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Abstract- AC losses in power transmission cables comprising
coated conductors could be potentially small. A strategy to
approach their potentially small AC loss was studied. AC losses in
mono-layer conductors for cables were calculated numerically in
order to show the principle for AC loss reduction: use ofnarrower

: coated conductors and/or decrease in space between conductors
, reduce the magnetic field component perpendicular to the wide

face of coated conductors, and they are effective for AC loss
, reduction. This principle was confirmed experimentally by using
.. short mono-layer conductors. Based on the principle, I

kArms-class three-layer conductors were fabricated, and AC loss
of 0.054 Wm at I kArms was achieved. The influence of a
magnetic substrate on the AC losses in a single coated conductor

r' and a mono-layer conductor for a cable was studied numerically.

Indsv Terms- AC loss, coated conductors, superconducting
, cables, YBCO

I. INTRODUCT10N

Conductors

E‐ 1

superconducting cylinder whose thickness is the same as the
thickness ofthe superconductor layer ofthe tapes [10], the AC
loss energy of the cable per unit length per cycle is

eMs = fu{ r- ! r)!, * z( r !' n)r"[,, -{r)i, (r)
,*' l\ Ic )1" \ 1" ' ( r" ))'
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:loss reduction is critical for its conlmercialization.PotentiaHy,

AC losses in power transmission cables comprising coated
,conductors could be small because of a thin superconductor
Iayer in coated conductors; further, cables comprising
:superconducting tapes have aimost circular magnetic field lines.
When the magnetic field is parallel to the wide face of the thin
Iayer of a superconductor, its AC loss is small [9]. On the basis
of the mono-block model where a mono-layer polygonal
assembly of superconducting tapes is approximated to a thin
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peak value of the

Here, D1 and Dz are the outer and inner diameters of the
superconducting cylinder, respectively. The AC loss power per
unit length, P1rs, is defined as Qvr{, where/is the frequency of
the current. For example, when D1 : 20 mm, Dz: 20 mm -
0.002 mm, the critical current density J": J x 1010 A/m2 11" :

r { (Dr /2)2 - (D212)2}J" :  1885 A),andI , t  \=0.7 ( t r= 1319 A),
PNB: 8.126 x l0r Wm. The actual AC loss is much larger
than this ideal value of Ppls because of many non-ideal factors.

The objectives of this study are showing a strategy to
approach potentially small AC loss in power transmission
cables comprising coated conductors and demonstrating the AC
loss reduction experimentally. We assume that a uniform
current distribution between layers is attained in multiJayer
cables by pitch adjustment. First, we point out the importance
of reducing the magnetic field component perpendicular to the
wide face of the coated conductors in order to reduce the AC
loss; AC losses in mono-layer conductors for cables with
various cross-sectional configurations are calculated
numerically in order to show the principle of AC loss reduction.
This principle is confirmed experimentally by using a couple of
short mono-layer conductors. Based on this principle, 1
kArms-class multi-layer conductors are designed and
fabricated to demonstrate the AC loss reduction. Finally, the
influence of a magnetic substrate on the AC losses in cables is
studied numericallv.

where d is the critical current, d is the
transport current, and ft is defined as

, o? -n1
n=--- : .

Di (2)
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II. REDUcTIoN IN PERPENDIcULAR MAcNETIc FILED
CovpoNr,Nr nND AC LoSSES

The AC loss due to the magnetic field component parallel to
the wide face of coated conductors (parallel magnetic field
component) is so small that the AC loss generated by a small
but finite magnetic field component perpendicular to the wide
face of coated conductors (perpendicular magnetic field
component) should dominate the AC loss in coated conductors
which compose a conductor for the cable. Therefore, the
reduction in the perpendicular magnetic field component is a
key for the AC loss reduction. In this section, we focus on
mono-layer conductors for a cable to show a method to reduce
the perpendicular magnetic field component for reducing AC
losses.

A. Numerical Calculation of AC Losses in Mono-Layer
Conductors

The electromagnetic field of a coated conductor in
meno-layer conductors was numerically analyzed to calculate
its AC loss. The analysis was performed in a cross section of a
coated conductor by the finite element method. In the analysis,
both the perpendicular and parallel magnetic field components
were taken into consideration. The superconducting property is
given by the power law electric field - current density (t-4
characteristic

where J. is the critical current density and Ee = I x l0{ V/m

[l]. The AC losses can be calculated from the temporal
evolution of the current density and electric field. In the
numerical analysis, we varied a cross section of a mono-layer
conductor with a polygonal rather than a perfectly circular
shape; the conductor is an assembly of flat coated conductors
with finite space befween coated conductors, as shown in Fig. l.
We varied the number of coated conductors in a mono-layer
conductor and the space between coated conductors, which
could influence the magnitude of the perpendicular magnetic
field component. Tlie specifications of the mono-layer
conductors are listed ia Table I. In the table, 1C-A is a standard
mono-layer conductor comprising fifteen 4 mm wide coated
conductors and others are its variations. The amplitude of the
fansport curent ofan entire mono-layer conductor, d, was kept
at 1440 A, and its frequency/was 50 Hz. The magretic flux
lines near the edge of a coated conductor are shown for lC-A,
1C-8, and lC-C in Figs. 2(a), (b), and (c), respectively. In each
figure, the dash-dot-dash line represents the center ofthe space
between conductors. As compared to 1C-A, the magnetic flux
lines are more parallel to the wide face of the conductor in lC-B
cornprising a larger number of narrower conductors with a
smaller space between the conductors. A larger magnetic flux
than that in lC-A penetrates the larger space between the
conductors in lC-C. Consequently, atthe edge ofthe conductor,
the perpendicular magnetic field component is larger in lC-C
and smaller in lC-B when compared to lC-A. The lateral

distributions of the loss power density in a conductor are shown
in Fig. 3. In Figs. 2 and,3, a larger perpendicular magnetic field
component leads to larger loss power density near the edges of
a conductor; a large loss at the edge ofa conductor dorninates
the AC loss ofthe entire conductor. In Fig. 4, the calculated AC
loss in each mono-layer conductor normalized with /.2, where 1"
is the critical current of the entire mono-layer conductor,

Fig I Schematic cross sections of conductott for cablcs:(a)mOnO_block

model,(b)a pOlygonal assembly of conductors,and(c)a pOlygonal assembly

ofconductors with large space benveen conductors

TABLE I

SPECIFICAT10NS OF MONO‐ LAYER CONDUCTORS FOR ANALYSIS
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Conductor name
o Diameter

Nurnber ofconductors

Conductor width

Superconductor layer
thickness

Space berween conductors

Total critical cunent

n value

lC―A

198 mm

15

4 mm

2μm

O.2 mnt

1800A

20

2 mm

2 μm

4  m m

2 ■l n

lC―B      IC‐ C

20 1nm     20 7 rnm

30         15

0 1 nlna    0 4 nlm

1800A    1800A

20         20

o Diameter ofinscribed circle ofassembly ofcoated conductors. These values
are used as D2 in (2).

(a)lC‐A                   (b)lC‐ B
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Fig 2 4ヽagnetic nux lines near edge ofcoatcd conductorsin i C―A,lC―B,and
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where M is the number of conductors in the mono-layer
conductor and 1"": I,/N |21. Py5 is defined as Qygf The AC
loss in 1C-B with a smaller perpendicular magnetic held is
smaller than that in lC-A, and the AC loss in lC-C with a larger
perpendicular magnetic field component is larger than that in
IC.A.

These numerical results show that a smaller conductor width
and a smaller space between conductors are effective to reduce
AC losses.

10000
0 1 2

x (mm)
Fig. 3. Lateral distributions of loss power density in I C-A, I C-8, and I C-C.
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‐Six 10 nlm wide and 300 mln 10ng cOated conductors

fabricated by the IBAD/MOCvD Inethod were preparea to

make short mono-laycr cOnductors whOse speciflcatiOns are

listed in Table Ⅱ.The lisにdc五tiёal currcnt Ofeach mono-layer

conductor is the sum ofthe measured critical current ofcoated

conductOrs composing each rnOno-laycr conductor

First,six cOated conductors were assembled on a CFRP

forrner whose diameter is 20 mm(lC― ND).All the coated
conductors were straight,not spiral,and paralleltO the axis ofa

mono‐ layer conductor. Usually,an the conductors in a cable

are connected in parallel and catt AC transport current.

However,the mono‐ laycr conductors used in the expeArnents

are so shOrt that a slight difference in the resistance be●vcen
each coated conductor and current lead easily results in a

non‐uniforrn current distribution. Therefore, the six coated

conductors were connected in sc五 es rather than paranel, and

AC current was supplied using a bipolar power supply and

transforllner. This seHes connection ensures uniforln current

distributiOn beいveen conductors, while the electromagnetic

rlcld distribudois in both the connectiOns are identical;hence,

the generated AC losses shOuld be identical.T、vO voltage taps
were attachcd to one coated conductOr to measure the AC loss;

a lead loop foF the voltage taps was wOund spirany around the

entirc mono‐layer conductor.The AC loss energy of an entire

mono-layer cOnductor per unit length per cycle is obtained as
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where d is the distance between the voltage taps, which is 100
mm in the samples; d,*,, the root-mean-square of the transport
current of the entire mono-layer conductor, which is the
product ofthe current in one coated conductor and the number
of coated conductors; %,in.*r, the root-mean-square of the loss
component of the tap voltage obtained using a lock-in amplifier.
f is 65 .44 Hz in the experiments.

Next, IC-ND was disassembled. Each coated conductor was
divided into three 3.18 mm wide conductors using a laser, and
the divided conductors were assembled on a GFRp former
whose diameter was 19.2 mm (IC-D3S). The AC loss of
1C-D3S was measured in the same manner as IC-ND.

Finally, the former of 1C-D3S was replaced with a 20 mm
former (IC-D3L). The AC loss of this mono-layer conductor

TABLE II
SPECITTATIoNs oF

Conductor name

Former diameter

Numberofconductors 6

lC‐ND    lC_D3S    iC― D3L

20 1nrn       19.2mm      20 mm

18 1 8

! t / ! c l■
| 1 1 1‐■ ■ ‐ | |‐

Πg 4 Cacmaにd AC bSSes h iC‐A:ICIIIⅢⅢlC●|||111=|||li山41,

οMB42,and O yヾ42             , ‐   _  .  ‐

Conductora width
YBCO layer thickness
Average space between

conductorS
Total critical current

318 mm   3.18 mm

lμm lμm

0 17 nlm    031 mm

10 mm

lμm

047 mm

8857A 8611A 8195A

Coated conductors *ere laminffi tape.
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Fig. 5. Measured AC losses in lC-ND, tC-D3L, and lC-D3S, Qusll,2, and
9rs/.r"-.

was also measured.
In Fig. 5, the measured losses in each mono-layer conductor

normalized with 1"2, QruBlI"', and Qp5//.2 are plotted against 1, /
/". The measured loss is smallest in lC-D3S comprising divided
conductors with a smaller space between conductors and is
largest in IC-ND comprising undivided wide conductors.
These experimental results are qualitatively consistent with the
numerical results shown in Fig. 4. It should be noted that the
measured loss of IC-ND is smaller than p11s (w = l0 mm and N
= 6), and that of 1C-D3S is smaller than p5s (w: 3.18 mm and
N : 18). In a mono-layer conductor where the coated
conductors are assembled in a polygonal shape, the self
magnetic fields ofadjacent coated conductors cancel each other,
and the magnetic field component perpendicular to the wide
face ofthe conductor decreases. Hence. the measured losses are
smaller than ONs.

III. DEMONSTRATIoN oF AC LoSS REDUCTIoN nN
Mulrr-LlveR CoNDUcroRs

Here, we assume a uniform current distribution between
layers. This is attained in practical conductors for a cable by
adjusting the spiral pitch ofeach layer.

Based on the principle for the AC loss reduction obtained in
II, two I kArms-class three-layer conductors whose
specifications are listed in Table III were designed and
fabricated using IBAD/IvIOCVD coated conductors. The listed
critical current of each layer or entire three-layer conductor is
the sum of the measured critical current of the coated
conductors composing each layer or entire three-layer
conductor. 3C-A is a three-layer conductor comprising
eighty-five 1.8 mm wide conductors, and 3C-B is a threeJayer
conductor comprising fifty-one 3.1 mm wide conductors. In
both threeJayer conductors, the length ofthe coated conductors
in the outermost layer is 240 mm, and that of the coated
conductors in the innermost layer is 400 mm, respectively. All
the coated conductors are sfraight, not spiral, and parallel to the

axis of a three-layer conductor. To ensure a uniform current
distribution befween the layers and to perform the experiments
using a power supply with limited output curent, three layers
were connected in series, and AC cufient was supplied using a
bipolar power supply and transformer. This series connection
of the tbree layers does not affect the electromagnetic field
distribution and generated AC losses. Two rings of copper
wires were soldered to all the conductors in the outermost layer.
These two rings are used as the voltage taps; a lead loop for the
voltage taps was wound spirally around the entire three-layer
conductor. The distance between two voltage taps dis 100 mm.
The AC loss energy ofan entire three-layer conductor per unit
length per cycle can be obtained using (5), where d,*. is the
transport current (ms) of the entire three-layer conductor,
which is the current in one layer multiplied by three.

In Fig. 6, the measured loss in each threeJayer conductor and
Py5 are plotted against 1,,*r. Since the experiments were
performed at f : 65.44 Hz and 50 Hz, the AC loss values were
converted to the values at 50 Hz so that they could be plotted in
one figure. The AC loss of 0.054 Wm at I kArms attained in
3C-A is the lowest ever reported AC loss in conductors for
superconducting power transmission cables. In Table IV, the
measured AC losses of 3C-A, 3C-8, and a couple of cables
made with BSCCO multifilamentary tapes are compared with
each other at /t,-, = I kArms [], [3]. The AC loss in BSCCO
cable BiC-l is 0.09 Wm, but it should be noted that its
diameter is considerably larger than the diameter of 3C-A or
that of 3C-B. BiC-2 has almost the same diameter as 3C-A and
3C-8, but its AC loss is considerably larger than the AC losses
of 3C-A and 3C-B. In Fig. 6, the measured losses in three-layer
conductors are larger than PNs, whereas the measured losses in
mono-layer conductors are smaller than Q55 as shown in Fig. 5.
In multi-layer conductors, the coated conductors in the outer
layer are exposed to the magnetic field generated by the current
in inner layers. This magnetic field increases the AC loss in

TABLE III
SPECIF'CATIoNS oF T s

Conductor name

Outer diameter

Inner diameter oflayer I

Inner diameter oflayer 2

Inner diameter oflayer 3

Conductor number of layer I

Conductor number of layer 2

Conductor number oflayer 3

Conductoru width

YBCO layer thickness

Average space between
conducton in layer I

Average space between
conductors inlayer 2

Average space between
conductors in layer 3

Critical current of layer I

Critical current of layer 2

Critical current oflayer 3

Total critical current

3C‐A      3C‐ B

19 6 ntm       19.6 ntm

17 3 mnn       17.O nlm

1  7  9  1 1 1 n a      1 8  1  1 t l m

192 mm    192 mm

27           16

28           17

30          18

18mm    31 mm

14 μm 1.4 pm

0 21 1tul1      0 24 inm

020 mm      0 24 1nm

O_21 mm   025 mm

10‐
8

10‐
9

1 0‐
1 0

10‐
11

1 0‐
1 2

699A

705A

778A

2183A

734A

771A

796A

2 3 0 1 A

E‐ 4

Coated conductors were laminated with 0.1 mm thick copper tape
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and 7(b)), a magnetic substrate attracts the magnetic flux
produced by the transport current, and the magnetic flux
distribution is drastically changed by the magnetic
substrate-the perpendicular magnetic field component
increases. In Fig. 8, the lateral distribution of the loss power
density in T (p,: l) and that in T (p, = 1000) are shown. In T
(p, : 1000), a larger perpendicular magnetic field component
leads to a larger loss generation near the edge ofthe conductor

spEcrFrcArroNs o. a^or. Ifirlr? Xo*ou.ro", *r'/wrrHour0.01

0001

500              1ooo

Transpott current(Arms)
Fig.6 Ⅳlcasured AC lossesin 3C‐A and 3C‐B,and PNs
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Conductor name

Conductor width

Superconductor
layer thickness

Relative magnetic
permeability, p"

Critical current

n value

T(μs=1)

5 mm

10 μm

1

100A

30

T(μs=1000)

5mm

10 μm

1000

100A

30

Conductor/cable

name

TABLE IV

_   OMPARISONOF AC LossEs N Y▲ RIOUS CoNDUCTORS/CABLES
TABLE VI

SPECIFICAT10NS OF MONO‐ LAYER CONDUCTORSヽ VTTH/ VヽlTHouT NIACNETIC

SUBSTRATE FOR ANALYSIS

Conductor natte     lc(μ s‐ 1)    lC(μ s=1000)

Fomtler diameter       19 2 inm         19 2 nlnt

Number of
conductors

Conductor width
Superconductor layer

thickness

Substrate thickness

Space between
conductors

Relative magnetic
permeability, g

Total critical cunent

n value

(a)T(μs=1) (b)T(μs=1000)

Substrate (p. = 1)

3C―A 3C-B Bic-la

Outer diameter   196 mm  196 mm  379 mm

Critical current   2183 A   2301 A   5310 A

BiC‐2b

20 mm

2770A

009N=m

* AC loss is the value for core excluding shield for one phase
" BiC-l : Super-Ace short cable [13].b Bic-2: TEpco/sEI loo m cable ill.' The AC loss value in [l] is 0.7 Wm/phase at I kArms. The AC toss in the

core is estimated as 0.4 Wm usine the UCD model.

conductors in the outer layer [14]. Hence, the measured losses
in three-layer cables are larger than P1s5.

IV. INTI-ueNcE oF MAGNETIC SUBSTRATE oN AC Loss n,I
CoNpucron FoR CABLE

Cost reduction ofcoated conductors is another key issue for
the commercialization of superconducting power transmission
cables. Biaxially+extured metal substrates are often preferred
to IBAD substrates from the viewpoint of cost reduction.
However, biaxially-textured metal substrates are usually
Ni-alloy and magnetic. Their magnetic properties can influence
AC losses in coated conductors and cables.

Numerical electromagnetic field analysis was performed for
single coated conductors with and without a magnetic substrate
and for mono-layer conductors comprising coated conductors
with and without a magnetic substrate. In principle, the
numerical model is same as that in II..4. The specifications of
the single coated conductors are listed in Table V, while those
of the mono-layer conductors are listed in Table VL The
superconductor layer thickness is assumed to be l0 pm to
reduce the cross-sectional aspect ratio so thatthe efficiency of
numerical calculations is improved. :

AC loss
at I kArms

0054

W/m

0097

W/m
0 4

W/ぼ 12

5mm

10 μm

0 1 nllm

0 2  m m

1

1200A

30

12

5  n l m

10 μm

0 1 2 1 m

02 mm

1000

1200A

30

<-..- ' ' ' . - . . . ' ' ' ->
1 m m

(c)  1C (p.  = 1;

i Superconductor

ヽ

Substrate(μs=1000L___
l mm

(d)lC(μ s=1000)

, Superconductor

l Former
\ <\  1 m m

イ羊|IЪ■」藁lli
Fヽ?lT:r‐|  “ィ稀高■l彙職算常劉l糠嘉轟群11:Fl●71 vagnltiCn,xlm■near ette ofc6ated cOnductOrs●T(μs=1),T(μs=

1099)・lC(Ⅲ■1.ヽlnd iC ru。=looo)_

二基≧≧≡
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Fig, 8. Lateral distributions ofloss power density in coated conductors in T (p.
= l), T (rr. = 1000), lC (x = l), and lC (p = 1000).

f=50 Hz

■
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■
 `・
・・

QMB/1.2(D2 = 19.4 mm)

0 .1  1
I t / l c

Fig. 9. Calculated AC losses in T (6 = l) T (p" = 1000), lC (;r" = l), and lC
(p, : I 000) normalized with I 

"2, 
Qusl I "3, 

and QNs/ I 
"2.

as compared to T (p, = l). In monoJayer conductors (Figs. 7(c)
and 7(d)), most of the magnetic flux lines lie outside the layer
of the coated conductors, and the magnetic substrate inside the
layer ofthe coated conductor does not change the magnetic flux
distribution drastically. In Fig. 8, the lateral distributions ofthe
loss power density in lC (p,: l) and 1C (p, = 1000) are almost
identical. In Fig. 9, the calculated AC loss in each single coated
conductor normalized with 1"2, that in each mono-layer
conductor normalized with 1.2, Q*tlI"', and Q1qsll"2 are plotted
against I, / 1". In mono-layer conductors, the influence of the
magnetic substrate on the AC loss is small, whereas a magnetic
substrate remarkably increases the AC loss in the single coated
conductor.

V.CONCLUSION

AC losses in power transmission cables comprising coated

6

conductors are determined by the magnetic field component
perpendicular to the wide face ofcoated conductors. The use of
a large number of narrow conductors and a decrease in the
space between conductors are effective to reduce AC losses.
The AC loss of 0.054 Wm at I kArms was achieved in a
three-layer conductor whose outer diameter is 19.6 mm. An
increase in AC losses by a magnetic substrate is not as
remarkable in a mono-layer conductor as in a single coated
conductor.
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