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Abstract
We conducted electromagnetic field analyses of spiral copper-plated striated coated-conductor
cable (SCSC cable), where the striated (multifilament) and copper-plated coated conductors
were twisted spirally around a round core in order to decouple the filaments. We used a
numerical model which was formulated with current vector potential and in which thin-strip
approximation was applied to the superconductor layer of the coated conductors. The nonlinear
conductivity obtained from measured electric field–current density characteristics was used to
represent the superconducting properties. To confirm the effect of the spiral twist in the SCSC
cables, we determined their coupling time constants from the frequency dependences of their
calculated magnetisation losses, under an ac transverse magnetic field with a small amplitude.
Moreover, we calculated the ac losses in the SCSC cables under simultaneous application of ac
transverse magnetic fields and ac transport currents, which represent practical operating
conditions for electrical power devices and magnets.

Keywords: ac loss, coated conductor, copper plating, coupling time constant, multifilament,
SCSC cable, spiral twist

(Some figures may appear in colour only in the online journal)

1. Introduction

Reducing ac losses and magnetisation in coated conductors
will help their application in electrical power devices andmag-
nets. Multifilament structures, in which the superconductor
layer of a coated conductor is divided into multiple fila-
ments, is a method to reduce ac losses as well as magnetisa-
tion [1–9]. From the viewpoint of improving the robustness
of a multifilament coated conductor for local normal trans-
itions, it is preferable to have a finite transverse conductance
between the superconductor filaments because it facilitates
current sharing between the filaments. When copper is plated
over the superconductor filaments to allow current sharing
between the filaments, the multifilament structure can effect-
ively reduce ac losses and magnetisation only after the decay

of coupling currents flowing through the transverse conduct-
ance and the superconductor filaments [10–15]. In particu-
lar, if the characteristic time of a time-varying magnetic field
and/or a transport current in an actual application is shorter
than the decay time constant of the coupling current (coup-
ling time constant), the multifilament structure is ineffective
because the superconductor filaments are coupled electromag-
netically. Unfortunately, the intrinsic coupling time constant
of a flat and straight copper-plated multifilament coated con-
ductor is proportional to the square of its length and gen-
erally has a large value [14, 15]. In the case of low Tc

metallic superconductors such as Nb–Ti, twisting is a stand-
ard technique used to reduce their coupling time constants;
however, twisting tape-shaped coated conductors are not
practical.
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Figure 1. Concept and schematic of SCSC cable: (a) concept of
spiral twist in the SCSC cable and confined loop of coupling current
in half pitch of the spiral twist and (b) schematic of the SCSC cable.

In this study, we focus on spiral copper-plated striated
coated-conductor cables (SCSC cables), where striated (mul-
tifilament) and copper-plated coated conductors are twisted
spirally around a round core as shown in figure 1 in order to
decouple the filaments [16, 17]. The geometry of the SCSC
cable is similar to that of the CORC cable [18]. When a trans-
verse magnetic field is applied to this cable, the direction of the
magnetic field component normal to thewide face of eachmul-
tifilament coated conductor varies alternately. Consequently,
each loop of the coupling current is confined in a half pitch of
the spiral twist, as shown in figure 1(a), and the coupling time
constant can be reduced substantially. The disadvantage of the
SCSC cables as well as the CORC cables is a low engineering
current density compared with Roebel cables, which are ones
of the most popular assembled coated conductors. However,
even if the Roebel cables are composed of copper-plated mul-
tifilament coated conductors, it should be noted that the coup-
ling time constants in Roebel cables are not reduced because
the strands are not twisted.

Several other groups have studied similar concepts
[7, 19, 20], but they used multifilament coated conductors
whose superconductor filaments are electrically insulated,
and whose electromagnetic behaviours differ from that pro-
posed in this study. For example, there was no concept of the
coupling time constant. We have reported proof-of-concept
experiments to reduce the coupling time constant via the spiral
twist [17]; however, we still need to clarify the electromag-
netic behaviours that lead to the reduction of ac loss as well
as magnetisation.

The objective of this study is to clarify the electromag-
netic behaviours of the SCSC cables through electromagnetic
field analyses. First, we conducted the electromagnetic field
analyses of the SCSC cables, in which the conductors were
exposed to small-amplitude transverse magnetic fields at vari-
ous frequencies. We determined the coupling time constants

from the frequency dependences of the calculated magnetisa-
tion losses and discussed the frequency-dependent magnetisa-
tion loss with respect to visualised current distributions. Next,
we conducted electromagnetic field analyses under more prac-
tical conditions (larger field amplitudes and a combination
of the transverse magnetic field and the transport current) to
demonstrate the reduction of the ac losses in the SCSC cables.

This paper is organised as follows. In section 2, the
model for the electromagnetic field analyses is described. In
section 3, we determine the coupling time constants of the
SCSC cables and discuss them with the visualised current dis-
tributions. In section 4, we present the ac loss characteristics
as well as the current distributions in the coated conductors
under practical operating conditions. Here, we also discuss
the frequency dependences of the magnetisation losses in the
SCSC cable and reference cables consisting of monofilament
coated conductors or insulated multifilament coated conduct-
ors. Finally, our conclusions are presented in section 5.

2. Model for electromagnetic field analyses of
SCSC cables

2.1. Governing equation of the analyses

From Faraday’s law, Bio-Savart’s law, Ohm’s law and the
definition of the current vector potential, we obtainthe govern-
ing equation of the electromagnetic field analyses as follows:

∇×
(
1
σ
∇×T

)
+

∂

∂t
µ0

4π

ˆ
V

(∇×T ′)× r
r3

dV= 0. (1)

Thin-strip approximation was applied to our analysis
model. Electromagnetic field analyses via the finite element
method were conducted, based on the following equation [21]:

∇×
(
1
σ
∇× nT

)
·n+ ∂

∂t
µ0ts
4π

ˆ
S ′

(∇× n ′T ′)× r ·n
r3

dS ′ = 0.

(2)
Here, T and T′ are the magnitudes of current vector poten-

tial at the point where the field (potential) was calculated (the
field point) and the point where the current was flowing (the
source point), respectively; n and n′ are the normal vectors at
the field point and the source point, respectively; r is the vector
from the source point to the field point, and r is its length; ts
is the thickness of the superconductor layer of the coated con-
ductor. In the analyses of the multifilament coated conductors
plated with copper, σ indicates equivalent conductivity of the
superconductor filaments or the conductivity of a narrow nor-
mal conducting strip (details are described in section 2.3).

2.2. Equivalent conductivity of superconductor layer

The conductivity of the superconductor layer in coated con-
ductors was formulated from the measured electric field E–
current density J characteristics of a coated conductor. It
should be noted that we have to consider the dependence on
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Figure 2. Dependence of critical current density Jc and n-value in
the power-law model on magnitude of magnetic flux density B and
its orientation φ at temperature T = 77 K.

the magnitude of magnetic field B, its orientation φ, and tem-
perature T. We used the power-law model for the analyses at
77 K and the percolation depinning model for the analyses at
30 K. The parameters of both models were derived from the
measured E–J characteristics of an actual coated conductor.
We primarily focused on coupling time constants. On this

account, it should be noted that coupling time constants are
independent of E–J characteristics. However, in order to cal-
culate the entire losses of cables, we needed the E–J charac-
teristics which depend on B and φ.

The power-law model is described as follows:

E= E0(J/Jc (B,ϕ))
n(B,ϕ)

, (3)

where E0 is a criterion electric field to define critical current
density Jc and is set at 1 × 10–4 V m–1. In this model, both Jc
and the n-value are dependent on B and φ. The formulation of
the dependences of Jc and the n-value on B and φ is described
in detail in [22]. We used the E–J characteristics measured at
77 K, and the fitted results are shown in figure 2 and table 1.

In the percolation depinning model [23–26], E is given as:

E=


0 for J< Jcm
ρFFJ0
m+1

(
J−Jcm
J0

)m+1
for Jcm ⩾ 0

ρFFJ0
m+1

[(
J+|Jcm|

J0

)m+1
−
(

|Jcm|
J0

)m+1
]

for Jcm < 0

,

(4)

where ρFF and m are parameters. J0 and Jcm satisfy following
equations;

Fpm = JcmB (5)

Fpk = (Jcm + J0)B, (6)

where

Fpm(pk) =

 ABGL(k)(T,0)
ζ f(ϕ)ζ̂

(
B

BGL(k)(T,ϕ)

)γ(
1− B

BGL(k)(T,ϕ)

)δ

for B⩽ BGL(k) (T,ϕ)

−ABGL(k)(T,0)
ζ f(ϕ)ζ̂

∣∣∣1− B
BGL(k)(T,ϕ)

∣∣∣δ for B> BGL(k) (T,ϕ)
. (7)

Here, the subscripts pm(pk) and GL(k) means pm or pk and
GL or k, respectively. The values of the parameters A, ζ, ζ̂, γ,
and δ for Fpm and those for Fk have different values. BGL(k) are
given as

BGL(k) (T,0) =
b

1− νp

(
1− T

Tc

){
1− a

1−T/Tc

+

√(
1+

a
1−T/Tc

)2

− 4νp
a

1−T/Tc

 ,

(8)

BGL(k) (T,ϕ) = BGL(k) (T,0) f(ϕ) . (9)

Here, equation (8) describes the temperature dependence
of BGL(k). The values of a, b, and νp for BGL and those for

Bk are different. Tc is the critical temperature of the super-
conductor. We consider two different pinning centres in the
superconductor: the ab surface pin and c axis pin. In this case,
E corresponding to a specific J is calculated by using equa-
tions (4)–(9) and the parameters for each pin (i.e. Eab and Ec).
Then, we choose a smaller value of E as the electric field in
the superconductor. For each pin, f (φ) is defined as follows:

f(ϕ) =


1√

cos2ϕ+α2sin2ϕ
for ab surface pin

1√
α2cos2ϕ+sin2ϕ

for c axis pin
. (10)

The above equations were fitted to the E–J characteristics of
a coated conductor measured at 30 K to determine the para-
meters. The obtained parameters are listed in table 2, and the
fitted E–J curves are shown in figure 3.
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Table 1. Parameters of fitting results of dependences of Jc and
n-value at T = 77 K.

Fitting parameters for formu-
lation of Jc

Fitting parameters for formu-
lation of n-value

m 0.0966 m 1.26
Jc0ab 0.402 n0ab 14.5
Jc0 c 9.39 × 109 n0 c 19.1
B0ab 3.38 B0ab 9.73 × 106

B0 c 3.29 B0 c 0.368
βab 6.87 βab 1.61 × 107

βc 2.07 βc 0.218
uab 42.0 uab 13.2
uc 3.51 uc 4.33
v 0.845 v 0.811
δab –4◦ δab –4◦

δc 5◦ δc 5◦

Table 2. Parameters of the percolation depinning model at
T = 30 K.

Parameters ab surface pin c axis pin

Tc 92.5 92.5
m 2.52 3.83
ρFF 1.00 × 10−7 1.00 × 10−7

α 2.37 229
Fpm/Fpk

A 1.88 × 109/5.00 × 1010 1.74 × 109/2.27 × 109

ζ 1.33/1.36 1.87/1.68
ζ̂ 0.938/1.10 1.55/0.435
γ 0.436/0.294 1.58/0.851
δ 2.47/2.50 0.780/2.83
BGL/Bk

a 1.00/1.00 1.00/1.00
b 30.2/23.4 83.7/40.2
νp 0.954/0.977 0.956/0.971

2.3. Modelling of the transverse conductance between
superconductor filaments

When we conducted the electromagnetic field analyses of
copper-plated multifilament coated conductors, the thin-strip
approximation was applied, as described in section 2.1.
Although the transverse conductance between the supercon-
ductor filaments can consist of the plated copper in actual
conductors, it was modelled as the thin strip of a normal con-
ductor. The normal conducting thin strips had the same thick-
ness as that of the superconductor filaments ts in equation
(2). The conductivity of the normal conducting thin strips was
determined by measuring coupling time constants of straight
copper-plated multifilament coated conductors at 77 K [14]
compensating for the difference in the thickness of the model
from the actual thickness of the plated copper in the meas-
ured samples. Additionally, to determine the conductivity of
the normal conducting thin strips at 30 K, a formulated tem-
perature dependence of the conductivity of copper [27] was
considered.

Figure 3. Fitted electric field E–current density J characteristics by
the percolation depinning model: (a) dependence on B with φ = 0◦

and (b) dependence on φ with B = 1 T.

2.4. Specifications of SCSC cables and reference cables

In our model, we considered the three-dimensional geometry
of the SCSC cables and reference cables. The detailed spe-
cifications of the analysed SCSC cables and the reference
cables are listed in table 3. The reference cables have similar
geometries to the SCSC cables but consist of monofila-
ment coated conductors (Ref-MN cables) or insulated mul-
tifilament coated conductors (Ref-INS cables). In the multi-
layer SCSC cables and reference cables, coated conductors
were twisted alternately in right-hand-thread and left-hand-
thread directions layer-by-layer. The conductors in the inner-
most layer were twisted in the right-hand-thread direction;
the odd-numbered layers overlapped completely with each
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Table 3. Specifications of SCSC cable and reference cables.

Cable name SCSC cable Ref-MN cable Ref-INS cable

Coated conductors

Number of superconductor filaments 4 1 4
Gap between superconductor filaments 50 µm Conducting None 50 µm Insulating
Width of coated conductor 3 mm 3 mm 3 mm
Thickness of coated conductor 45 µm 45 µm 45 µm
Thickness of superconductor layer ts 1.6 µm 1.6 µm 1.6 µm
Thickness of plated copper 20 µm 20 µm 20 µm

Cable geometry

Diameter of core 2.7 mm
Number of coated conductors per layer 2
Number of layers 1/2/4
Pitch of spiral 10 mm
Direction of spiral The innermost layer: right-hand-thread direction

Other layers: alternative direction
Separation between coated
conductors in adjacent layers

0 mm

other, and the even-numbered layers were spirally twisted
similarly.

In the analyses, we reduced the analysed regions by using
their geometrical symmetries [21]. As we could assume the
same current density distribution in the coated conductors in
the same layer, the analysed region could be reduced to one
coated conductor per layer. Furthermore, as the same current
density distributions could be repeated for every pitch length,
a single pitch length was sufficient for the analyses. Note that
we considered a sufficient length of the cables with the same
current density distributions in the corresponding analysed
region to calculate self-fields by transport current in infinitely
long cables.

3. Coupling time constants of SCSC cables

3.1. Method to determine coupling time constants

To estimate the coupling time constants τ c, we conducted the
electromagnetic field analyses of the SCSC cables exposed
to a sinusoidal transverse magnetic field with small amp-
litude and various frequencies f. When we plot the magnetisa-
tion losses dominated by coupling losses with respect to the
frequency and obtain the curve against frequency with peak
f c, the coupling time constant τ c is given by the following
expression [14, 28, 29]:

τc = 1/2πfc. (11)

3.2. Coupling time constant of single-layer SCSC cable

Firstly, we analyse the SCSC cable whose number of layer nl
was one where the amplitude of the transverse magnetic field
µ0Hm was 1 mT. Figure 4 shows the frequency dependence
of the calculated magnetisation losses where the peak of the
curve appears at f c = 4979 Hz. Therefore, the coupling time
constant was calculated as 0.032 ms by using equation (11).

Figure 4. Dependence of magnetisation loss of the 1-layer SCSC
cable on frequency f at applied transverse magnetic field at
µ0Hm = 1 mT and T = 77 K.

This coupling time constant is sufficiently smaller than the
characteristic times of the changes in the magnetic fields or
the transport currents in actual applications.

Figure 5 depicts the current lines in the half pitch of the
SCSC cable at three frequencies: 500 Hz (∼f c/10), 5 kHz
(∼f c), and 50 kHz (∼10f c). It should be noted that all loops of
the currents, including shielding/coupling currents, are con-
fined in the half pitch. This is the effect of the spiral twist.
When frequency f was 500 Hz (figure 5(a)), because the fre-
quency wasmuch lower than f c, the induced shielding currents
were confined in the filaments and the coupling currents did
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Figure 5. Current lines in half pitch of the 1-layer SCSC cable at
µ0Hm = 1 mT and T = 77 K; (a) f = 500 Hz, (b) f = 5 kHz and
(c) f = 50 kHz. Current lines are plotted within 0.2 A line−1.

not flow among the filaments. Notably, in this case, the super-
conductor filaments were electromagnetically decoupled. In
contrast, when frequency f was 50 kHz (figure 5(c)), because
the frequency was much higher than f c, we could see the coup-
ling currents flowing among the filaments. In other words, the
superconductor filaments were electromagnetically coupled.
Because the current lines at f = 5 kHz shown in figure 5(b)
were intermediate between those at f = 500 Hz and those at
f = 50 kHz, we could see both the coupling currents flowing
among filaments and the shielding currents confined in the fil-
aments.

3.3. Influence of number of layers on coupling time constant

Under a 1 mT sinusoidal transverse magnetic field, the mag-
netisation losses were calculated for SCSC cables with various
nl at T = 77 K and T = 30 K. The frequency dependences of
the magnetisation losses at T = 77 K and T = 30 K are shown
in figures 6(a) and (b), respectively. The magnetisation losses
in the analysed coated conductors with larger nl were slightly
smaller due to the stronger diamagnetic field effect caused by
stacking coated conductors in the cables.

The obtained coupling time constants for all cases are lis-
ted in table 4. The coupling time constants at T = 30 K were
higher than that at T = 77 K due to higher transverse conduct-
ivity at lower temperatures. Additionally, the coupling time
constants were almost independent of nl at both temperatures.
This indicates that an increasing number of layers does not
deteriorate the decoupling effect of the spiral twist whereas it
increases the current carrying capacity.

4. AC losses in SCSC cables under practical
conditions

4.1. Conditions of analyses

To estimate the effect of the spiral twist and the multifila-
ment structures on ac loss reduction, we conducted the electro-
magnetic field analyses of the SCSC cables and the reference
cables under practical operating conditions. Here, we set four
typical conditions.

Figure 6. Magnetisation loss of the SCSC cables with different
number of layers nl with respect to frequency at µ0Hm = 1 mT;
(a) T = 77 K and (b) T = 30 K.

Condition 1A: The cables were only exposed to a sinusoidal
transverse magnetic field with µ0Hm = 0.3 T and frequency
f = 50 Hz.

Condition 1B: The cables were exposed to a sinusoidal
transverse magnetic field (µ0Hm = 0.3 T) and were carry-
ing a sinusoidal transport current whose amplitude per coated
conductor It was 30 A. The transverse magnetic field and the
transport current were in the coordinate phase, and their fre-
quency was 50 Hz.

These conditions simulate actual operating conditions of
power applications such as transformers and armature wind-
ing of rotating machines.

Condition 2A: The cables were only exposed to a triangular
transverse magnetic field with µ0Hm = 3 T and f = 0.5 Hz.
Here, the triangular transverse magnetic field was formulated
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Table 4. Peak frequencies and coupling time constants of the SCSC
cables with different number of layers at 77 K and 30 K.

T = 77 K

Number of layers Peak frequencies Coupling time constants

1 4.98 kHz 32.0 µs
2 5.12 kHz 31.1 µs
4 4.36 kHz 36.5 µs

T = 30 K

Number of layers Peak frequencies Coupling time constants

1 1.00 kHz 159 µs
2 1.04 kHz 153 µs
4 0.89 kHz 177 µs

Figure 7. Current lines in half pitch of the 1-layer SCSC cable and
the 1-layer reference cables exposed to a sinusoidal transverse
magnetic field whose µ0Hm is 0.3 T, and f is 50 Hz, and T = 77 K:
(a) SCSC cable, (b) Ref-INS cable, and (c) Ref-MN cable. The
current lines are plotted when the transverse field is at peak with 8 A
per line.

Figure 8. Current lines in half pitch of the 1-layer SCSC cable and
the 1-layer reference cables exposed to a sinusoidal transverse
magnetic field whose µ0Hm is 0.3 T and carrying sinusoidal
transport current whose amplitude per coated conductor It is 30 A at
T = 77 K. The magnetic field and the transport current are in phase,
and f is 50 Hz: (a) SCSC cable, (b) Ref-INS cable, and (c) Ref-MN
cable. The current lines are plotted when the transverse field and the
transport current is at peak with 7.5 A per line.

as follows:
t= τ + k/f (k : integer,0≤ τ < 1/f)

µ0H(τ) =

{
µ0Hm · 2f · τ when0≤ τ ≤ 1/2f
2µ0Hm −µ0Hm · 2f · τ else

.

(12)

Condition 2B: The cables were exposed to a triangular
transverse magnetic field (µ0Hm = 3 T) and were carrying

Figure 9. Ac losses of the SCSC cables and the reference cables
with different nl at T = 77 K: (a) a sinusoidal transverse magnetic
field with µ0Hm = 0.3 T and f = 50 Hz and (b) a sinusoidal
transverse magnetic field with µ0Hm = 0.3 T and f = 50 Hz and a
sinusoidal transport current with It = 30 A which is in phase with
sinusoidal transverse magnetic field. In (a), the ac losses calculated
by Brandt’s equation is also plotted for a monofilament coated
conductor and insulated 4-filament coated conductor.

a triangular transport current (It = 150A). The transversemag-
netic field and transport current were in the coordinate phase,
and their frequency was 0.5 Hz.

These conditions simulate the actual operating conditions
of fast ramped magnets operated under a medium field.

4.2. Calculated ac losses and current distributions in SCSC
cables and reference cables

Figure 7(a) depicts the current lines in the half pitch length
of the coated conductor of the SCSC cable under Condition
1A. As a comparison, figures 7(b) and (c) present the current
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Figure 10. Ac losses of the SCSC cables and the reference cables
with different nl at T = 30 K: (a) a triangular transverse magnetic
field with µ0Hm = 3 T and f = 0.5 Hz and (b) a triangular
transverse magnetic field with µ0Hm = 3 T and f = 0.5 Hz and a
triangular transport current with It = 150 A which is in phase with
triangular transverse magnetic field.

lines in the half pitch length of the coated conductor of the
Ref-INS cable and Ref-MN cable, respectively. Here, nl was
one for the analysed cables and the current lines were plotted
at the peak of the transverse magnetic field. There was almost
no difference between the current lines in the SCSC cable and
those in the Ref-INS cable. This was because the coupling time
constant was independent of the amplitude of the transverse
magnetic field, and 50 Hz is a significantly lower frequency
than the value of f c in section 3.2. The current lines in the
coated conductor in each cable under Condition 1B are shown
in figure 8. In this case, the current lines in the SCSC cable
were similar to those in the Ref-INS cable.

The ac losses per coated conductor under Conditions 1A
and 1B in the cables with different nl are shown in figures 9(a)

Figure 11. Dependences of the hysteresis loss and the coupling loss
of the SCSC cable on f under sinusoidal transverse magnetic field
with µ0Hm = 0.3 T and T = 77 K plotted with the overall ac losses
of the SCSC cable, Ref-MN cable, and Ref-INS cable. Every cable
was with nl = 1.

and (b), respectively. To compare the analytical solutions of
ac losses in spiral-twisted coated conductors with the calcu-
lation results, we use Brandt’s equation [30]. From Brandt’s
equation, the hysteresis loss per length per cycle of single
superconductor strip, QBrandt, under a normal magnetic field
is described as follows:

QBrandt = µ0wIcHext · g
(
Hext

Hc

)
. (13)

Here, w and Ic are the width and the critical current of the
strip, respectively. Hext is the amplitude of the external mag-
netic field.Hc is calculated asHc = Ic/wπ and g(x) is a function
given as follows:

g(x) = (2/x) ln(cosh(x))− tanh(x) . (14)

To use the equation for spiral-twisted coated conductors,
we consider weighted average of QBrandt against φ as follows:

QBrandt,spiral =
2π
∫
0
QBrandt (ϕ)dϕ/2π =

2
π
QBrandt. (15)

In figure 9(a), QBrandt,spiral is plotted for a monofilament
coated conductor (MN) and insulated 4-filament coated con-
ductor (INS) as a reference. In the calculation, we use critical
currents under self-field condition which are 120 A for MN
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and 30 A for each filament of INS as Ic in (13). The ac losses
in the Ref-INS cables are smaller than those in the Ref-MN
cables under both conditions because of the effect of the spiral
twist and the multifilament. The ac losses in the SCSC cables
were almost identical to those in the Ref-INS cables due to the
electrical decoupling. From the results, we confirmed that the
SCSC cables were effective in reducing the ac losses as well
as the magnetisation under the practical conditions simulating
power applications.

Figures 10(a) and (b) showed the ac losses per coated con-
ductor in the cables with different nl under Conditions 2A and
2B, respectively. The ac losses in the Ref-INS cables are also
significantly smaller than those in the Ref-MN cables under
the conditions. When the SCSC cables carried a transport
current, the effect of the multifilament coated conductor on
the reduction of the ac losses was slightly deteriorated. How-
ever, we can also obtain a satisfactory reduction of ac losses
and magnetisation by the multifilament under these practical
conditions simulating magnet applications.

4.3. Frequency dependence of ac loss components in spiral
coated conductor cables

In this section, we discuss the characteristics of components
of the ac losses in the SCSC cables. The ac losses in the SCSC
cables can be separated into two components: hysteresis loss
and coupling loss. The hysteresis loss is generated in the super-
conductor filaments, and the coupling loss is generated in the
normal conducting thin-strip between the superconductor fil-
aments.

The components of the ac loss in the SCSC cable were plot-
ted with respect to frequency, as shown in figure 11, with the
overall ac loss in the SCSC cable as well as that of the Ref-MN
cable and that of the Ref-INS cable. Here, the cables were only
exposed to a sinusoidal transverse magnetic field whose amp-
litude µ0Hm was 0.3 T and nl for each cable was one. In the
low-frequency region, because the coupling loss is signific-
antly small, the overall ac loss of the SCSC cable was almost
the same as that of the Ref-INS cable. In themedium frequency
region (near to f c), the hysteresis loss and the coupling loss
increased and the overall ac loss of the SCSC cable approaches
that of the Ref-MN cable. In the high-frequency region, the
overall ac loss of the SCSC cable was approximately equal to
that of the Ref-MN cable, even though the coupling loss was
reduced.

5. Conclusion

In spiral copper-plated striated coated-conductor cables
(SCSC cables), the coupling current is confined to a half pitch
of the spiral twist. Because the coupling time constant is pro-
portional to the square of the length of the coupling-current
loop, the spiral twist is effective in reducing the coupling time
constant. The coupling time constants obtained from the fre-
quency dependences of the calculated magnetisation losses
were smaller than the characteristic times of the magnetic field
and/or the transport current changes in practical applications.

Moreover, the coupling time constants are almost independ-
ent of the number of layers of the SCSC cables. Therefore, we
can increase the current carrying capacity by increasing the
number of layers, simultaneously limiting ac loss and magnet-
isation with the spiral twist.

Through electromagnetic field analyses under practical
operating conditions, such as the field/current amplitudes and
the frequencies, the effect of the spiral twist in the SCSC cable
was confirmed. The ac losses were smaller than those in the
reference cables consisting of monofilament coated conduct-
ors (Ref-MN cables) and almost same as those in the reference
cables consisting of insulated multifilament coated conduct-
ors (Ref-INS cables). Further reduction of the ac loss could be
achieved by using 100- or 1000-filament coated conductors.
However, unfortunately, 100- or 1000-filament coated con-
ductors are not practical because of their present fabrication
process. The effect of the spiral twist in the SCSC cable was
also confirmed by comparing the frequency dependence of the
magnetisation loss in a SCSC cable with that in a Ref-MN
cable and that in a Ref-INS cable.

Acknowledgment

This work was supported in part by JST-Mirai Program Grant
Number JPMJMI19E1, Japan.

ORCID iDs

Yusuke Sogabe https://orcid.org/0000-0003-1692-629X
Naoyuki Amemiya https://orcid.org/0000-0002-3000-
864X

References

[1] Grilli F and Kario A 2016 How filaments can reduce AC
losses in HTS coated conductors: a review Supercond. Sci.
Technol. 29 083002

[2] Carr W J Jr and Oberly C E 1999 Filamentary YBCO
conductors for AC applications IEEE Trans. Appl.
Supercond. 9 1475–8

[3] Cobb C B, Barnes P N, Haugan T J, Tolliver J, Lee E,
Sumption M, Collings E and Oberly C E 2002 Hysteretic
loss reduction in striated YBCO Physica C 382 52–56

[4] Amemiya N, Kasai S, Yoda K, Jiang Z, Levin G A, Barnes P N
and Oberly C E 2004 AC loss reduction of YBCO coated
conductors by multifilamentary structure Supercond. Sci.
Technol. 17 1464–71

[5] Sumption M, Collings E and Barnes P 2005 AC loss in striped
(filamentary) YBCO coated conductors leading to designs
for high frequencies and field-sweep amplitudes Supercond.
Sci. Technol. 18 122–34

[6] Barnes P N, Levin G, Varanasi C and Sumption M D 2005
Low AC loss structures in YBCO coated conductors with
filamentary current sharing IEEE Trans. Appl. Supercond.
15 2827–30
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