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Abstract: Superconducting cable is an emerging technology for electricity power transmission.
Since the high power capacity HTS transmission cables are manufactured using a multi-layer
conductor structure, the current distribution among the multilayer structure would be non-
uniform without proper optimization and hence lead to large transmission losses. Therefore a
novel optimization method has been developed to achieve evenly distributed current among
different layers considering the HTS cable structure parameters: radius, pitch angle and
winding direction which determine the self and mutual inductance. A prototype HTS cable has
been built using BSCCO tape and tested to validate the design the optimal design method. A
superconductor characterization system has been developed using the Labview and NI data
acquisition system. It can be used to measure the AC loss and current distribution of short HT'S
cables.
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I. Introduction

High temperature superconducting (HTS) cables are an emerging and attractive technology for
modern power grid transmission due to the rapid decline in available underground space for
conventional cable and higher power quality requirements of a growing digital economy nowadays,
which encourages utilities to seek for HTS cables as an alternative solution.

An important factor in the design of the HTS cable is the AC loss reduction. Since the high power
capacity HTS transmission cables are manufactured in the structure of multi-layer conductors for a
large current-carrying capability, the current distribution among the multilayer structure is non-
uniform without proper optimization design. The AC loss will be increased if the current is not evenly
distributed among the HTS conducting layers. Because of the resistance of the HTS conductors is
negligible, the current distribution is dominated by the inductance of each conducting layer. For this
reason, the self and mutual inductance of HTS cable are investigated in terms of the cable structural
parameters: radius, pitch angle and winding direction.

In this paper, a 1 m long, 110 kV/3 kA cold dielectric (CD) HTS cable given in figure 1 has been
proposed and mathematically investigated the inductance varying with the radius, pitch angle and
winding direction. An optimized short prototype HTS cable has been constructed and current
distribution has been tested using Rogowski coils.
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11. Inductance calculation method of HTS cable

The structure of the prototype CD HTS cable is consisted of copper former, four HTS conductor
layers, electrical dielectric layer and two HTS shielding layers, as shown in the figure 1. Each
conductor layer of CD HTS cable is helically wound around on the copper former. Figure 2 gives a
schematic diagram of one CD HTS conductor layer in where r is the radius of conductor layer, P is the
winding pitch for a single HTS tape, g is the pitch angle of HTS tapes, and w is the width of the HTS
tape. From the schematic, it can be seen that the relationship of the winding angle and winding pitch is
shown in (1):
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Figure 1. The configuration of CD HTS
cable

This kind of structure will cause the inductive characteristics for HTS cable varying with cable
geometry. The resistance of each HTS conductor layer can be ignored at operating temperature (77 K
for YBCO tapes), and the contact resistance in series with each HTS layer is also ignored in the
analysis, hence the inductance of each layer can be considered to be the key factor for determining the
HTS cable current distribution.

Each HTS conductor layer has a self-inductance as well as a mutual inductance for multi-layer HTS
cable. The formulas of self and mutual inductance can be derived in terms of the Ampere’s law and
enclosed magnetic field energy, which has been published by Olsen[1]. The self-inductance is given
by (2)

nri?

Ls = Uy P2 +o Fo ~In (Ri) )

mutual inductance is given by (3)
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Where: Ly is the self-inductance of the layer (H/m); M;; is the mutual inductance between layer i and

layer j (H/m); pg is the permeability of free space (4nx107 T-m/A); R; is the radius of i*" conductor
layer; f3; is the pitch angle of i** conductor layer; D is the radius of the shielding layer; i, j is layer
number,i,j=1,2,3,4, .

In the self and mutual inductance formulas, the thickness is considered to be infinitesimal due to the
aspect ratio of HTS tape is more than 100. The gap between adjacent filaments of each layer is ignored
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and a current sheet is assumed. It can be seen that the inductance characteristics are only varied with
radius, pitch angle and winding direction.

I11. The inductance varying analysis of the HTS cable
A. Radius

For safety reason, the radius of the former can be varied from R; to 1.2 Ry, and the radii of the other
HTS layers are adjusted accordingly. The minimum radius of former is initially set to be 12.25 mm.
With an increment step of 0.2 mm, the maximum radius of former is 14.05 mm. The inductance
variation of each HTS layer and total inductance of the HTS cable in terms of radius is shown in the
figure 3 and figure 4, respectively.

The results show that the self and mutual inductance of each HTS layer are decreasing when the
cable radius increases. The total inductance of the HTS cable is linearly decreasing with the cable
radius increasing.
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Figure 3. Self and mutual inductance varying
with HTS layer radius

B. Pitch angle

The pitch angle of every HTS layer is initially set to be 27° while the maximum pitch angle is 81°
with an increment step of 6° applied to every layer accordingly, so as to investigate the inductance
variation in terms of pitch angle at fixed radius and winding direction. Figure 5 gives the result of the
inductance of first HTS layer varying with pitch angle. It can be showed that the self and mutual
inductances of each HTS layer is increasing with increased pitch angle (The negative mutual
inductances are due to the opposite winding direction between the two relevant layers, which results
into a negative current component induced in the first layer). The remaining layers have the similar
results. Figure 6 shows that the total inductance of HTS cable is increased as approximately quadratic
function varied with pitch angle.

Figure 4. Total inductance of HTS cable varying with
radius

C. Winding direction

Table 1 shows the 12 groups of winding direction combination for each HTS layer of the cable (‘“+1°
means clock-wise direction and ‘-1’ means anticlockwise direction). The equation (3) shows that only
the mutual inductance varies with different winding directions.

To minimize the cable axial flux, the total HTS layer number should be even and the sum of the
winding direction coefficient should be equal to zero. The total cable inductance varying with winding
direction shows that adjacent layers with opposite winding directions can minimize the mutual
inductance, as shown in the figure 7.

IV. The current distribution optimization for HTS cable
The current distributions in each superconducting layer are calculated. Based on the equivalent
circuit [2] of HTS cable in figure 1, the mathematical matrix model of the CD HTS cable is
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Figure 5. Self and mutual inductance varying with first Figure 6. Total inductance of HTS cable varying with
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established in (4) and (5). Where w is angular frequency, lo, is the RMS values of the total operation
current and U is the voltage drop across each conductor layer.

The current distribution can be optimized by taking pitch angle and radius as variables to obtain a
minimum objective function[3]. The designed variables are presented in (6). The objective function
for minimization is presented by (7), which represents the current difference in different conductor
layers, where: X is a vector containing the pitch angles g and radii r of each HTS conductor layer, n is
the number of total layers, i,j=1,2,...n, G(X) is the objective function. Detail of the optimized
algorithm can be found in [3].

V. Experimental test of current distribution of CD HTS cable

A 0.2 m, 132 kV/1.2 kA prototype HTS two-layer cable has been optimally designed for each of its
HTS layer to carry the same transport current, as shown in figure 8. The cable is composed of two
BSCCO HTS conducting layers wrapped around a copper former with 9 mm in radius. The pitch angle
for each layer is 20° and 11° respectively. The current of each HTS layer can be measured by
Rogowski coils wrapped around the copper current leads connected with each HTS layer, shown in the
figure 9. The data are recorded by a high accuracy NI acquisition and Labview system. The
measurement result is presented in figure 10. [4]
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Figure 8. 0.2 m, 132 kV/1.2 kA prototype HTS
cable
The testing current of each layer is not exactly evenly distributed partly due to the inaccurately
controlled pitch angle during the cable constructing process, and the optimizing procedure also
introduce errors. The optimized algorithm is based on the self and mutual inductance formulas which
the gaps between filaments of each layer is ignored in the inductance calculation.
The contact resistance between the copper current leads and HTS layers is comparable to the
inductance of HTS layers in the real constructed cable, hence the contact resistance also causes current
distribution unequally.

Figure 9. Current distribution measured by
Rogowski coils

VI. Conclusions

The self and mutual inductances of multi-layer HTS cables have been investigated in terms of the
radii, pitch angles and winding directions of each HTS layer and inductance variation is summarized.
It is found that the geometry of the cable is not fully considered regarding to the gaps between
filaments, which will introduce errors for accurately optimizing current distribution. Hence, this
method can be only used in the approximate current distribution analysis.

Furthermore, a 0.2 m-long, 132 kV/1.2 kA prototype two-layer HTS cable has been optimally
designed and constructed. The current distribution of the two-layer HTS BSCCO prototype cable has
been measured to validate the optimal design method. The current is almost evenly distributed as in
the design. This experiment can be further improved by removing the effect of contact resistance
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between the copper current leads and HTS layers.
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Figure 10. Current distribution testing results of HTS cable at 60
Hz
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