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Abstmd -The effect of the configuration of the joint 
between an x supexconducting cable and a normal 
conducting plate on the current distribution and the jouleloss 
is investigated by using the 3-D finite element method. It is 
shown that the concentration of current can be reduced by 
changing the configuration of joint The effectiveness of the 
analysis is verified by measuring the current distribution on 
the surface of a copper plate and the quenching current. 

I. ”IRODUCTION 

In ac superconducting electric machines, a superconducting 
cable is connected with a normal conducting plate. The joint 
of largecapacity superconducting cable is not a big problem 
in  the case of dc[l]. But in the case of ac excitation, 
quenching occurs at the joint due to the extreme 
concentration of current[2],[ 31. The concentration of current 
and the joule loss in the normal conducting plate should be 
reduced by optimizing the shape and dimension of the 
connecting plate, in order to avoid quenching. As tetrahedral 
elements were used in [2], the FEM analysis at commercial 
frequency (50Hz) was difficult because the number of 
elements used must be increased due to the extreme skin 
effect. Even then, only the current distribution at low 
frequency (2Hz) could be analyzed. The experimental 
verification also was not carried out previously. 

In this paper, the effect of the joint shape on the current 
distribution and the joule loss is investigated at 50Hz by 
using 3-D brick elements which are superior to tetrahedral 
elements from the viewpoints of accuracy and CPU time[4]. 
The optimal shape and dimension are discussed from the 
viewpoint of current distribution and joule loss. The current 
distribution on the surface of the copper plate was measured 
by using the newly developed method for measuring a very 
low signal at liquid helium temperature. The quenching current 
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of the optimal joint was measured, and the effectiveness of 
the joint is shown. 

11. ANALYZED JOINTS 

The analyzed joints between the superconducting cables 
and the normal conducting plates are shown in Fig. 1. Model 
A is the conventional joint in which the superconducting 
cable is connected at the middle of the copper plate as shown 
in Fig. l(a). As the current flows along the edge of the plate 
due to the considerable skin effect[l], the current in the plate 
enters the superconducting cable at a point b, and the extreme 
concentration occurs. Then, the joins shown in Fig. 10) and 
(c) are investigated. In model B, slits are put in the 
connecting plate as shown in Fig.l(b). In model C, the 
strands of the cable are divided into two parts and they are 
connected at each edge of the plate as shown in Fig. l(c). The 
effective value of the applied ac current (50Hz) is equal to 
50A. For simplicity, the twist of strand is ignored, and the 
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Fig.1 Analyzed joints 
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Number of nodes 

conductivity of the superconducting cable is assumed as 100 
times greater than that of copper[5]. 

IV. FACTORS AFFECTING CURRENT DISTRIBUTION 
AND JOULE LOSS 

10,488 

111. METHOD OF ANALYSIS 

Since the joint is composed of non-magnetic material, the 
quenching phenomenon is linear. Thus, the 3-D distributions 
of the forced current Jo fed to the conductor and the eddy 
current Je induced in the conductor can 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(wotA) = J ,  + J ,  (1) 

where, A is the magnetic vector potential and v is the 
reluctivity. Jo can be written as 

J ,  = -ograd$, (2) 

Qo is the electric scalar potential which determines the 
forced current distribution. Je is given by 

J ,  = -o - + grad$ E! e )  ( 3 )  
where @e and <T are the electric scalar potential[6] which 
determine the eddy current and the conductivity. 

As the current densities Jo and Je satisfy the continuity 
condition, the following equations can be obtained[6]: 

div{-ogrud$,} = 0 (4) 

div{ -o( $ + grad$,)) = 0 ( 5 )  

As q0 can be calculated using Eq. (4), Jo is obtained from 
Eq. (2). The eddy current distribution can be calculated by 
Eqs. (l), (3) and (5)  using the obtained forced current density 
Jo. The distribution of the total current is obtained by the 
superposition of JO and Je. 

Galerkin's equations of the A - $I method for Eqs.(l), (3) 
and (5) can be written as follows [6]: 

The current distribution is analyzed using the 3-D finite 
element method. The skin depth is 1.2" at 50Hz. This area 
of skin depth is divided into four layers of brick elements. 
Table 1 shows the discretization data. 

CPU time(s) I 25.970 

computer used : IBM3AT work station 
(49.7MFLOPS) 

Z .  suuerconductinn 
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Fig.2 Effect of construction on current distribution 

(50Hz, y=2mm). 
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cable from the connectingplate along the line a-b shown 
in Fig. 1. Most of the current in the plate in model A flows 
into the cable at the point b as shown in Fig.2(a). The current 
in model C shown in Fig.2(c) mainly flows into the cable at 
the two points a and b, because the superconducting cable is 
connected at both edges. 

Fig.4 shows the maximum value IJsl,, of current density 
along the line a-b and the total joule loss W obtained using 
the calculated current The maximum value lJslmax in model 
C is about half that of model A. Moreover, the total jouleloss 
W of model C is about 10% smaller than that of model A. 

B .  Frequency 

Fig.5 shows the current distribution at 2Hz. Fig.6 shows 
the distribution of \JS\ of the current density at the start of 
the superconducting cable. At 2Hz, lJsl 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 point 
b as shown in Fig.6 due to the skin effect. If the connecting 
plate is larger( 100 x 60 x 10” ) as discussed in the 
reference[l], the skin effect is remarkable even if the 
frequency is low(2Hz). Therefore, the relationhip between 
the joint dimensions and frequency should be investigated 
systematically. 

2.0 
-model A 
---model B 
-.---model C 

0 10 20 30 
distance from edge a (mm) 

Fig.3 Current distribution flowing into 
superconducting cable along 
the line a-b (50Hz, y=2mm). 

current density I J I max 
0 maximum value of 

total  joule loss W 

model 

and total joule loss (50Hz). 
Fig.4 Maximum value o f  current density 

V. EXPERIMENTS 

The current distribution in a copper terminal plate shown 
in Fig.7 was measured. The outer diameter of the 7-strand 
superconducting cable is 0.47mm. This model is immersed in 
liquid helium. The eddy current densities at four points 
(x=4.7; ~ 1 . 5 ,  6.5, 11.5, 16.5) were measured using the 
modified probe method [7] shown in Fig.8. Pin holes were 
made in the insulation of the polymide film (thickness : 
50ym) by a needle. The position of the needle was adjusted 
precisely using a manipulator. Electrically conductive 
adhesive was put, with lead-out wires into the pin holes as 
shown in Fig.8. The lead-out wires were twisted in order to 
avoid inductive pickup. The current density is calculated 
from the voltage drop between holes. As the measurement 
noise is extremely large(SN=-SOdB), a new system for 
measuring very iow signal (1-10qV) was developed [8]. 
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Fig.5 Current distribution (2H2, y=2mm). 
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Fig.6 Effect of frequency on 
current distribution (y=2mm). 
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Fig.9 shows the comparison between measured and 
calculated values of x- and z-components, Jx, Jz, of current 
densities. The trend of the concentration of measured current 
due to the remarkable skin effect is similar to that calculated. 
The joints of models A and C were made, and the quenching 
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X 
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Fig.7 Measured model of joint. 
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Fig.8 Modified prove method. 
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Fig9 Distribution of current densities 

(50Hz, x=4.7mm, y=2mm). 

currents at 50% were measured. Fig.10 shows the results. 
The critical current (dc) is also shown. The figure shows that 
the quenching current of model C is improved compared with 
that of model A. This tendency coincides with the results in 
Fig. 4. 

2 
Y 

0- 
0 1 2 3 4  

flux density (T) 
Fig.10 Measured values of quenching current. 

VI. CONCLUSIONS 

It is shown that the concentration of current and joule loss 
can be reduced by dividing the superconducting wire and 
connecting them at both edges of a copper plate. The 
effectiveness of this improved joint is verified by 
experiments. As the precise current distribution can be 
obtained using the method shown in this paper, the optimal 
configuration of the joint can be obtained using this method. 

The following items should be investigated in the future: 
(a)optimum configuration of the joint, 
@)relationship between the dimension and shape of the 

joint and frequency. 
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