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Abstract-- The influence of current distribution on the
transport current loss in vertically stacked high-T.
superconductor (HTS) tapes was evaluated. AC loss was
analyzed as a function of current distribution by introducing
a current distribution parameter through a numerical method
(finite element analysis). AC loss under non-uniform current
distribution is always higher than that for a uniformly
distributed transport current in a conductor. Although the
effect of non-uniformity is relatively insignificant in low
transport current, AC loss increases substantially in high
transport current regions as non-uniformity is enlarged. The
results verify that non-uniform current distribution causes
extra loss by examining the cross-sectional view of current
densities in stacked conductor.

1. INTRODUCTION

It is well known that the current carrying capabilities of
HTS equipment can be increased via the use of a
multi-stacked or stranded conductor using HTS tapes. The
non-uniform current distribution in such conductors may
result in the degradation of overall performance and
stability [1]. It has well reported that the main cause of
non-uniform current distribution arises from joint
resistance at the terminal, unbalanced inductance between
layers, different impedance according to the winding pitch,
etc. [1]-[6]. The determination of the critical current of a
HTS apparatus and measurement of AC loss is a
complicated issue [7]-[9]. In the past, a number of attempts
have been made to reduce AC loss by making the current
distribution as even as possible, but it is necessary to
systematically analyze the effects of non-uniform current
distribution on AC loss.

In this paper, we report an examination the effect of
current distribution on AC loss in stacked Bi-2223/Ag
tapes. In our previous studies, a numerical method was
proposed to predict AC transport current losses in
vertically stacked HTS tapes. The proposed numerical
method was confirmed with experimental results and was
found to be in quite good agreement with each other
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TABLE I

SPECIFICATIONS OF HTS TAPE FOR STACKED CONDUCTOR.
Composition (Bi,Pb)2223/Ag
Size 3.1 x0.17 mm
Filamentary region 3.0x0.11 mm
Number of filaments 55
Twist Not twisted
Critical current at 77 K 75-80 A
Index n 20

[11]-[12]. The numerical methods to predict AC loss in
stacked Bi-2223/Ag tapes for different current distribution
are described here. AC transport current losses were
analyzed by introducing a current distribution parameter.
Using the current distribution parameter, AC transport
current losses are explained and discussed with numerical
results as well as drawings of current density distribution in
stacked Bi-2223/Ag tapes.

2. NUMERICAL ANALYSIS

2.1.  Stacked HTS Model

An Ag-alloy sheathed Bi-2223 superconducting tape
was considered in this work. The detailed specifications of
Bi-2223/Ag tapes are listed in Table. I. Fig. 1 shows a
schematic diagram of stacked conductor. As can be seen in
Fig. 1, the stacked conductor consists of three Bi-2223/Ag
tapes in a manner of one tape is overlaid on another. Each
tape is numbered as Tape 1, Tape 2, and Tape 3, from top to
bottom. Also, the current flowing into each tape is defined
by Z; (i=1, 2, 3), which corresponds to the current at Tape 1,
Tape 2, and Tape 3, respectively. The critical current of
each HTS tape and a model conductor were measured at 77
K by the standard four-probe method. The critical currents
of each tape were almost the same, about 75-80 A and the
measured critical currents of the model conductor was 193
A. The critical current of stacked conductor showed
significant degradation considering the simple summation
of critical current in each tape. It is, however, well known
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Fig. 1. Schematic diagram of a vertically stacked
conductor.

that a magnetic field generated by a neighboring tape has
significantly been affected the critical current of a stacked
conductor if the tapes are stacked closely [9]-[12].

2.2.  The Current Distribution Parameter

In our analysis, a sinusoidal transport current /,(¢)=Iy’
sin(wt) was applied to a model conductor, as shown in Fig.
1. At the beginning of the conductor, the applied transport
current /,, was branched off and flowed to each tape 7,
which had the relation: [,.= 2 I;(i=1, 2, and 3). To examine
the effect of current non-uniformity on AC loss, a current
distribution parameter y, defined as the ratio of /; to 1, or I3
to [, was introduced although this parameter cannot be
used for practical situation. When current distribution
parameter is 1, it is assumed that all of the current flowing
is completely identical. If y is below or above 1, this
indicates that at least the amplitudes of the current in some
tapes are different, i.e. non-uniformly distributed current in
the conductor.

2.3.

The numerical approach based on finite element method
was used to calculate AC loss. The numerical analysis was
implemented with an A-V formulation, as was used in
previous studies [11]-[12]. As shown in Fig. 1,
electromagnetic quantities of a stacked conductor should
be only limited in terms of the z-component. Therefore, a
two-dimensional analysis is adequate for a model
conductor. The governing equation is defined as:

,e(vm%] (1)
ot

where, A, is the magnetic vector potential, V' is electric
scalar potential, L, is magnetic permeability of vacuum,
and ¢ is the time. The field-dependent, non-linear
superconducting property (o) should be considered for
exact loss estimation. This can be expressed as a function
of the magnetic field and its orientation as in (2), which can
be obtained from the power law and ohm’s law based on the
sets of the measured critical current and index number as a
function of various external magnetic fields:

Numerical Analysis
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where, B is the magnetic field density, 0 is the incident
angle of B, E is the electric field, and J. and n denote the
critical current density and index number of the
Bi-2223/Ag tape. From the simultaneous calculation with
(1) and (2), AC transport current loss can be obtained from
an integration of the current density and electric field over
the cross-section of the conductor and one period of time.

3.  RESULTS AND DISCUSSION

Fig. 2 depicts numerically estimated AC transport
current losses (Q;) with respect to the normalized current
of a stacked conductor. The normalized current in the
figure means the transport current (/) divided by the
critical current of the stacked conductor (/.). In a previous
study, it was confirmed that the proposed numerical
method for accurately predicting AC loss in a stacked
conductor was in good agreement with the experimental
results [9]-[12]. From the validity of the presented method,
the influence of current distribution on AC loss was
analyzed. Fig. 2 indicates the effect of current distribution
parameters on AC transport current loss. As explained
above, the currents at each tape were uniformly or
non-uniformly distributed for various y values. The AC loss
calculations were performed for same transport current by
changing the value of y from 0.5 to 1.5. As shown in Fig. 2,
the value of AC loss is always the smallest in the case of y
=1.0, which is the uniformly distributed current in the
conductor. The evaluated results for non-uniform current
distribution generally showed higher losses than y—=1.0.
This fact suggests that the AC losses increase according to
the non-uniformity of the current distribution. This is due to
the fact that non-uniform current distribution causes extra
AC loss, which was excessive compared to the uniform
current distribution. For the case of a low /., the effect of
current distribution on loss is insignificant, regardless of
the value of y. However, it is also found from Fig. 2 that AC
losses are highly dependent on y and deviations according
to vy become enlarged substantially, especially in a high 7,
region around the /.. To see the distinct effect of current
distribution parameter on AC losses in more detail, we
depicted several AC loss results as the ratio of y#1 to y=1 in
Fig. 3 and 4 for the sake a comparison.
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Fig. 2. AC transport current losses for various current
distribution parameters.
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Fig. 3. AC loss ratio for different current distribution
parameter normalized by the loss of uniform current
distribution (y=1) when 7,,=0.51...
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Fig. 4. AC loss ratio for different current distribution
parameter normalized by the loss of uniform current
distribution (y=1) when 7,=0.951...

AC losses in Fig. 2 were replotted for specific transport
currents as in Fig. 3 and Fig. 4. The figures show the
increment of AC loss at y=1 divided by the loss when y=1.
In Fig. 3, AC losses are compared with each other
according to y when /,=0.5/... One can be seen in this figure,
all of the losses in non-uniform current distribution are
slightly higher than y=1. On the contrary, AC loss is much
higher than y=1 as non-uniformity increases for a high
transport current (/,=0.951,) as in Fig. 4.

The effect of non-uniformity for different values of y can
be understood by inspecting the current flowing /; at each
tape. For an extreme parameter such as y=0.5 or 1.5, a
transport current of 0.51, is far below 7., the currents in each
tape are also below its /.. The differences between /; are
negligible in the low [, region, although y is not uniform.
This fact leads to an insignificant effect of the y in case of a
low 1. In Fig.4, the transport current of 7,=0.951. is still
below the critical current of conductor but the current in
some of the tape is well over its /.. For instance, for y=0.5,
the current at Tape 2 (,=92 A) is much higher than its /.
(75-80 A). This kind of non-uniformity causes a
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Fig. 5. The illustrations of current density when /,=0.51,
ot=n/2. The current distribution parameters are 0.5, 0.7,
1.0, 1.3, and 1.5 from top to bottom, respectively.
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Fig. 6. The illustrations of current density when 7,=0.951,
ot=r/2. The current distribution parameters are 0.5, 0.7,
1.0, 1.3, and 1.5 from top to bottom, respectively.

considerable AC loss increment in the high 7, region.
Above the critical current, flux flow begins and flux flow
loss is supposed to be more dominant mechanism than flux
creep loss in the AC loss. Those results suggest that the
reduction of AC loss can be achieved by making the current
as equal as possible even though the current is
non-uniformly distributed.

Fig. 5 and Fig. 6 illustrates the distribution in current
density across the cross-section of the stacked conductor at
ot=n/2, which is related to the instant peak magnitude of
the applied current. From top to bottom, each figure
corresponds to y=0.5, 0.7, 1.0, 1.3, and 1.5, respectively.



Seyong Choi, Wansoo Nah, Jinho Joo, Kyung-Woo Ryu, Byoung-Seob Lee, Jang-Hee Yoon, Jung-Woo Ok, Jin Yong Park, ...... 19

In each cross-section of conductor, the one from top,
middle, and bottom tapes also indicate Tape 1, 2, and 3.
The transport current in Fig. 5 and 6 are individually shown
for 0.5/, and 0.957.. The drawings of current density at a
low 1, as in Fig. 5, are quite similar to one another
regardless of the values of y. The findings indicate that
there is only a miniscule difference in current density even
in extreme cases (y=0.5 or 1.5).

It is reasonable that the value of y is negligibly
influenced on AC loss in low 7,,. While at a high 7, of 0.951.
noticeable difference can be seen in Fig. 6 and the current
density depends much more on various y values than in Fig.
5. This could be a plausible answer for why the effect of y
value on AC transport loss increases as non-uniformity
severely goes from y=1.5 to 0.5. Especially, this fact can be
clearly explained in Fig. 6 (y=0.5) that no current-free
region is observed in Tape 2 because the current density is
fully penetrated in the tape cross-section. The AC loss is
more significantly affected by non-uniform current
distribution at high 7,,.

4. CONCLUSION

AC transport current losses for stacked conductor
consisting of Bi-2223/Ag tapes were investigated. A
numerical calculation for AC loss estimation was
performed to examine the effect of current distribution on
AC transport current loss. The findings indicate that AC
loss when the transport current is uniform in each tape
always shows a lower behavior than non-uniform current
distribution, which causes an increase in AC loss. At the
low transport current region, AC loss was not significantly
affected by the current distribution. While for a high
transport current, AC loss increased considerably in
comparison with uniform current distribution and the effect
of current distribution parameter on AC loss increased with
increasing non-uniformity. The cross-sectional view of
current density from the numerical calculation also verified
that the uniformity of current distribution turned out to
significantly affect AC loss, especially in the high transport
current region.
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