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MULTIFILAMENTARY SUPERCONDUCTING CABLE AND NORMAL
CONDUCTING CABLE USING 3-D FEM

N. Takahashi, T. Nakata and Y. Fujii

Dept. of Elec. Eng., Okayama Univ., Okayama 700, Japan

Abstract - - In order to investigate the cause
of quenching at the joint between a
multifilamentary superconducting cable and a
normal conducting cable, the 3-D current
distribution is analyzed. It is found that the
cause of quenching is the extreme concentration
of current in the joint due to the pronounced skin
effect at liquid helium temperature. The
mechanism of the concentration of current which
is affected by the twist pitch and skin depth is
also clarified quantitatively by numerical
analysis.

1. INTRODUCTION

In ac superconducting electric machines, the
superconducting cable is connected with the normal
conducting cable through a connecting plate[1]. When the ac
current is increased, quenching occurs at the joint. As a
result, the rated current of the superconducting electric
machine is limited to a smaller value than that of the ac
superconducting cable itself{1]. Since the superconducting
cable is made of twisted multifilaments, it was difficult to
analyze the 3-D current distribution at the joint. Therefore,
the cause of quenching was not clear.

In this paper, a new method for calculating the
distribution of the applied current and eddy current in such a
joint between the multifilamentary superconducting cable and
the normal conducting cable is introduced. The effects of
frequency, twist pitch of the superconducting cable and slit in
the connecting plate on the concentration of current are
examined. The cause of quenching is discussed in detail using
the current distribution obtained.

II. ANALYSIS
A. Analysis Model

The joint which was analyzed between the
superconducting cable and the normal conducting cable is
shown in Fig.1. The conductivity of the connecting plate is
5x109S/m (at 4.2°K). The superconducting cable is
composed of triply-stacked strands which are immersed in
solder to stabilize the cable. The diameter of the cable is
4.5mm and the twist pitch is 31.5mm[1]. The conductivity
Om of the solder is 3x108S/m. The volume fraction A[2]
ofthe superconductor is 0.47. The effective value of the
applied ac current is equal to 4500A.
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B. Method of Analysis

1) Modelling of Multifilamentary Cable

Since the magnetic field analysis of the triply-stacked
superconducting cable is complicated, the cable is
approximated by a conductor which is filled with 100A%
superconducting filaments and (1-A)x100% solder as shown
in Fig.2.

The conductivity 6 perpendicular to the filament is
calculated to be 1.08x103S/m using the following
equation[2]:

1=
OL= 173 O 0
The infinite conductivity ¢, parallel to the filament cannot
be treated as such in the numerical calculation. ¢y is assumed
to be 1.08x1013S/m in order to avoid round-off error[3].

If the coordinates are transformed from x-y-z to u-v-w as
shown in Fig.2, the u-, v- and w-components Jy, Jy and Jy
of the current density are calculated by Eq.(2).

Ju Gl 0 0 Eu
{Jv}= 0 O'_LO {Ev} (2)
Jw 0 0 oy |\Ew

where Ey, Ey and Ey, are the u-, v- and w-components of the
electric field strength E.
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Fig. 1 Analyzed model.
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2) Superposition of Forced Current and Eddy Current

Since the joint is composed of non-magnetic material, the
phenomenon is linear. Thus, the 3-D distributions of the
forced current fed to the conductor and the eddy current induced
in the conductor can therefore be analyzed independently. The
distribution of the total current is obtained by superposition.

The basic equation for calculating the 3-D magnetic field
is

rot ( vrotA ) = Jo + Je 3)

where, A is the magnetic vector potential and v is the
reluctivity. Je is the eddy current density which is given by

Je =0 (24 grad o) @

where ¢, and o are the electric scalar potential(4] and the
conductivity. Jo is the forced current density, and it can be
written as
Jo=-0 grad ¢ ©®)

¢g is the electric scalar potential which determines the forced
current distribution.

As the current densities Jo and Je satisfy the continuity
condition, the following equations can be obtained:

div (-0 (34 grad 60) =0 ©

div {—o grad ¢¢) . M
As ¢g can be calculated using Eq.(7), Jo is obtained from
Eq.(5). The eddy current distribution can be calculated by
Eqs.(3), (4) and (6) using the forced current density Jo so
obtained. The distribution of the total current is obtained by
the superposition of Jo and Je.

The current distribution is analyzed using a 3-D finite
element method(3]. Fig.3 shows the boundary conditions for
numerical analysis. It is assumed that the current is
perpendicular to the cross sections of the connecting plate and
the superconducting cable on the boundaries.

III. FACTORS AFFECTING CURRENT DISTRIBUTION
A. Frequency

The effect of frequency on the current distribution is
investigated. As the skin depth § is only 0.9mm at 60 Hz, an
extremely fine mesh is required near the surfaces of the
connecting plate and the superconducting cable. Therefore, the
current distributions are calculated at 2Hz, which gives a
larger skin depth of Smm.

Fig.4 shows the current distribution at a cross section
(z=29.8mm) of the connecting plate at wt=0°. Zero time is
taken as the instant when Jo becomes a maximum. Fig.5
shows the current distributions near the surface of the
~ connecting plate in the case when the twist pitch L of the
superconducting cable is equal to 31.5mm. In the dc case in
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Fig.5(a), the forced current is equal to V2x4500A. In the ac
case in Fig.5(b), the distribution at wt=0° is shown.

Fig.6 shows the distribution of the maximum value of
the x-component [Jx| of the current density which flows into
the superconducting cable from the connecting plate along the
line a-b (x=2.25mm, y=0mm) shown in Fig.1. In the dc case,
Jx at the point a is larger than that at the point b. On the
other hand, when the frequency is increased; the current is
concentrated near the point b as shown in Fig.5 due to the
skin effect, because the conductivity is very high at liquid
helium temperature.

Fig.7 shows the maximum value of the z-component {J|
of the current density near the surface (r=2.21mm) of the
superconducting cable. 8 is the angle measured from the x-
axis. The concentration of current under ac excitation at the
lower part (180°<6<360°) of the cable, which is in contact
with the connecting plate, is much greater than that under dc
excitation. The reason will be discussed in Section B.

B. Twist Pitch

The effect of the twist pitch L of the superconducting
cable on the current distribution is investigated. The skin
depth § is equal to Smm at 2Hz. If § is less than L/2; the
current which flows into the cable at the lower part
(180°<0<360°) may not transfer to the upper part
(0°<6<180°) as shown in Fig.8. The current distribution is
therefore analyzed for three kinds of twist pitches of 10, 17
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Fig. 6 Current distribution flowing into superconducting
cable along the line a-b (L= 31.5mm).
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and SOmm. corresponding to 8/L=0.5, 0.3 and 0.1
respectively.

* Fig.9 shows the same distributions as Fig.7 for various
twist pitch L. When L is large, the current concentrates at the
lower part (180°<0<360°) of the cable. This happens because
most of the current which flows into the superconducting
cable at the lower part (180°<0<360°) does not transfer to the
upper part (0°<0<180°) of the cable within the short path
(less than L/2).

As the filament of the cable is twisted in the direction
shown in Fig.8, [J| near 6=180° is larger than that near
0=0° at z=30.5mm as shown in Fig.7.

C. Slitin Plate

In order to reduce the concentration of current, a slit is put
in the connecting plate. The effects of the size and position of
the slit on the current distribution are investigated. As the
current distribution in the plate is not so much affected by the
twist pitch L, the analyzed region is reduced to 1/2 of that
shown in Fig.3 by assuming that L is infinity.

Fig.10 shows the effects of slit size and position on the
current distribution near the surface of the plate. Fig.11
shows the distribution of the maximum value of [Jx| along
the line a-b shown in Fig.1. In the case of Fig.10(c), the
concentration of |Jx| is smaller than those of Figs.10(a) and
(b) due to the slit.

* ac(2Hz 2 2
® 30(2Hz) 120 60

150 30
superconducting
cable

270
Fig. 7 Current distribution in superconducting cable

(r=2.21mm, z= 30.5mm, L=31.5mm),

direction of twist
e

Fig. 8 Skin depth § and
twist pitch L.

0
% F .4]| 6109A 2)
A X
P
210 YA . 330
LI 0 (deg)

240 300

270
Fig. 9 Current distribution in superconducting
cable (2Hz, r= 2.21mm, z= 30.5mm).

“%#M Fig. 10 Effect of slit on
current distribution

. s - (2Hz, y=-0.3mm,

(c) Di=3, D2=20 L=eo).

200" —e— Fig.5(b)without slit

—D—-Fig.l()(a)]

—
h
S

— --+--Fig.10(b)  with slit
--o- Fig.10(c)

1Txlmax(A /mm? )
3
|

w
3
T

0 10 20 30
a z (mm) b

Fig. 11 Effect of slit on current flowing into
superconducting cable (2Hz, L=co).

IV. CONCLUSIONS

It is found that the cause of quenching is the extreme
concentration of current at the edge of the connecting plate. It
is shown that a slit in the plate has a remarkable influence in
reducing the concentration of current.

The following items should be investigated in the future:
(a) more precise and practical modelling of triply-stacked

superconducting cable,
(b) the optimal shape of connecting plate,
(¢) experimental verification.
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