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Abstract

AC losses undoubtedly increase the burden on the cooling system and affect the overall
performance of high-temperature superconducting (HTS) cables. Therefore, AC losses in HTS
cables are important design factors for large-scale HTS equipments. Extensive research has
been conducted on straight, densely wound conductors. However, AC losses of bending/circular
HTS cable conductors have not been sufficiently studied. In this article, the transport AC losses
in a circular HTS conductor coil bended by a conductor on round core (CORC) type cable were
investigated using experiments and numerical simulations. The effect of different winding
methods was also studied. First, the modeling method of the three-dimensional simulation and
the experimental procedures were presented. The simulation results of the straight densely
wound conductor (SDWC) and circular densely wound coil (CDWC) were compared with the
corresponding experimental results. Finally, the winding method for the CDWC was optimized
using both the simulation and experimental approaches. Both the experiments and simulations
showed that reducing the tape-to-tape frontal area was able to decrease the transport AC loss,
and the results show that the optimum winding angle of the HTS CORC coil was 24.15°.
Overall, the modeling and experiments provide useful optimization strategies for designing
winding structures of high-performance CORC coils/magnets.
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1. Introduction

Second-generation (2G) high-temperature superconducting
(HTS) coated conductors have excellent physical properties,
such as high critical current density, high upper critical field,
strong mechanical and thermal stability [1-3], which lead HTS
conductors to be widely used in various high-field devices.
These devices must ensure the long-term stable operation of
superconductors, where the heat generated by AC losses is an
important design factor. The AC loss characteristics of vari-
ous HTS cables [4-6] have been extensively studied, such
as conductor on round core (CORC) [7-12], twisted stacked
tape cable [13, 14], Roebel cable (Roebel) [15-17], and quasi-
isotropic superconducting cables [18, 19].

In 2007, CORC cables were first proposed by van der Laan
while studying the axial strain in the superconducting tape
YBa;CuzO7_5 [3]. The CORC is a conductor wrapped around
the cylinder former using HTS tape, which has a high current-
carrying density [20], strong mechanical properties [21], and
low AC losses [22] because of its special geometric structure.
Significant researches on the mechanical and electromagnetic
behaviors of straight CORC have been carried out, such as the
effect of axial tension on the critical current of a straight CORC
[23], quenching behavior of straight CORC detected by Hall
sensors [24] and simulation analysis [25], winding mechan-
ics of straight CORC using simulation techniques [26], mag-
netization loss reduction in straight CORC using laser cutting
technology [27], and transport AC losses of straight CORC
using the three-dimensional H formulation [28]. The effect
of the screening current on the electromagnetic properties of
CORC cables is determined using the 7-A formulation [29].
The existing works on AC losses in straight CORC conduct-
ors/cables has provided important guidance for pursuing long-
distance and high-current HTS cables.

For circular-type CORC, Xiao et al [30] experimentally
investigated the critical current of CORC cables under cyclic
bending-straightening. van der Laan ef al [31] used an integ-
rated fiber approach to study the quenching behavior of bend-
ing CORC. Hu et al [32] investigated the stress distribution
in bending-type CORC cables using numerical simulations. In
2020, van der Laan et al [33] tested a CORC cable based solen-
oid with currents exceeding 4 kA in a 14 T background field.
Jin et al [34] tested China Fusion Engineering Test Reactor
high-field magnets made from CORC cables. In 2021, Wang
et al [35] developed and tested the current-carrying capacity
of 2.9 T dipole magnets using CORC. In 2022, Zhai et al [36],
together with Advanced Conductor Technologies, developed
Compact Fusion Tokamak Solenoids, and successfully tested
them in the presence of large background magnetic fields to
verify the maturity and stability of the magnet. For these exist-
ing CORC coils/magnets, the basic winding structure is circu-
lar. However, the corresponding AC losses have not been sys-
tematically studied yet. In this article, the effect of the winding
methods of CORC coils on transport AC losses was invest-
igated using experiments and numerical simulations, which
can be beneficial for the deep optimizations of various CORC
coils in large-scaled high-field magnets, such as the future
Tokamak.

2. Numerical simulation

2.1. T-A formulation

The T-A formulation [37—41] assumes the superconducting
layer as a thin thickness-free superconducting layer. The cur-
rent and magnetic fields are calculated by coupling 7 and A.
The equation for T was derived from Faraday’s law, which
was used to calculate the current distribution in the thin layer
of the superconductor. The equation for A was derived from
Ampere’s law and is applied to all domains to calculate the
magnetic field profile.

The current vector potential T is defined by the current
density J:

J=V xT. (1)

In the conductor shell, only one component of the current
is tangential to the tape surface, whereas the current vector
potential T is always perpendicular to the tape surface. T can
be written as T - n. Therefore, in the conductor surface region,
equation (1) can be rewritten as:

a(T-n) _ d(Tny)

Jx ay oz
O(T-n, O(T-n,
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where n,, n,, n; are the components of vector n. The E-J rela-
tionship of the ReBCO conductor is expressed as
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where Eg = 1 x 107*V m™', nis an experimental value of
the tape used in this study, and J. is the critical current density,
which is expressed as a function of the field as follows:
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where Jo is the critical current density in the absence of a
magnetic field. The parameters k = 2.2796, b = 0.3345, and
B. = 115.4 characterize the anisotropy of the HTS tape.

From equations (2) and (3), and by applying Faraday’s law
to superconducting shells:
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where By, By, and B; are the magnetic flux densities.
The Maxwell-Ampere law is subsequently applied to solve
the conventional A equation:

V XV xA=pl. (6)
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Figure 1. Boundary conditions of a transport current flow in an HTS tape.

If we apply a current at both ends of the conductor coil,
we obtain the integral of the current density J over any cross-
section of the superconducting tape:

I://st://VdeS:ygTdS
s K L

where S is the conductor cross-section and L is the boundary
edge of the conductor cross-section. As T is perpendicular to
the conductor surface, the component parallel to the conductor
surface is zero, as shown in figure 1.

Thus:

(N

I/t=T—T, ®)

where 7| and T, are the values of T at the left and right
edges, respectively, and ¢ is the thickness of the superconduct-
ing layer. The thickness ¢ of the superconducting layer in this
article was 1.5 pm. It should note that for the relatively low
frequencies used in this article, the effects of multi-layer struc-
tures are negligible for calculating transport current losses, and
the T-A formulation can well simulate these cases [42—44].

2.2. Numerical modeling of SDWCs

There are many directions of studies can be carried out using
the numerical simulation of CORC. This study focuses on the
geometric optimization with the analysis on the AC losses and
magnetic-field dependence.

2.2.1. Geometric modeling of an SDWC. An SDWC model
with the former (outer diameter of 14 mm) and four turns was
developed to investigate transport AC losses. Only the super-
conducting layers of the tape and air domains were included
in the model.

One turn of the straight tape is taken from the cylindrical
former and unfolded to obtain a parallelogram (figure 2),
where ry is the outer radius of the former, 6 of the dense wind-
ing is defined as the angle between the length direction of the
tape and the axis of the circular core, and w is the width of
the superconducting tape. As the width of the tape is fixed, the
angle 6, (densely wound onto the round former with radius rg)
is also fixed:

0, = arccos < id ) . )
27‘(7‘0
The pitch P is defined as:
2mrg
= . 10
tan (6;) (10)

Cable axis !

Figure 2. Structure of an SDWC.

2.2.2. Anisotropic magnetic field dependence of SDWCs.

The schematic diagram of the magnetic vector decomposition
of an SDWC is shown in figure 3. The modulus of perpendicu-
lar magnetic field |Bpe,| and parallel magnetic field B! in the
Jc(B) equation used for the SDWC can be obtained as follows:

IBperl = Bysin (6,) + B.cos (6,) an

Byl =/ [Becos (65) — Busin (92) + (B, (12)

where By, B,, and B, are the x-direction, y-direction, and
z-direction of magnetic fields, respectively.

2.3. Numerical modeling of CDWC

2.3.1. Geometric modeling of COWC.  This section uses an
approximation of the ideal CDWC structure, as the real wind-
ing of a CDWC can cause slight deformation of the tape. The
CDWC uses the defined conditions of the former direction
and tape direction. The CDWC was geometrically analyzed by
unfolding the tape on the circular former, as shown in figure 4.

Angle 6 in figure 4 is the angle between the length direction
of the tape and the direction normal to the circle:

)

(13)

Tro

0= i
arcsin (2

where rg is the outer radius of the former and w is the width of
the superconducting tape. Once the width of the tape and the
outer radius of the tape is fixed, the winding angle is fixed.
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Figure 3. Schematics of the magnetic vector decomposition of an SDWC.
. (%
P = 2rsin (5) (14)

Here, « is related to 6, and P is the length of the chord
corresponding to angle a.. In RtZ/BDF,

BD = 27rrptan (0) (15)
BD =~ P when r + ry is sufficiently large. At this point
. (1o
« = 2arcsin (—wtan(@)) . (16)
r

The number of turns of the toroidal coil can be expressed as

N = /arcsin (M) : (17

2.3.2. Anisotropic magnetic field dependence of a CDWC.
The modulus of perpendicular magnetic field By, and parallel
magnetic field Bp,, in the Jc(B) equation used in the CDWC
are as follows:

Figure 4. Geometric diagram of a CDWC.

For the convenience of dense winding, the chord length cor- ) .
responding to the arc length of one turn at radius r of the circle IBperpl = Bycos (vp) cos () + Bysin (avy) cos (58) + Bsin ()

is defined as pitch P: (18)
J
B paral = \/ [B,cos (a;) — Bysin (a1)]> + [B.cos () — B.cos (a; ) sin (3) — Bysin (a) sin (8)]° (19)
where « is the rotation angle along the z-axis. [ is the rotation The xy-axis in figure 5(b) represents any cross-section
angle of the pipe diameter on the (2-plane, as schematically along the xy-surface after the center of the circle (note that
shown in figure 5. both the 2 surface and the xy-axis vary with «).
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Figure 5. Schematics of the magnetic vector decomposition of a
CDWC.

Outer layers —E=

inner layers

//f =
7 ?fF . Superconducting layer

-ﬂmmmmmm \

(a) (b)

Figure 6. Schematics of the two-layer staggered winding structure
for a CORC coil.

2.4. AC losses of the CORC coil

2.4.1. Effectofthe interlacing positions on transport AC losses.
Multiple layers of tape winding are typically used to increase
the current-carrying capacity of the conductors. This section
focuses on the effect of the interleaved positions of a densely
wound HTS coil with double-layer tape on transport AC
losses. The outer diameter of the former was 14 mm, and the
diameter of the circle was 280 mm. The current was in the
same direction and the layers were interleaved in a reverse
manner. Reverse winding of adjacent layers has previously
been suggested in the literature [45].

As a result, the outer tape is immobile, while the inner tape
rotates counterclockwise around the center with an angle of
a/8 per rotation. As the circular ring is a symmetric struc-
ture, the winding has nine options. However, four options are
duplicated, leaving only five final cases (I, IL, IIL, IV, V), as
shown in figure 6(b). The AC frequency applied to the model
was 79.7 Hz, and the normalized currents were 0.5-0.8 for
each of the five cases.

Figure 7. Schematics of CORC coils with different winding
methods.

2.4.2. Effect of winding angles on transport AC losses. In
this study, the central magnetic field of the CORC coil is
an important design index for circular coils, which can be
enhanced by changing the winding angle of the tape. The lar-
ger current in the circular path is, the larger central magnetic
field of the CORC coil will be.

Once the width of the CORC tape and outer diameter of
the former were fixed, the winding angle was also fixed to
ensure that the tape was densely wound on the former. One
tape was densely wound around the former with the first wind-
ing angle; subsequently, two side-by-side tapes as one unit
were densely wound around the former with the second wind-
ing angle. For example, a one-tape dense winding coil had a
winding angle of 7.84°, a two-tape dense winding coil had a
winding angle of 15.83°, a three-tape dense winding coil had
a winding angle of 24.15°, a four-tape dense winding coil had
a winding angle of 33.07°, and a five-tape dense winding coil
had a winding angle of 43.01°, which were shown in figure 7.
The outer diameter of the former was 14 mm, and the diameter
of the circle was 280 mm. The AC frequency applied to the
model was 79.7 Hz.

3. Experiment

Transport AC losses were measured at 77 K using an elec-
trical measuring platform with a lock-in amplifier, as shown
in figure 8.

The AC loss Q. was calculated by:

_ul

where U is the RMS value of the loss voltage between the
sample leads, / is the RMS value of the AC current collec-
ted by the ammeter, f is the frequency of the AC current, and
L is the length of the tape between the voltage leads. Since the
test sample is a wound coil, the coil generates inductance in
the presence of AC current, and this inductance will make the
measurement result have a phase difference close to 90°, so
the test is compensated by using a compensation coil [46—48].



Supercond. Sci. Technol. 35 (2022) 115007

J Zhao et al

Amperemeter

Lock-in Amplifier

Power Amplifier

7

Sine Out . .
pois S Te Lock-in Amplifier
' [ === i
' Sample ! 4
[ = ! 0,
A Signal ! 'oﬂéy
! Amperemeter !
1 1
v v .

i YBCO Coil

Power Amplifier

0,
g7)
Or

VW

N

Current
Transformers

Transformer —

Cooling Device

Inductance compensation Coils +

(a)

(b)

Figure 8. Experiment for AC loss measurement: (a) schematic diagram; (b) photo of the apparatus.
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Figure 9. Structure of the 2G HTS tape for experiments.

The superconducting tape used in the experiment was a 2G
HTS tape manufactured by Shanghai Superconducting Tech-
nology Co., Ltd (product model number: ST-6-L). The overall
width of the tape was 6 mm, and the width of the superconduct-
ing layer was 4.8 mm (shown in figure 9). The superconduct-
ing tapes used for winding the samples were insulated with
Kapton tape. Eddy current losses can be induced due to the AC
windings on the metal former [11]. However, this experiment
only studied the transport AC losses of the tape. Therefore,
in this study, a non-metallic polyacrylate material (shown in
figure 10(c)) was chosen to build the round core former.

Samples were tested at frequencies of 37.3 Hz, 79.7 Hz,
and 113.3 Hz and with different normalized currents between
0.5-0.8. Figures 10(a) and (b) show photos of the SDWC and
CDWC samples, respectively.

4. Results and discussions

4.1. SDWC: experiment vs simulation

First, the experimental and simulation results of the SDWC
were studied to verify the reliability of the model. The

experimental and simulation results were well matched, as
shown in figure 11.

The average relative error (experiment and simulation) of
the AC losses in the SDWC was 6.54%. The experimental
and simulation results were also compared with the Norris
(strip) [49], and the results deviated slightly because the Norris
(strip) is more applicable to the superconducting sheet struc-
ture, which is different from the winding structure on the
CORC. Another reason could be: in the CORC structure, the
self-field generated by winding the tape can affect the current
density distribution inside the tape, because some special field
components are perpendicular to the wide surface of the tape,
while the anisotropy of the magnetic field is not considered
in the Norris equation. It is worth mentioning that normalized
critical current is defined as the ratio of the applied current to
the critical current.

4.2. CDWC: experiment vs simulation

For the CDWC model, the experimental and simulation res-
ults, as well as the Norris (strip), were compared, as shown in
figure 12.

The average relative error (experiment and simulation) of
the transport AC losses in the CDWC was 6.25%. The exper-
imental data are slightly larger than the simulated data, pos-
sibly due to that the model only considered the superconduct-
ing layer, but the experimental tape used in this study was
a stainless-steel laminated tape. The eddy current losses and
coupling losses in other metal layers were not considered in
the simulation. Therefore, the experimental curve was larger
than the simulation. Another reason could be the inductance
of the entire CORC coil, which was not fully compensated by
the compensation coil.

In general, for the CDWC, the experiment results well
matched the simulation results. Therefore, in this study,
the numerical modeling can be fairly useful to predict the
performance of practical CORC coils/magnets with good
accuracy.
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Figure 10. Experimental samples: (a) SDWC; (b) CDWC; (¢) CDWC on a polyacrylate former.
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Figure 11. Experiment vs simulation: transport AC losses with
different currents, for the SDWC.

4.3. Effect of the winding methods

4.3.1. Effect of the interlacing position. ~ For the staggered
winding method (figure 6), both the experiment and simula-
tion results indicated that type-V sample has a smaller AC loss
because the front area was smaller than that of type-I sample.
In this study, the frontal tape-to-tape area was created in the
model, and the corresponding area integral was calculated.
The results show that type-V method can reduce approxim-
ately 0.1068 mm? of the frontal area within a one-turn winding
length compared to that of type-I method because the actual
width of the superconducting tape was 6 mm, while the super-
conducting layer width was 4.8 mm. These gaps (figure 6)
reduced the frontal area during the circle wrapping process,
and also reduced the influence of the perpendicular magnetic
field between the superconducting layers. Therefore, it was
appropriate to use type-V winding for the adjacent layer of
the circular dense-winding coil. In this study, the AC loss of
the type-V sample was not much smaller than the AC loss of
type-I1 sample. However, for practical CORC coils, when the

2E-03

——— Exp-37. 3Hz
—o— Exp-T9. THz
—— FExp-113. 3Hz

= Sim—37. 3Hz

e Sim-79. THz

4 Sim-113. 3Hz
---- Norris(strip)

Transport AC loss(J/m/cycle)
i
=

1E_04 1 1 ] 1
0.5 0.6 0.7 0.8

Normalized critical current

Figure 12. Experiment vs simulation: transport AC losses with
different currents, for the CDWC.

coil is large and the tape is used for a long time, there will be
a significant difference. In general, reducing the tape-to-tape
frontal area reduces magnetization loss caused by the vertical
magnetic field. The simulation results are shown in figure 13,
and the experimental data are shown in figure 14.

The experimental results of type-V sample and type-I
sample showed the same trend as in the simulation. The AC
loss of type-V sample at different frequencies was still lower
than that of type-I sample.

4.3.2. Analysis of transport AC losses of CDWCs with dif-
ferent winding angles. In figure 15, the simulation res-
ults show a linear increase in the central magnetic field of
the CORC coil, with an increase in current. As the wind-
ing angle increased, the central magnetic field of the CORC
coil also increased (figure 15(a)). The central magnetic field
increased approximately two-fold when the winding angle of
the sample was increased from 7.84° to 15.83°. When the
angle was further increased to 24.15°, the central magnetic
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Figure 13. Simulation: transport AC losses at staggered location of two interlaced layers, with different winding method.
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Figure 14. Experiment: transport AC losses with different currents for type-V sample and type-I sample, at different frequencies.
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Figure 15. Central magnetic field of the CDWC: (a) central magnetic field of the CORC coil (quarter cycle (peak) of AC) with different
currents and with different winding angles; (b) magnetic field ratio with different currents.
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Figure 16. Simulation: transport AC losses with different currents
for different winding angles, for the CDWC. Inset: CML (central
magnetic field/transport AC loss) at 0.8 /¢ with different winding
angles.

field was approximately 1.5 times greater than that at the
winding angle of 15.83°. The winding angle was gradually
increased to 33.07° and 43.01° using a similar method, as
shown in figure 15(b). Although the increase rate decayed, the
central magnetic field still had an increasing trend.

For the CDWC, increasing winding angle can increase the
central magnetic field of the CORC coil. The larger current in
the circular path is, the larger the central magnetic field will
be. A similar approach can be used for other structures (such
as racetrack-shaped and D-shaped) of densely wound CORC
coils.

For the transport AC losses, the simulation results
(figure 16) show that the AC losses increased with the increas-
ing winding angle and current. The experimental results
(figure 17) show the same trend as that of the simulation.

By performing the experiments, transport AC losses at
37.3 Hz, 79.7 Hz, and 113.3 Hz were verified. As shown in
figure 17, the transport AC loss at these 3 different frequen-
cies increased with increasing winding angle. In addition, the
transport AC losses of the CDWC without a metal former were
less dependent on the frequency (figure 17).

For the CDWC, the central magnetic field of the CORC
coil and the transport AC loss are contradictory. Therefore,
in order to make meaningful analysis, the CML (central mag-
netic field/transport AC loss) was defined as the evaluation
index for the transport AC loss and central magnetic field of
the CORC coil. The CML at 0.8 I are shown in the inset of
figure 16. Evidently, the transport AC loss had a minimum
value when the central magnetic field reached a certain value;
more specifically, the central magnetic field had a maximum
value when the transport AC loss reached a certain value. How-
ever, in between, a winding angle of 24.15° leaded to a relat-
ively large central magnetic field but low transport AC losses.
Therefore, for the case above, a three-tape dense-winding coil
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Figure 17. Experiment: transport AC losses with different currents
and with different winding angles, for the CDWC.

with a winding angle of 24.15° was preferred because of the
larger current-carrying capability with relatively low transport
AC loss.

5. Conclusion

In this study, the transport AC losses in HTS CORC coils were
investigated. Experiments and numerical modeling for the AC
losses in the SDWC and CDWC were performed. The accur-
acy of the T-A formulation model that considers the magnetic
field dependence was experimentally verified. For the CDWC,
we first investigated two layers of tape-staggered winding
coils, and found the transport AC losses of type-V sample were
smaller than those of type-I sample, based on experiments and
simulations. The CDWC with different winding angles was
studied, and the transport AC losses increased with the increas-
ing winding angle and central magnetic field, based on the
study of geometric design parameters. The case of three tapes
in the CDWC with a winding angle 6 = 24.15° was regarded
as the optimum, which had considerably high current-carrying
capability but with relatively low transport AC loss. Although
the optimal parameters may change with different cases and
different configurations of CORC coils, our experimental and
modeling methods to study winding approaches, and the eval-
uation on the AC losses and central magnetic field using CML
parameters can be always feasible. To summarize, the mod-
eling and experiments, as well as optimization methods and
strategies can be helpful for the future designs of advanced
CORC coils/magnets.
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