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Abstract

We wound copper-plated multifilament coated conductors spirally on a round core to decouple
filaments electromagnetically under ac transverse magnetic fields and measured their
magnetisation losses. Although the coated conductors were plated with copper, which connects
all filaments electrically and allows current sharing among them, the spiral geometry decoupled
filaments similar to the twist geometry, and the magnetisation loss was reduced effectively by
the multifilament structure. The measured magnetisation loss of a 4 mm wide, 10-filament
coated conductor with a 20 pm thick copper wound spirally on a 3 mm core was only 7% of that
of the same 10-filament coated conductor with a straight shape under an ac transverse magnetic
field with an amplitude and frequency of 100 mT and 65.44 Hz, respectively. We separated the
measured magnetisation losses into hysteresis and coupling losses and discussed the influence
of filament width, copper thickness, and core diameter on both losses. We compared the
hysteresis losses with the analytical values given by Brandt and Indenbom and compared the
coupling losses with the values calculated using a general expression of coupling loss with the
coupling time constants and geometry factors.
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1. Introduction

Small magnetisation losses under ac transverse magnetic fields
and protection as well as stability against normal transition are
keys to the various power applications of coils wound with
coated conductors. In principle, by striating the wide super-
conductor layer of a coated conductor to form narrower fila-
ments, magnetisation loss can be reduced [1-17], and insulat-
ing the filaments electrically from one another might be ideal
for this purpose.

However, note that filaments must be electrically connected
to one another at both terminals of a conductor in a real coil in
order to feed a current. In such a case, we must transpose fila-
ments to decouple against an ac transverse magnetic field and,
then, to reduce the magnetisation loss. Souc et al wound mul-
tifilament coated conductors spirally on a round core to trans-
pose filaments and demonstrated significant reduction in mag-
netisation loss [18]. However, the lack of a stabilisation layer,
such as copper, is a concern in similar multifilament coated
conductors to the ones shown in figure 1(a). Copper plating is a
popular approach to improve the stability of coated conductors
and to help their protection. Several groups have applied this
approach to multifilament coated conductors [13—15]. Most of
them did not connect filaments electrically using copper, as
shown in figure 1(b), to avoid electromagnetic coupling among
filaments, which affects magnetisation loss reduction by the
multifilament structure. Vojenciak et al striated the supercon-
ductor layers of coated conductors through their copper lay-
ers using a laser to form filaments, fabricated conductor on
round core (CORC®) cables using such coated conductors, and
demonstrated magnetisation loss reduction compared to refer-
ence cables fabricated using monofilament coated conductors
[14]. Similar experiments were reported by Li et al [19] and
Goo et al [20]. All of these previous studies used multifilament
coated conductors with a copper stabilising layer that does not
electrically connect filaments, as shown in figure 1(b).

Meanwhile, electrical connection among filaments through
copper is preferable for stability and protection, because it
enables the detour of current to avoid the local normal section
(an intrinsic defect or a normal-transiting part) of a filament.
Such a current detour is known as current sharing. Note that
a local defect in a filament can block the current in the fila-
ment, which is insulated from the others. If there is one local
defect in each narrow insulated filament in a long multifila-
ment coated conductor, the conductor cannot carry any cur-
rent. If we plate the entire group of filaments with copper, as
shown in figure 1(c), the copper connects all filaments elec-
trically and allows current sharing [15—17]. In this paper, we
call this type of conductor a copper-plated multifilament (or
striated) coated conductor. The drawback of this type of con-
ductor is the electromagnetic coupling of filaments under ac
transverse magnetic fields by the coupling current flowing
through the copper, which could increase the magnetisation
loss [15]. To reduce the magnetisation loss effectively, the
coupling time constant, which is the decay time constant of
the coupling current, must be much shorter than the charac-
teristic time of the magnetic field change. The coupling time
constants are quite large even in low-T. superconductor (LTS)

a c
( )SuPerconductor )Superconductor( )Superconductor
filament filament filament
Substrate Substrate Substrate
Copper Copper

Figure 1. Multifilament coated conductors with and without a
copper stabilising layer: (a) without copper stabilising layer, (b)
with copper stabilising layer on each filament, which does not
connect filaments electrically, and (c) copper stabilising layer covers
entire group of filaments, which connects all filaments electrically.

wires unless they are not twisted, but we can twist round metal-
lic LTS wires to reduce their coupling time constants. We pre-
viously conducted proof-of-concept experiments on the reduc-
tion of coupling time constants of copper-plated multifilament
coated conductors using spiral geometry, that is, CORC-like
geometry. In the experiments, we wound coated conductors
with a 100 pm thick substrate loosely on round cores with rel-
atively large diameters (10-20 mm) [21]. The spiral geometry
successfully played a role equivalent to that of the twist geo-
metry in reducing the coupling time constants.

Up-to-date CORC® wires are wound on cores with a dia-
meter of 2.5 mm [22, 23], and the symmetric tape round
(STAR) wires are wound on even smaller cores [24, 25]. If we
wind a copper-plated multifilament coated conductor spirally
on a core with such a small diameter with a sufficiently short
pitch, we can reduce its coupling time constant significantly,
as explained in section 2 [26-28]. Based on this considera-
tion, we have proposed the concept of a spiral copper-plated
striated coated-conductor cable (SCSC cable) (also called as
‘double SC’ cable), as shown in figure 2, in which we wind
copper-plated striated (multifilament) coated conductors spir-
ally on a round core [26, 27]*. The copper improves the sta-
bility and helps the protection whereas the spiral geometry
decouples filaments against ac transverse magnetic fields, thus
effectively reducing magnetisation losses. The configuration
of the superconducting elements (thin strips twisted around a
core) in the SCSC cable is almost identical to the filament con-
figuration in classical LTS wires. Consideration on ac losses
and reduction strategies (finer filaments, shorter twist pitches,
and higher transverse resistivity) are therefore similar.

A drawback of the SCSC cables is the reduction in engin-
eering and winding pack current density. However, it should
be noted that reasonably high engineering current densities
were reported for the CORC?® wires [22, 23] and the STAR
wires [24, 25] whose spiral structures are same as those of the
SCSC cables.

The objective of this study is to demonstrate the
magnetisation-loss reduction of copper-plated multifilament

4 Some authors called such cables CORC cables consisting of multifilament
coated conductors. We avoid calling our cable CORC cable, because CORC®
is a trademark. In this paper, we use spiral multifilament coated conductor as a
common terminology, whereas we call our cable consisting of copper-plated
multifilament coated conductor SCSC cable.
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Figure 2. Schematic view of the SCSC cable.

coated conductors subjected to ac transverse magnetic fields
using the spiral geometry. Note that we reduced the core dia-
meter to 3 mm to decrease the coupling time constant. We also
aim to clarify the details of the coupling and hysteretic loss
characteristics of copper-plated multifilament coated conduct-
ors wound spirally on round cores (hereafter, spiral copper-
plated multifilament coated conductors), such as the influence
of their filament width, copper thickness, and core diameter.
To achieve these objectives, we prepared copper-plated mul-
tifilament coated conductors with a 30 um thick substrate,
wound them spirally on round cores with diameters of 3 and
5 mm, and measured their magnetisation losses.

The remainder of this paper is organised as follows. First,
we explain the effect of spiral geometry on decoupling fila-
ments in a copper-plated multifilament coated conductor in
section 2. Section 3 describes the specifications of the coated
conductors and their spiral geometries, and section 4 describes
the experimental method. Section 5 presents and discusses
the results. We compare the magnetisation losses of straight
and spiral samples made with copper-plated multifilament
and monofilament coated conductors. Then, we separate the
measured magnetisation loss into frequency-independent and
frequency-dependent components and examine their detailed
characteristics. The former component primarily corresponds
to hysteresis loss, whereas the latter component includes coup-
ling and eddy current losses. Finally, section 6 presents our
conclusions.

2. Spiral geometry of copper-plated multifilament
coated conductor to decouple filaments

A method that is equivalent to twisting in LTS wires to reduce
coupling time constants [29, 30] is required to reduce magnet-
isation losses effectively in practical long copper-plated mul-
tifilament coated conductors.

Figure 3(a) shows a schematic side view of the coupling
currents in a spiral copper-plated multifilament coated con-
ductor. D and L, denote the diameter and pitch of the spiral
coated conductor, respectively:

L, — D )

 tana

where « is the angle between the coated conductor and the core
axis. As shown in this figure, when the spiral copper-plated
multifilament coated conductor is subjected to an ac transverse
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Figure 3. Schematic view of coupling currents in a spiral
copper-plated multifilament coated conductor: (a) side view and
(b) the coated conductor unwound and put on a flat plane.

magnetic field, the coupling current is confined to every half
spiral pitch, because the orientation of the tape (coated con-
ductor) faces against the magnetic field is inverted every half
spiral pitch. In figure 3(b), we unwind the spiral copper-plated
multifilament coated conductor and put it on a flat plane.
In terms of coupling currents, figure 3(b) is equivalent to
figure 3(a), where L, denotes the length of the section of the
coated conductor corresponding to a single spiral pitch Ly:

5 L, 7D
= D [2=—" = .
Ly (mD)”+ P cosa  sina

@)

Because the length of the coupling current L. is restricted to
Ly1/2 as shown in figure 3(b), the coupling time constant,
which is proportional to the square of its length in principle, is
proportional to the square of L,,; /2. Whereas the coupling cur-
rent expands to the entire length L; in a straight copper-plated
multifilament coated conductor, as shown in figure 4(a), it is
confined to each half pitch L, /2 and is independent of L in a
spiral copper-plated multifilament coated conductor, as shown
in figure 4(b). This is the principle by which the spiral geo-
metry reduces the coupling time constant and decouples fila-
ments [21].

3. Coated conductors used in experiments and
spiral geometries

Furukawa Electric Co., Ltd. and SuperPower Inc. fabricated
the coated conductors used in the experiments. A schem-
atic cross section is shown in figure 5. Their 30 pm thick
HASTELLOY® substrate allows us to wind them on core with
small diameters. The superconductor layer with a silver pro-
tective layer was striated by a laser to form filaments, covered
with an additional silver layer, and subsequently plated with
copper. The striations between the superconductor filaments
were filled with copper. The superconductor filaments were
connected electrically by the copper filled in the striations
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Figure 4. Coupling currents in copper-plated multifilament coated
conductors: (a) straight coated conductor, in which coupling current
expands to its entire length L; and (b) spiral coated conductor, in
which coupling current is confined to each half pitch L, /2 and is
independent of L.

Superconductor filament Silver

! | i
Substrate Striation  Plated copper

Figure 5. Schematic cross section of copper-plated multifilament
coated conductor.

between them and by the copper covering them. We prepared
variations of multifilament coated conductors and reference
monofilament coated conductors, whose detailed specifica-
tions are listed in table 1. Comparing the critical currents of
the monofilament coated conductors (B2-a2, B3-al, and B3-
a2) with multifilament coated conductors (the others), we find
that the losses of critical currents by striation are at an accept-
able level.

We wound each coated conductor listed in table 1 spirally
on a round glass fibre-reinforced plastic core with a diameter
D, of 3 or 5 mm, so that the superconductor layer and the sub-
strate of the coated conductor face inside and outside, respect-
ively. This orientation is favourable for preventing critical cur-
rent degradation, as reported for CORC wires [23], which use
coated conductors with the same substrate thickness (30 pm)
and a core diameter of 2.5 mm. We measured the critical cur-
rent of a monofilament coated conductor wound spirally on
3 mm core with o of 55° and confirmed that the critical cur-
rent was not degraded by the winding. Because the number of
layers is one, we assume that D in equations (1) and (2) is equal
to D.. The specifications of the spiral copper-plated coated
conductors for magnetisation loss measurements are listed in
table 2 together with those of the reference straight copper-
plated coated conductors. The pictures of spiral copper-plated
multifilament coated conductors are shown in figure 6.

4. Experimental method

We measured the magnetisation losses O, of the samples
cooled in liquid nitrogen (77 K) using our ac loss measure-
ment systems, the schematic of which is shown in figure 7
[16, 31, 32]. Note that we describe magnetisation loss using
the energy dissipated in the unit length of a coated conductor
per cycle of magnetic field change, whose unit is J m~'. AC
transverse magnetic fields with sinusoidal waveforms were
applied to a sample using a copper magnet, and the magnet-
isation losses were measured using a pickup coil [31]. The
empty compensation coil, whose geometry is identical to that
of the pickup coil, was connected in series to the pickup coil to
suppress the inductive voltage component. We conducted two
types of experiments using two ac loss measurement systems
with different operational conditions.

In most of the experiments reported in this paper, the amp-
litude of the applied magnetic field poH., was varied from 1 to
100 mT, but its frequency f was discrete (13.38, 26.62, 65.44,
and 112.5 Hz), because capacitors were used to compensate
for the large inductive voltage of the magnet.

In another experiment, poH,, was fixed at 0.15 mT, and
f was varied continuously up to 20 kHz. In such a low-field
region, the hysteresis loss Qy,, which is proportional to H,?, is
negligible, and the coupling loss Q. is dominant. In general,
the coupling loss per cycle of the sinusoidal field change is
expressed as follows:

H? 27T,
QC:AL{MOZm' fzc ’
2afre) +1

3

where A/ and 7. are a geometry factor determined by the con-
ductor geometry and the coupling time constant, respectively
[29, 30, 33]. Note that the unit of A/ is m?, because the unit of
Q. is Jm™!.If Q. is plotted against f, it reaches its peak at the
frequency f.:

fe=1/27T. %)
In this study, we refer to this as the characteristic frequency.
Filaments decouple electromagnetically at frequencies that are
sufficiently low compared to the characteristic frequency f..
By fitting equation (3) to the measured Q,,—f plot of a sample,
which is approximately Q.—f plot, we can determine both 7
and A, of the sample using the least-squares method.

5. Results and discussion

5.1 Effect of spiral geometry on the reduction of
magnetisation losses in copper-plated multiflament coated
conductors

In this subsection, we compare the magnetisation losses of
straight and spiral copper-plated multifilament and monofil-
ament coated conductors.

Before comparing their magnetisation losses directly, we
compare their coupling time constants 7., which we determ-
ined experimentally. As an example, we plot the measured
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Table 1. Specifications of coated conductors used in experiments.

Coated conductor Conductor Substrate Number of Copper thickness  Critical current
type width (wy) thickness (fsup) filaments (nf)  Filament width (wy)* per side (tcu)® (I18%

B2-a2 4 mm 30 pm 1 4 mm 20 pm 176.7 A

B2-bl 4 mm 30 pm 5 0.8 mm 40 pm 1733 A
B2-b2 4 mm 30 pm 5 0.8 mm 20 pm 171.1 A

B2-b3 4 mm 30 pum 5 0.8 mm 10 pm 165.9, 166.4 A
B2-cl 4 mm 30 pm 10 0.4 mm 40 pm Not available
B2-c2 4 mm 30 pm 10 0.4 mm 20 pm 154.0 A

B3-al 2 mm 30 pm 1 2 mm 40 pm 67.8 A

B3-a2 2 mm 30 pum 1 2 mm 20 pm 69.1 A

B3-bl 2 mm 30 pm 3 0.67 mm 40 pm 354 A

B3-b2 2 mm 30 pm 3 0.67 mm 20 pm 40.2 A

B3-cl 2 mm 30 pm 5 0.4 mm 40 pm 338 A

2wy is given as w; divided by n.
b Copper covers the entire periphery of each coated conductor.

¢ These values were measured at 77 K at SuperPower Inc. The separation of the voltage taps is 3.1 m, and the criterion of the critical current is 100 £V m™".

1

Table 2. Specifications of spiral copper-plated coated conductors and reference straight copper-plated coated conductors for magnetisation

loss measurements.

Conductor
Coated Conductor (tape) length Number of
conductor (tape) Core Spiral Spiral corresponding conductors  Critical current
type length (/) diameter (D.) angle (o) pitch (Lp) to Lp/2 (Lp1/2) (tape) (ny) )?
Spiral copper-plated coated conductor
B2-a2 174 mm 3 mm 55° 6.60 mm 5.75 mm 1 1734 A
B2-bl 174 mm 3 mm 55° 6.60 mm 5.75 mm 1 167.4 A
B2-b2 174 mm 3 mm 55° 6.60 mm 5.75 mm 1 158.4 A
B2-b3 174 mm 3 mm 55° 6.60 mm 5.75 mm 1 161.5 A
B2-cl 174 mm 3 mm 55° 6.60 mm 5.75 mm 1 140.6 A
B2-c2 174 mm 3 mm 55° 6.60 mm 5.75 mm 1 168.6 A
B3-al 174 mm 3 mm 55° 6.60 mm 5.75 mm 2 67.6,67.9 A
B3-a2 174 mm 3 mm 55° 6.60 mm 5.75 mm 2 72.3,70.3 A
B3-bl 174 mm 3 mm 55° 6.60 mm 5.75 mm 2 42.1,42.7 A
B3-b2 174 mm 3 mm 55° 6.60 mm 5.75 mm 2 59.6,55.7 A
B3-cl 174 mm 3 mm 55° 6.60 mm 5.75 mm 2 393,382 A
B2-a2 174 mm 5 mm 55° 11.0 mm 9.59 mm 2 176.7,176.1 A
B2-bl 174 mm 5 mm 55° 11.0 mm 9.59 mm 2 167.2,161.6 A
B2-b2 174 mm 5 mm 55° 11.0 mm 9.59 mm 2 159.5, 1609 A
B2-b3 174 mm 5 mm 55° 11.0 mm 9.59 mm 2 173.4,170.1 A
B2-cl 174 mm 5 mm 55° 11.0 mm 9.59 mm 2 137.6, 1404 A
B2-c2 174 mm 5 mm 55° 11.0 mm 9.59 mm 2 162.6, 1574 A
Straight copper-plated coated conductor
B2-a2 150 mm N/A N/A N/A N/A N/A 176.7 A®
B2-b2 150 mm N/A N/A N/A N/A N/A 171.1 A®
B2-c2 150 mm N/A N/A N/A N/A N/A 1389 A

2 These values were measured at 77 K for each coated conductor unless otherwise noted. The critical current of each spiral coated conductor was measured

before winding spirally. The criterion of the critical current is 100 zV m~1.

b These values were measured at 77 K at SuperPower Inc. The separation of the voltage taps is 3.1 m, and the criterion of the critical current is 100 £V m~!.

magnetisation losses Oy, against frequency f for the spiral 10-
filament coated conductor B2-c2 (D, = 3 mm) in figure 8
where (ioH,, was fixed at 0.15 mT. From such a plot for each
sample, we determined the coupling time constant 7. and the
geometry factor A/ for the sample using the method explained
in section 4. Table 3 lists 7, f, and A/ of the spiral and straight
5-filament coated conductors B2-b2 and 10-filament coated

conductors B2-c2. As listed in tables 2 and 3, the conductor
length L, of the straight coated conductors was 150 mm, and
that of the spiral coated conductors was 174 mm. The exper-
imentally determined coupling time constants 7 of the spiral
copper-plated multifilament coated conductors are much smal-
ler than those of straight copper-plated multifilament coated
conductors, even though L; of the spiral conductors is larger
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(a)
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Figure 6. Pictures of spiral copper-plated multifilament coated
conductors: (a) one 4 mm wide coated conductor wound spirally on
a 3 mm core and (b) two 4 mm wide coated conductors wound
spirally on a 5 mm core.
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Figure 7. Schematic view of ac loss measurement system, with
which we measured magnetisation losses at 77 K [16, 31, 32].

than that of the straight conductors. In straight copper-plated
multifilament coated conductors, L; determines their coupling
time constants, which are proportional to the square of L; [16].
Meanwhile, in spiral copper-plated multifilament coated con-
ductors, Lp1/2 (=5.75 and 9.59 mm when D = 3 and 5 mm,
respectively) determines their coupling time constants, which
are much shorter than L; (=174 mm) and independent of L.
In figure 9, we compare the magnetisation losses of various
straight and spiral copper-plated coated conductors (monofila-
ment B2-a2, 5-filament B2-b2, and 10-filament B2-c2, all with
20 pm thick copper) subjected to an ac transverse magnetic
field whose amplitude poHy, is 100 mT and frequency f is
65.44 Hz. Looking at the magnetisation losses of the straight
coated conductors, the magnetisation losses of the monofila-
ment coated conductor (B2-a2, with ny = 1) and multifilament
coated conductors (B2-b2 with ny = 5, and B2-c2 with ny = 10)
are almost the same. Filaments coupled electromagnetically
in the straight B2-b2 and the straight B2-c2 at 65.44 Hz,
which was remarkably larger than their f. (7.91 and 10.3 Hz,
respectively). Because coupled filaments behaved as a mono-
filament, the magnetisation losses of the straight B2-b2 and
the straight B2-c2 at 65.44 Hz were at the same level as that of

1x10°, — R
rB2-c2 w, =4 mm, n;= 10, w;=04 mm -- -+
tey = 20 pm, D =3 mm T

I

100000

Figure 8. Measured magnetisation losses QOn, plotted against
frequency f for the 10-filament coated conductor B2-c2
(D¢ = 3 mm).

the monofilament coated conductor B2-a2. In practical applic-
ations, coated conductors are much longer than 150 mm, and
magnetisation losses cannot be reduced using straight copper-
plated multifilament coated conductors. On the contrary, when
comparing spiral coated conductors, the magnetisation loss
decreases with increasing number of filaments 7, that is, with
decreasing filament width w¢. The magnetisation loss of the
spiral 10-filament coated conductor B2-c2 is approximately
15% of that of the spiral monofilament coated conductor B2-
a2. This must be due to a small 7. of the spiral B2-c2: the cor-
responding f., 4.60 kHz, is much higher than the frequency
of the applied magnetic field, 65.44 Hz. The reason for Q,, of
the spiral monofilament coated conductor B2-a2 being smal-
ler than Qy,, of the corresponding straight monofilament coated
conductor B2-a2 could be the rotation of the tape face against
the magnetic field in the spiral case. Because the magnetisation
loss of a coated conductor is dominated by the applied mag-
netic field component normal to the tape face [34, 35], the rota-
tion of the tape face in a spiral coated conductor could reduce
the magnetisation loss. Finally, note that the magnetisation
loss of the spiral 10-filament coated conductor B2-c2 is only
7% of that of the straight 10-filament coated conductor B2-c2
as well as that of the straight monofilament coated conductor
B2-a2. This magnetisation loss reduction could be effective in
longer multifilament coated conductors, because their coup-
ling time constants are determined by the spiral pitch and inde-
pendent of the overall length.

5.2. Magnetisation losses of a typical spiral copper-plated
multiflament coated conductor and separating into hysteresis
losses and frequency-dependent loss components

Figure 10 shows the measured magnetisation losses Qy, of
the spiral 10-filament coated conductor B2-c2 (D, = 3 mm),
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Table 3. Coupling time constant 7, characteristic frequency f. (=1/277.), and geometry factor A; of straight and spiral copper-plated

multifilament coated conductors.

Straight Spiral
Conductor (tape) length /; 150 mm 174 mm
Core diameter D, N/A 3 mm
Spiral angle o N/A 55°
B2-b2 Conductor width wy = 4 mm, number of filaments ny = 5, copper thickness per side ¢, = 20 pm
Coupling time constant 7 20.1 ms 47.3 us
Characteristic frequency fc 7.91 Hz 3.36 kHz
Geometry factor A, 6.45 x 107 m? 2.80 x 107° m?
B2-c2 Conductor width wy = 4 mm, number of filaments ny = 10, copper thickness per side fc, = 20 um
Coupling time constant 7 15.4 ms 34.6 us
Characteristic frequency fc 10.3 Hz 4.60 kHz
Geometry factor A/ 7.94 x 107> m? 3.19 x 107° m?

0.1
toH,, =100 mT, = 65.44 Hz

w, =4 mm, /., =20 um

Straight
L,= 150 mm

Spiral D, =3 mm
L,=174 mm

Figure 9. Magnetisation losses of various straight and spiral
copper-plated coated conductors subjected to an ac transverse
magnetic field whose amplitude poHm is 100 mT and frequency f is
65.44 Hz. ny denotes number of filaments, D, denotes core diameter,
and L, denotes the length of the coated conductor, respectively.
Coupling time constants of the spiral multifilament coated
conductors whose number of filaments n¢ are 5 and 10 are 47.3 and
34.6 us, respectively, whereas those of the straight multifilament
coated conductors whose number of filaments n¢ are 5 and 10 are
20.1 and 15.4 ms, respectively.

which are plotted against field amplitude poH,,. Here, we
provide several analytical values for hysteretic magnetisation
loss. The hysteresis loss in the coupled-filaments coated con-
ductor is given as the hysteresis loss in a superconductor strip
(or the monofilament coated conductor) with the same width
and the same critical current [36]:

1x10"

B2-c2

1x 107

] e f=1338Hz
| m f=2662Hz

“Ha f=6544Hz
o [=1125Hz
100

Figure 10. Measured magnetisation losses O of the spiral
10-filament coated conductor B2-c2 (D, = 3 mm) plotted against
field amplitude poHm, together with analytical values of Brandt and
Indenbom given by equations (5)—(9).

H,
Ogr, = powdcHpng (Hm>
C

) () o

g(x) = (2/x)In(coshx) — tanhx,

where,

(6)

H.= C/’ITW[, (7)

wy is the width of the coated conductor, and /. is the critical
current of the coated conductor. Assuming that the filament
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width wy and the critical current of each filament are w/nys
and I./n¢, respectively, the hysteresis loss in the decoupled-
filaments coated conductor is given as:

H,.) w2 H, H,
2 2
— m) T
1
X ( = QBI,t) . (8)
ng

Considering the rotation of the tape face in a spiral coated
conductor mentioned in section 5.1, Ogy; and nfQOpr¢ can be
reduced as follows:

/2 /2

2 1
) /0059d9 QBI,L:;QBI,U T/Q/COSGd@ n¢QOgr, ¢
0

2
= —ntOgl,t- 9)
™

These analytical values are plotted in figure 10. When
LoHy, 1s high (higher than 20 mT, for example), the measured
magnetisation losses Oy, are almost independent of frequency
and are dominated by hysteresis losses. In this high field
region, the measured Qp, almost follows n¢Qgy s and %anBLf,
rather than Qpy ¢ and %QBL[ evenatf = 112.5 Hz. These exper-
imental results clearly show that spiral geometry can decouple
filaments and reduce magnetisation losses. When pigHp, is low
(lower than 20 mT, for example), frequency-dependent coup-
ling and/or eddy current losses may increase the measured Q.

In figure 11, we plot the measured magnetisation losses Op,
of the spiral 10-filament coated conductor B2-c2 (D, = 3 mm)
against frequency f (symbols at 13.38, 26.62, 65.44, and
112.5 Hz) where poHpn = 35, 10, 20, 50, and 100 mT. The meas-
ured Qp, apparently shows frequency dependence. By fitting
equation (10) to the measured Qp,—f plot shown in figure 11 to
determine the values of Oy, and k, we can separate the measured
magnetisation loss into frequency-independent and frequency-
dependent components:

Om = On + kf; k is a constant (10)

where Oy is the frequency-independent component, which is
indeed the hysteresis loss, and kf is the frequency-dependent
component, which contains the coupling loss and eddy current
loss. In the following, kf is denoted as Qy,—Qn. The curves in
figure 11 are given by equation (10), with Oy, and k determined
by the fitting.

5.3. Hysteresis loss characteristics

Here, we compare the hysteresis losses Oy of various
spiral copper-plated multifilament coated conductors listed in
table 2. As shown in table 2, the critical currents of the samples

1x107
B2-c2 w, = 4mm nf 10 wf
C" 20 pm, D =3 mm
1x107 :‘ 5555 J ;
,c.tOHm = lOO mT
X 10>
g
A 1x10"
1x10°
1x10°% ARG i L1

1 10 100 1000

J (Hz)

Figure 11. Measured magnetisation losses Qn, of the spiral
10-filament coated conductor B2-c2 (D. = 3 mm) plotted against
frequency f (symbols at 13.38, 26.62, 65.44, and 112.5 Hz) where
poHm =5, 10, 20, 50, and 100 mT, together with fitted curves by
equation (10): Om = On + kf; k is a constant.

were not always the same. To eliminate the influence of the
difference in the critical currents, Qy, is normalised by the fol-
lowing Qy:

2 2
Hy) mwe w
(HoHm)mw”. o ,wo =4 mm,
Ho Wi

Qo = 1D
and, then, Qy, / Qo of the coated conductors with various critical
currents are compared with one another. Ideally, the hysteresis
loss per unit length in two pieces of decoupled 2 mm wide
superconductor strip is half of that in one piece of 4 mm wide
superconductor strip. The factor 3 is included to represent this
relationship. Consequently, the normahsed analytical values
Qg1 and nQp; ¢ are given as follows:

H, H,
QBI,t/QO = {8 <H> / <H>} ::; wo =4 mm, (12)
_ 1
= ;fQBI,t/QO

Lo () / (o)} 2,

Using this normalisation, when we plot Qgr ¢/ Qo or n¢Qgi ¢/ Qo
against Hy,/H., the plots for conductors with different crit-
ical currents but with identical geometries agree with each
other. The normalised hysteresis loss Qgi/Qo of two pieces
of coated conductor whose width w; is 2 mm becomes half
of Qg1,/Qp of one piece of coated conductor whose width w;
is 4 mm. The normalised hysteresis loss n¢Qpy s/ Qo of the n¢-
filament coated conductor is reduced to 1/n¢ times that of the
monofilament coated conductor Qg /Qo.

ntQgrr/ Qo

=4 mm.

13)
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Figure 12. Normalised hysteresis losses of various spiral copper-plated coated conductors and analytical values plotted against normalised
magnetic field Hm /H. where 1/Qy is omitted in labels in the figures to save space: (a) D, = 3 mm and (b) D, = 5 mm.

In figure 12, we plot the normalised hysteresis losses of
various spiral copper-plated coated conductors and analytical
values against the normalised magnetic field Hy,/H,, where
we fix the coated conductor width w; at 4 mm and vary
the filament width wy (number of filaments n¢) and the cop-
per thickness fcy. D is 3 mm in figure 12(a) and 5 mm in
figure 12(b). Here, we focus on a high-field region, which is
interesting from the viewpoint of practical applications. When
Hpn/H: > 1, normalised measured hysteresis losses Qn/Qp
nearly follow the normalised %anBLf/ Qo, and 0y/Qp of a
coated conductor whose wy is 0.4 mm are about half the O,/ Qo
of a coated conductor whose wy is 0.8 mm. These results
show the effect of decreasing the filament width to reduce
hysteresis loss. Note that Qn/Qp is almost independent of
the copper thickness tcy: On/Qp of coated conductors with
an identical wy but with different 7, are almost at the same
level.

In figure 13, we plot the normalised hysteresis losses On/Qo
of spiral copper-plated coated conductors with various wy, wg
(nf), tcy, and D, against filament width we. On/Qp is almost
proportional to the filament width.

5.4. Characteristics of frequency-dependent loss
components

Next, we examine the frequency-dependent loss components.
Figure 14 shows the frequency-dependent loss components
Om—0h of various spiral copper-plated multifilament coated
conductors plotted against frequency f when pogHy, = 50 mT.

D, is 3 mm in figure 14(a) and 5 mm in figure 14(b). The sym-
bols represent the experimentally determined Q,—Qy, and the
lines associated with the symbols are given by kf in equation
(10), with k determined by fitting to the measured Qy,. The
proportionality of O,—Oy, to f is reasonable, because Oy,—0On
consists of the coupling loss Q. and eddy current loss Q., both
of which are proportional to frequency f when f is much smal-
ler than f.. In the figure, we also plot the eddy current loss
Qe.num. Which was calculated numerically for spiral copper
strips whose geometries are the same as those of the spiral-
coated conductors. We calculated the eddy current losses in a
spiral copper tape with a thickness and resistivity of 20 ym
and 2 x 10~° Qm, respectively. Then, we multiplied by two
to obtain Q. num, because both sides of a tape-shaped coated
conductor are plated with copper. The calculated eddy cur-
rent 1oss Qe num 1S substantially smaller than the experimentally
determined O,,—QOh, and it is acceptable to assume that Oy, —QOp
is dominated by the coupling loss Q..

In figure 15, On—0Oy, is plotted against the copper thick-
ness tcy. It is natural that Q,,—Qy increases with increas-
ing copper thickness #¢,, because the copper thickness fc,
naturally increases the coupling loss and eddy current loss.
The dependence of Qp,—Qy (dominated by coupling loss
Q) on the copper thickness 7c, and our previous study on
coupling time constants [21] suggest that copper resistivity
dominates the transverse resistance. Therefore, it should be
noted that coupling time constant and, then, coupling loss
may increase with decreasing temperature because of the
temperature dependence of the resistivity of copper. We have
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Figure 13. Normalised hysteresis losses Qn/Qo of spiral copper-plated coated conductors with various wy, wr (n¢), fcu, and De plotted

against filament width wy.

Wy (mm) N We (mm) ey (um) w, (mm) g Wi (mm) |7, (Hm)
——e---|B2b1| 4 5 0.8 40 o |B2bl| 4 5 038 40
—B-|B2b2| 4 5 08 20 ---B---[B2-b2| 4 5 08 20
---A---|B2-b3 4 5 0.8 10 ---A---|B2-b3 4 5 0.8 10
—e—|B2-cl 4 10 0.4 40 —e—|B2-cl 4 10 04 40
—a—(B2-c2 4 10 0.4 20 —&—(B2-c2 4 10 0.4 20
3)(10-3’—' T T T T T | LA 5)(1()-3 T T I I | T
D,=3mm | D,=5mm 4
=50mT - =50mT ’
Kol 4x10° | Hof .
| o |
~ 2x10° 1 -~ .
' ‘s 3x10°1 -
o i or i o’ -
! l_o2x10° .0 o it
3 Lot .
S1x10 < | i N i
AT 3 . B - -
’ T 1x107 o A —
e Qmmm (2? MIHXZ) = ': '::"--' Qeuum (20 ]JIIIXQ) B
--------- - ) o=
0 1-—‘1'["1-1_1 | Lo | 0 = =+ ==F==~ 77" [ 1
0 50 100 160 0 50 100 150
f(Hz) [ (Hz)
(@) Do =3 mm (b) D =5 mm

Figure 14. Frequency-dependent loss components Om—Q of various spiral copper-plated multifilament coated conductors plotted against
frequency f when poHm = 50 mT where symbols representing experimentally determined Om—Qh, and the lines associated with the
symbols representing kf in equation (10), with k determined by fitting to the measured QOn: (a) Dc = 3 mm and (b) D. = 5 mm.
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Figure 15. Frequency-dependent loss component Om—Qy plotted
against copper thickness #cy.

to consider this temperature dependence of coupling time con-
stant (characteristic frequency) when we operate the coil using
the SCSC cable at a low temperature such as 4.2 K.

In figure 16, we plot O,—Qy against core diameter D..
The coupling time constant 7. [21] and geometry factor A/
decrease with decreasing core diameter D., as listed in table 3.
Considering equation (3), it is understandable that Q,,—Qy,
which is dominated by the coupling loss Q., also decreases
with decreasing core diameter D.. The crosses in the figure
show the coupling losses Q. of the spiral 10-filament coated
conductor B2-c2 (t¢, = 20 pum) calculated using equation (3)
together with 7. and A/ listed in table 3. Their dependence
on the core diameter D, qualitatively agrees with that of the
measured values.

5.5. Comparison between hysteresis loss and
frequency-dependent loss component

First, in figure 17(a), we compare the hysteresis loss Oy, and the
frequency-dependent loss component Q,,—Qy, of the spiral 10-
filament coated conductor B2-c2 (D, = 3 mm), which are plot-
ted with symbols against field amplitude jioHy,. In this spiral
coated conductor with a 3 mm core, the hysteresis loss is lar-
ger than the frequency-dependent loss component, which is
dominated by the coupling loss. In the figure, the dash—dot—
dash line represents nrQg; ¢ given by equation (8), the broken
line represents %anBLf given by equation (9), and the solid
line represents Q. calculated using equation (3) together with
7. and A/; listed in table 3. The experimentally determined Qy,
agrees well with the hysteresis loss of the decoupled-filaments
multifilament coated conductor %anBLf considering the rota-
tion of the tape face against the field direction. The exper-
imentally determined Q,,—Qy agrees well with the coupling

1 X 1072 I ‘ I | I ‘ T T T
| wy=4mm, n,=5, w,= 0.8 mm i
MH  =100mT, f=65.44 Hz
| o fe, =40 pm |
_ | B £, =20 pm 7
D Ll A [, =10 pm ,—» X i
= Cu
gf 5x10° - Q, calculated from 7, and 4 ' —
| tCu =20 Hm H i
Qf:
L o A i
L = |
A
0 \ | \ 1 | 1 | |
0 1 2 3 4 5 6
DC (mm)

Figure 16. Frequency-dependent loss component Qn—Q plotted
against core diameter D, together with Q. of the spiral 10-filament
coated conductor B2-c2 (fc, = 20 pm) calculated by using equation
(3) together with 7 and A/ listed in table 3.

loss Q. calculated using equation (3) together with 7. and A/
listed in table 3.

Figure 17(b) shows similar plots for the spiral 10-filament
coated conductor B2-c2 (D, = 5 mm). In this conductor, the
hysteresis loss and the frequency-dependent loss component
are at almost the same level. The larger core diameter could
increase the coupling loss. In this figure, again, the hysteresis
loss agrees well with %anBLf calculated using equation (9),
whereas the frequency-dependent loss component is approx-
imately two-thirds of Q. calculated using equation (3) together
with 7. and A/ listed in table 3. This error may be attribut-
able to various uncertainties in the measurements as well as to
fitting.

The experimental results suggest that we can estimate the
hysteresis loss and coupling loss of an SCSC cable using
equations (9) and (3) together with experimentally determined
7. and A/. When using these equations to estimate the entire
magnetisation loss of an SCSC cable, we must consider the
following points:

o The hysteresis loss and coupling loss of the equations show
different dependences on the amplitude and frequency of the
applied magnetic field. Therefore, considering the expec-
ted amplitude and frequency of the applied magnetic field,
we must identify which loss component is dominant when
designing a copper-plated multifilament coated conductor.
In addition to the geometry of a coated conductor, its crit-
ical current density and its transverse resistance between fil-
aments influence its hysteresis loss and its coupling loss,
respectively. In contrast, the critical current density and
transverse resistance do not influence the coupling loss and
hysteresis loss, respectively.
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Figure 17. Hysteresis loss Oy and frequency-dependent loss component Om—Qh of the spiral 10-filament coated conductors B2-c2
(tcu = 20 pm) plotted with symbols against field amplitude fioHm, together with dash—dot—dash line representing n¢Qgr ¢ given by equation

(8), broken line representing %anBLf given by equation (9), and solid line representing Q. calculated by using equation (3) and 7. and A!

listed in table 3: (a) D = 3 mm and (b) D, = 5 mm.

6. Conclusions

When a spiral copper-plated multifilament coated conductor,
whose filaments are connected electrically by the copper layer,
is subjected to an ac transverse magnetic field, its spiral
geometry decouples filaments electromagnetically and effect-
ively reduces its magnetisation loss. When a 4 mm wide, 10-
filament coated conductor with 20 zm thick copper was wound
spirally on a core whose diameter was 3 mm, the coupling time
constant was 34.6 us. Its magnetisation loss was only 7% of
that of the same 10-filament coated conductor with a straight
shape when they were subjected to an ac transverse mag-
netic field whose amplitude and frequency were 100 mT and
65.44 Hz, respectively. Because the coupling time constant is
determined by the spiral pitch and is independent of the overall
length of the coated conductor, the magnetisation loss reduc-
tion using spiral geometry is effective in long coated conduct-
ors in practical applications as well. The measured magnetisa-
tion loss of a spiral copper-plated multifilament coated con-
ductor can be separated into a hysteresis loss and frequency-
dependent loss component, which is mainly attributable to the
coupling loss. The former can be reduced by decreasing the
filament width, whereas the latter can be reduced by decreas-
ing the copper thickness and core diameter. When designing a
low-loss spiral copper-plated multifilament coated conductor
such as the SCSC cable, we must identify which loss compon-
ent is dominant, considering the operational conditions and
the critical current density, which influences the hysteresis
loss, and then we must choose proper conductor parameters
such as filament width and copper thickness. Although their
low engineering current density is a drawback of spiral coated
conductors such as the SCSC cables and the CORC® wires,
it can be increased by winding coated conductors with thin-
ner substrate or those like STAR wires on cores with smaller

diameters. Because the smallest filament width in this study
(400 pm) is still much larger than the filament diameters of
LTS wires, the ac loss could be much larger than LTS wires.
However, the SCSC cables are still useful, because coated con-
ductors have much larger temperature margins than those of
LTS wires and can be operated at higher temperatures at which
cooling systems are more efficient.
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