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Numerical Analysis on the Current Distribution and
the Loss in HTS Stacked Tapes Considering
Termination Resistances

Ze Feng ", Chengtao Wang

Abstract—The high temperature superconducting (HTS) cables
have wide application in superconducting magnets due to their high
current-carrying capacity and thermal stability at high fields. But
the current-carrying performance of the HTS cables is strongly
affected by the current distribution among different tapes, which
is usually determined by the resistance of the copper terminal.
To investigate the mechanics of current distribution in the 15-
strand stacked HTS tapes and further improve its performance,
a simulation method considering both the splice resistance and the
screening current effect has been set up by using the coupling of T-A
formulation together with a circuit model. The numerical model
could also be used to predict the critical performance of the cable
and the losses in various conditions. The numerical model and the
detailed result analysis are represented in this paper.

Index Terms—Circuit, current distribution, critical current,
losses, T-A formulation.

I. INTRODUCTION

HE HTS cables made of second-generation coated conduc-
T tors have a wide range prospects in the accelerator, nuclear
fusion and power transmission due to their high current-carrying
capacity and mechanical stability at high fields or high temper-
atures [2], [3], [4], [5], [6]. For such multi-strands, high-current
superconducting cables, the critical performance and thermal
stability of the HTS cable are strongly affected by the current
distribution among the strands of the cable [1], [7]. Once there is
a very large uneven current distribution among tapes, the cable
would show a poor performance than expected or even end up
with quench.
There are several factors that cause an uneven current distribu-
tion inside a superconducting cable. The n-value and the critical
current (I.) of commercial ReBCO tapes could vary along the
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length up to 10% [8]. These two parameters that depend on the
angle and magnitude of the magnetic field can undergo a large
variation. In addition, for non-transposed or partially transposed
HTS cables, the difference of the inductance between the tapes
would also cause a non-uniform current distribution [9]. Another
important source of uneven current distribution is the terminal
resistance. The variation of the joint resistance comes from
different aging of the solder material and the manufacturing
process [10].

The T-A formulation is an effective and accurate method to
simulate the current distribution in a cable and coil made of
HTS coated conductors [11], [12], [13], but it is inconvenient to
be applied directly to the above cases. Here an alternative and
more direct method is to couple the circuit into T-A formulation
to solve this problem. The circuit module is used to calculate
the current sharing between the superconducting tapes, and T-A
formulation is employed to calculate the non-uniform current
density distribution within HTS tapes.

In this article, we first introduce the T-A formulation and how
it is coupled to the circuit. This model then is used to simulate
the current distribution of a 4-tape cable. The predicted current
distribution is consistent with the experimental data. Based on
this method, we study the current distribution of the HTS cable
consider the uniformity and magnitude of terminal resistance.
Finally, the predicted critical currents and the losses of the HTS
cable under different conditions are given.

II. METHODOLOGY AND VALIDATION
A. T-A Formulation

The T and the A are two state variables used in solving partial
differential equations, where the 7 is the current vector potential
and the A is the magnetic vector potential [14]:

B=VxA (1)
J =V xT )

where B and J are the magnetic flux density and the current
density. Substituting (1) and (2) into Ampere’s law and Faraday’s
law, we get:

VXV XxA=puJ (3)
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Fig. 1.

where pyrg is the HTS resistivity. In the 2D case, we assume
that the superconducting tape is infinitely long in the z-direction.
Besides, the thickness of the superconducting layer is neglected
[15]. Therefor J and T have only one non-zero component in
z and x-direction. Consequently, (3) and (4) are simplified as
follows:

V2 A, = —pol. ()
0 oT, _ —0B,
57y (PHTSay> =~ o (6)

where i is the vacuum permeability, A, is the z- component
of the magnetic vector potential and By is the x-component of
magnetic flux density.

B. The Circuit

To simulate the current distribution among the tapes, the
circuit model is introduced. Fig. 1 shows how to realize coupling
of the T-A formulation with the circuit. In the superconducting
element, the resistivity will be obtained by using a power-law.

E. | Inm

Jc,m

Jc,m

n—1

@)

PHTS,m =

where the critical electric field E. is 1x10* V-m~1, Jem 18
critical current density of the m-th tape. .J,,, is the current density
flowing in the m-th element of the array, n is the quality index
of the transition. Here all tapes have the same n-value.

The HTS resistance obtained by the T-A formulation is trans-
ferred to the circuit module for calculating the current distribu-
tion among the tapes. Then the distributed current of each tape is
implemented in the boundary condition of the T-A formulation
for simulating screening current. Fig. 2 is a schematic of the
equivalent circuit model. The various materials (such as the
copper stabilizer and the substrate) comprising the ReBCO
tapes can be easily incorporated into the circuit model as the
resistance element. Because the contact resistivity of our cable
is 107°-107° Q-m? by measurement for this cable. Its contact
resistance is much higher than the HTS resistance. Therefore,
the contact resistance is neglected. In our simulation the length
of the cable is set as 1 m.

Superconducting domain:
current vector 7' to calculate
the J distribution
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Fig.2.  Equivalent circuit diagram of HTS cables. Rg 1, is the superconducting
resistance of the m-th tape , Rcy,m is the copper layer of the superconducting
tape of the m-th tape. Rj i, is resistance of the joint between terminals and the
m-th tape.

The current /; flowing each tape solved by the circuit module
is then applied to the corresponding tapes by the Dirichlet

boundary condition.
/ / V xTdQ = 7{
Q 29

[[ 7a0

Ir = Z I )
=1

where I 7 is the total current, /; is current of the i-th tape.

Tdr=1; (8)

C. The Model Validation

To validate this numerical model, the current distribution in
a simple stacked-tape cable is calculated. This cable consists of
four tapes. There is a distance of 100 pm between them. In this
case, these tapes in the cable have different joint resistances and
critical currents. The geometry and performance parameters are
listed in [1].

Fig. 3 presents the results of our numerical model, which are
consistent with the experiment results in [1], [10]. In the low
current, the current in each tape linearly rises, as the current
distribution is mainly dominated by the termination resistance.
the current sharing behavior changes in the high current. When
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Fig. 3. Current of each tape versus total cable current. Solid line and dot
respectively denote simulation and experiment results. Experimental results are
from [1].

1600

1400

1200

1000

800

Critical current (A)

600 |

400

Perpendicular magnetic field (T)

Fig. 4. Critical current of the superconducting tape in the cable as a function
of the perpendicular magnetic field.

the individual current is close to the critical value, the resistance
of HTS becomes non-negligible. Hence When the tape 1 reaches
its critical current, the extra current begins to distribute over
other tapes by the termination. The proposed numerical model
can accurately simulate the current distribution in the HTS cable
and also has been applied to our HTS cable.

III. RESULT AND DISCUSSION

Our cable is made of 15 75-um thickness tapes stacked. The
magnetic field dependence of the critical current is given by
the interpolation function, which was fitted with the measured
data given by the HTS tape manufacturer. Fig. 4 presents the
perpendicular magnetic field dependence of the critical current
at 4.2 K. The n value of tapes in the cable is 25. In addition,
the charging speed is 20 A-s~!. The T-A formulation and circuit
module are applied in the 2D cross section of the HTS cable
to predict the critical currents and the losses at the different
conditions.

A. Non-uniform Terminal Resistance

In the joint manufacturing process, the uniformity and magni-
tude of the terminal resistance depend on the solder joint quality,
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Fig. 5. Left figure is current density distribution at the total current 10000 A.
Right figure is magnetic field distribution at the total current 10000 A.

TABLE I
INSTANTANEOUS LOSS AT DIFFERENT CABLE CURRENT

The cable current S000A The cable current 10000A
RJ The hysteresis loss The loss of The hysteresis loss The loss of
(nQ) in HTS (mW-m) joint(mW) in HTS (mW-m) joint (mW)
10+0.5 0.212 17 8.9 68.2
102 0.222 16.5 9.39 66.2
105 0.302 14.3 16.4 58.2
100£5 0.211 169 8.95 674
100+20 0.234 154 9.81 614
10050 0.293 174 79.1 707
4002 0.212 653 8.99 2610
40080 0.222 662 9.52 2650
400£20 0.375 504 253 2070

aging, and resistance of the Cu lead [7]. In this simulation, we
assume that the joint resistance has three statistical distributions
with low, middle and high standard deviations. Their average
value is <R;> = 10 nQ2; <R;> = 100 nf); and <R;> =
500 n€). The degree of deviation is <o> = 5%; <o > = 20%;
<o> = 50%.

Fig. 5 shows current density distribution and magnetic field
distribution at the total current 10000 A. Table I shows in-
stantaneous loss at different cable currents, which is defined
by/[, E - J dp, where ¢ is the superconductor domain. It is the
hysteresis loss in HTS layer. Fig. 6 respectively show the current
of each tape as a function of the total current at different terminal
resistance. Fig. 7 shows the voltage in each tape as a function of
the cable current at different terminal resistance.one Comparing
Fig. 6(a3) to (c3), it shows that the higher deviation leads to
a more unbalanced current distribution, which further leads to
the attenuation of the critical current. Based on the 1 pV/cm
criterion, the simulated critical currents at the <R;> = 400
n{2 <o> = 5% and the <R;> = 400 n{) <o> = 50% are
14300 A and 8820 A, respectively. In addition, the loss for the
high deviation 50% are 28 times at 10000 A of that for the low
deviation 5% according to Table I. So the higher deviation leads
to the smaller critical current and the higher loss.

Comparing Fig. 6(cl) to (c3), when the degree of the devia-
tions is same, it shows that the bigger terminal resistance also
leads to attenuation of the critical current. The simulated critical
currents at the <R;j> = 10 nQ) <> = 50% and the <R;> =
400 nQ2 <o> = 50% are 14992 A and 8820 A, respectively. In
addition, the loss for the terminal resistance 400 n§2 are 15 times
at 10000 A of that for the terminal resistance 10 nf). The main
reason is the variation of the HTS resistance obtained by the E-J
power law. For smaller terminal resistance, the HTS resistance
influences on the current distribution at the high applied current.
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Individual tape current as a function of the total current considering Gaussian distributed random values of terminal resistance. The average value of the
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For larger terminal resistance, the HTS resistance has little
influences on the current distribution. Even if a HTS tape in
the cable gets more current to reach a critical state, it will still
get more current because its resistance is much smaller than the
terminal resistance.

IV. CONCLUSION

This paper introduces a numerical model based on the cou-
pling of the T-A formulation and the circuit module. The circuit
module calculates uneven current distribution caused by the
difference of the terminal resistance, and the T-A formulation
focuses on the screening current caused by the high aspect ratio
of the ReBCO tapes. A four-tapes cable considering the joint

Individual tape voltage as a function of the total current for different terminal resistance.

resistance was used to verify the numerical model. The simulated
current distribution has a good agreement with the experimental
data. Hence this numerical method is applied to the 15-strand
HTS cable to predict its critical currents and losses at different
terminal resistances. The results show that a non-uniform ter-
minal resistance can make the current distribution among tapes
in the cable uneven. Such a large unbalance current distribution
results in a large critical current decay and a large loss increase.
In addition, a larger terminal resistance also results in a large
critical current decay and a large loss increase. In contrast to
terminal resistance(<R;> = 102, <o> =5%), the HTS cable
considering terminal resistance (<Rc> =400nS2, <o > = 50%)
have a critical current degradation of 59% and a 28 times loss
increase.
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