J.. As shown in Fig. 12, J; of the
SW model is larger than that of rotating fields, resulting in
the AC loss of SW model being smaller than that of RMF-
Uniform model.

Fig. 16 presents J, distributions of the SW and
RMF-Uniform models along the tape width at 10 mT and
100 mT, when i = 0.3 at 25 ms (1/4 cycle). At 10 mT (see
Fig. 16(a)), the J; distributions of both models agree. On the
contrary, at 200 mT (see Fig. 16(b)), J, values between the
two models differ. These observations are similar to the J.
distributions shown in Fig. 14. However, unlike Fig. 14, the
J distributions shown in Fig. 16 are not centrally symmetric.
This is due to the superposition of the shielding currents and
transport current, which strengthen current on one edge while
weakening it on the other edge.

IV. CONCLUSION

This study presents the simulation of magnetization loss
(without current) and total AC loss (with AC current) in a
single REBCO tape under three types of magnetic fields:
a perpendicular AC standing wave (SW model), a uniform
rotating field (RMF-Uniform model) and a non-uniform
rotating field (RMF-Halbach model). The amplitude of exter-
nal magnetic field (Bp,) is up to 500 mT and the reduced
current (i) ranges from 0 to 0.9.

For By, < 100 mT, the simulated magnetization loss values
of the 4 mm REBCO conductor between the SW model and
two RMF models agree well with each other and with the
analytical values from the Brandt-Indenbem (BI) equation.
However, when By, > 100 mT, the magnetization loss in the
SW model is noticably higher than those of the RMF models.
This is mainly due to the magnetization loss being propo-
tional to J; of the conductor for magnetic field amplitudes
much greater than the effective penetration field. Evidently,
the instantaneous loss curves of the SW and RMF-Uniform
models at 200 mT exhibited close similarity with the evolv-
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ing J. values of the two models. Notably, in the J. curves
at 200 mT plotted as a function of the field angle, for
majority of the time, the SW model showed much higher J.
values than those of the RMF-Uniform model which vary
with the field angle at 200 mT. Furthermore, the biggest
difference of the J. values occurs near the 1/4 and 3/4
cycles.

Obvious differences in the magnetization loss values
between the RMF-Uniform model and RMF-Halbach model
were observed for the 40 mm-wide tape when By, < 37.5 mT
(the effective penetrated field). The difference becomes
greater with increasing tape width. We attribute the dif-
ference to the non-uniform magnetic field distribution at
different positions of the conductor in the RMF-Halbach
model.

The simulated total AC loss values of the SW and
RMF-Uniform models for the 4 mm-tape agree well with
each other for By, < 100 mT regardless of the amplitude of
the transport current, and the values are greater than ‘BI +
Norris® values due to the interaction between the external
field and transport current except very low magnetic field
amplitudes. When By, > 100 mT, for i < 0.5, the total AC
loss values in the SW model are greater than those in the
RMF-Uniform model, and both values are close to the values
from BI equation. The result implies that the total AC loss
in a coated conductor under rotating magnetic fields with
high magnetic field amplitudes can be predicted by the BI
equation.
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