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a b s t r a c t

The self-field losses of the one phase of high-TC superconducting (HTS) transmission cable are calculated
by the electric circuit (EC) model. The one phase of HTS cable is constructed by the former of fine-strands
copper rod, HTS conductor with four superconducting layers, the insulation made by polypropylene lam-
inated paper, and HTS shielding with two superconducting layers, which was fabricated by Sumitomo
Electric Industries (SEI). The length of the cable is 30 m. Each HTS layer comprises BSCCO tapes. The cur-
rent-dependent resistance of HTS layers in EC model is estimated on the base of Norris expressions for
ellipse. The calculated losses are compared with the experimental results measured by 4-terminal
method by SEI. The calculation of alternating current (AC) losses, a summation of the self-field losses
in HTS layers and the eddy-current losses in the former, is almost equal to the measurement at wide
transport-current range below the lowest value of the layer critical current. This result indicates that
the numerical calculation by EC model is quite reliable. The minimum AC loss is also calculated by obtain-
ing the optimum helical-pitch lengths of HTS layers at transporting 1 kArms. The minimum loss is 36%
lower than the loss of HTS cable designed by SEI at the transport current value. In HTS cable with the opti-
mum helical-pitch lengths, the calculation of the layer currents are not uniform in HTS conductor but are
almost uniform in HTS shielding, which is contradict to SEI’s one. It is considered that the numerical cal-
culation by EC model is useful to obtain the optimum helical-pitch lengths in HTS cable with the mini-
mum AC loss.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

It has been reported that the self-field losses of the multiple
high-TC superconducting (HTS) tapes are strongly affected by the
arrangements of the tapes. For example, Muller indicates the re-
sults of calculation that the self-field losses of the tape composed
of z-stack of infinitely long superconducting slab are changed by
the thickness of a strip d, the strip width 2a and the stacking spac-
ing D [1]. In his report, it is shown that the self-field losses of the
coplanar array of multiple HTS tapes are smaller than that of a sin-
gle isolated slab. He has expressed that for small D (D < a) the z-
stack behaves similar to an infinite superconducting slab (Norris
expression for ellipse). The electromagnetic behavior of the twisted
wires is more complicate. Amemiya et al. have reported a theoret-
ical model for the electromagnetic field analysis of twisted multi-
filamentary HTS cable to reveal the magnetic field penetration
process in them [2]. They have indicated the results of calculation
that the self-field losses of mono-layer YBCO cable composed of
twisted multifilament are changed by the space between YBCO
tapes b [3]. In their report, it is shown that the self-field losses of
YBCO tape are smaller than that of a single isolated strip. They

has expressed that for large b (b = 50 mm) YBCO tape in the cable
behaves similar to an infinite superconducting strip (Norris expres-
sion for thin strip).

On the other hand, the author has reported the self-field losses
of z-stack of 15 HTS tapes [4]. In this research, the self-field losses
of the z-stack were measured by the 4-terminal method and calcu-
lated by the electric circuit (EC) model based on the self-field losses
of a single isolated HTS tape. The measurement and calculation are
almost equal, and both values are also nearly equal to the Norris
expression for ellipse. In the case of this z-stack, D is sufficiently
small (D = 0.2 mm and a = 1.25 mm). The author and co-research-
ers have also reported the self-field losses of 4-layer HTS cable con-
sisted of helical winding BSCCO tapes [5]. In this research, the
self-field losses are calculated by EC model based on the losses of
a single isolated BSCCO tape (Norris expression for ellipse). The
calculation is acceptably equal to the measurement obtained by
4-terminal method. In recently, the author has reported the self-
field losses of 2-layer HTS cable consisted of helical winding YBCO
tapes [6]. YBCO cable was fabricated by Furukawa Electric Corpora-
tion (FEC) [7,8]. The self-field losses are calculated by EC model
based on the losses of a single isolated YBCO tape (Norris expres-
sion for thin strip). Numerically calculated losses are compared
with experimental results measured by FEC. The calculations are
almost equal to the measurements at wide transport-current range
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below the critical current (IC) of YBCO cable. Considering these re-
sults, EC model based on the self-field losses described by Norris
expression is not exact but it might be qualitatively acceptable to
analyze the self-field losses of multiple HTS tapes.

The self-field losses of HTS cable have become of interest to de-
sign the cable structure with minimum loss. As proving a reliability
of the calculation by EC model, it is necessary to collect more re-
sults comparing with the measurements of alternating current
(AC) losses in HTS cables and the calculations. In this study, a
30 m, 3-core BSCCO HTS cable fabricated by Sumitomo Electric
Industries (SEI) is chosen [9]. AC losses of the one phase of BSCCO
HTS cable have been measured by 4-terminal method by SEI in
2002. AC loss (a summation of the self-field losses in HTS layer
and the eddy current loss in the former) is calculated by EC model
based on Norris expression for ellipse. The calculation method and
results of AC losses in BSCCO HTS cable are presented.

2. Calculation

Fig. 1 shows a schematic diagram of the one phase of HTS cable,
and Table 1 shows the main parameters of HTS cable. The one
phase of HTS cable is constructed by the former of fine-strands
copper rod, HTS conductor with four superconducting layers, the
insulation made by polypropylene laminated paper (PPLP), and
HTS shielding with two superconducting layers. HTS layers are
formed by winding BSCCO tapes on the former. Fig. 2 shows EC
model for the one phase of HTS cable. The self-field loss of BSCCO
tape is calculated by Norris equation for ellipse. Norris expression
for ellipse is described as

wm ¼
I2

Cl0f
p

ð1� imÞ lnð1� imÞ þ ð2� imÞ
im

2

� �
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Here, im ðm ¼ 1—6Þ is a normalized current of BSCCO tape and is gi-
ven by im ¼ Îm=ðNmICÞ. Îm is a peak layer current transporting to HTS
layers. This value is equal to the absolute value of complex layer-
current _Im. Nm is the number of BSCCO tapes constructing HTS lay-
ers, and IC is the critical current of the tapes. f is a frequency of elec-
tric source (f ¼ 50 Hz). IC of BSCCO tape comprising HTS conductor
is estimated as 44.4 A that is calculated by IC of HTS conductor di-
vided by N1 + N2 + N3 + N4 (=2.4 kA/54). On the other hand, IC of
BSCCO tape comprising HTS shielding is estimated as 50.0 A that
is calculated by IC of HTS shielding divided by N5 + N6 (=2.7 kA/
54). IC of HTS conductor and HTS shielding are measured by SEI. IC

of BSCCO tape comprising HTS conductor and HTS shielding are
supposed to be equivalent. The self-field losses calculated by Norris
expressions is restricted at im < 1. Instead of Eq. (1), the self-field
loss for ellipse is approximated as follows:

wm ¼ 6:807� 10�6I2
C � i

3:371
m ðW m�1Þ: ð2Þ

Eq. (2) is obtained by the least-squares method applying to the Eq.
(1). As mentioned above, Eq. (1) is restricted at im < 1. During the
calculation of simultaneous Eqs. (8) and (9) described below, im is
happened to be higher than 1 and wm becomes to be an infinity
in Eq. (1). Then, the calculation procedure is stopped before a con-
vergence to the answer. Eq. (2) is useful to avoid the error of calcu-
lation. The current-dependent resistance, Rm(Im), is given by

RmðImÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2prmÞ2 þ P2
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where Pm is a helical pitch of HTS layer, rm is a radius of HTS layer,
and Im is the r.m.s. value of Îm ðm ¼ 1—6Þ. Im is obtained by Îm=

ffiffiffi
2
p

.
Eq. (3) is obtained as follows. Supposing that the electromagnetic
properties of BSCCO tapes in layer m are equivalent, the current
passing through a tape in layer m is obtained by Im

Nm
. The resistance

of BSCCO tape is obtained by N2
mwm

I2
m

. Then, a combined value of the

parallel connecting equivalent resistances of BSCCO tapes in layer
m is obtained by Nmwm

I2
m

. A tape length wound helically on the cylinder

of radius rm by helical pitch Pm is obtained by
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2prmÞ2 þ P2

m

q
. A tape

length by unit length toward axis direction of HTS conductor is de-

scribed as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2prmÞ2þP2

m

p
Pm

. The resistance is proportional to the tape
length. Therefore, the current-dependent resistance, the resistance
of HTS layer, RmðImÞ is given by Eq. (3). A resistance of the former
R0 is obtained as follows. Supposing that the former is just a copper
cylinder, R0 is described as

R0 ¼
qCu

pr2
0

ðX m�1Þ; ð4Þ

where qCu is a resistivity of copper at liquid nitrogen temperature
(2.15 � 10�9 X m) and r0 is a radius of the former (8.00 mm). R0 is
calculated to 1.07 � 10�5 X m�1.
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Fig. 1. A schematic diagram of the one phase of BSCCO HTS cable.

Table 1
Main parameters of 30 m BSCCO HTS transmission cable.

Layer,
m

Radius,
rm

(mm)

Helical
direction

Helical pitch
length, Pm(SEI)
(mm)

Helical pitch
length,
Pm(min) (mm)

Number
of tapes,
Nm

Layer,
IC

(kA)

1 8.65 S 130 905 13 0.58
2 9.10 S 305 1000 13 0.58
3 9.55 Z 400 915 14 0.62
4 10.00 Z 115 195 14 0.62
5 18.05 S 350 525 27 1.35
6 18.50 S 530 1000 27 1.35

Fig. 2. EC model applied to the one phase of BSCCO HTS cable. The description of
mutual inductances is omitted to avoid congestion.
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