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Abstract

The operation of a high-temperature superconducting (HTS) device is strongly related to its electromagnetic fields and
conditions. It is necessary to study the electromagnetic interaction of proximity HTS tapes integrated such as placed in the
horizontal or vertical direction, which is important for the design and optimization of HTS devices. This paper presents a
numerical model of periodically arranged HTS tapes using the finite element method (FEM). The numerical method has been
developed to build the equivalent periodical arrangement of infinite HTS tapes and applied to simulate two basic arrangements,
horizontal and vertical periodical arrangements. The magnetic field and current distributions of HTS tapes by periodical
arrangements have been investigated. The effects on critical current with different arrangements have been illustrated. It is found
that the Y-stack can reduce the current carrying capacity while the X-array can increase that in comparison to a single tape. The
differences between the FEM results and analytical models have been analysed and also compared with the Norris model. The
two mathematical models derived for AC loss prediction have shown higher accuracy than the existing analytical models. This
study presents an effective method to optimize the electromagnetic fields, estimate the AC loss, and shows the phenomenon of
central tapes in an HTS array, which could be potentially used in performance analysis of superconducting devices, e.g. HTS

transformers.

Keywords: High-temperature superconductor (HTS), HTS tape, HTS electromagnetic characteristics, Finite element method,
Periodical arrangement of HTS tapes, Proximity effect, Critical current, AC loss.

1. Introduction

The characteristics of zero resistance below the critical
temperature enable a revolutionary application prospect of
high-temperature superconductors (HTS) [1]. With regard to
the HTS application study, simulation analysis has been
applied to verify HTS tapes such as for their electromagnetic
properties [2]. In practical engineering applications, multiple
superconducting tapes are usually periodically stacked to
improve the capacity of current transmission and obtain a
stronger magnetic field to meet the actual application needs
[3]. When the HTS tapes are closely arranged, the magnetic
field around an HTS tape will affect its adjacent tapes, i.e.
there is a proximity effect. In a complex superconducting
system, the HTS components are usually subject to strong
magnetic fields, and AC losses are generated if the magnetic
fields are time-varying. Therefore, modelling of the magnetic
field and current density distribution in practice is critical for
improving the performance of HTS devices so as to reduce the
AC loss and improve the current carrying capacity [4].

Several theoretical calculations of periodical arrangements

have been presented for analyzing the magnetic fields in HTS
thin tapes with different arrangements [5-8]. However, these
models ignored the thickness and anisotropy of the tape and
assumed the critical current is constant. The magneto-optical
imaging (MOI) technique was used to visualize the magnetic
flux density to obtain the real magnetic field distribution in
HTS tapes, and the horizontal arrangement of HTS tapes has
been studied [9, 10], but the magnetic field distribution of the
vertical arrangement could not be completely observed due to
the limitations of MOI technique [11]. Alternatively,
simulations based on the finite element method (FEM) are
applied widely in superconductivity research [12-15], FEM
analyses have been carried out on the current density of a
single tape and the AC losses in the horizontal and vertical
arrangements [16-20]. With only two or three tapes, these
basic FEM models cannot simulate the real magnetic field and
current distribution of periodically arranged HTS tapes in
practice, and they also can not verify or modify the analytical
models, which are often used for loss estimation. Therefore, it
is important to accurately model the actual magnetic field
distribution, and find out the difference between its actual
value and analytical solution, in order to estimate the AC loss



and optimize the performance of HTS devices.
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Fig. 1. Flowchart of analysis for periodically arranged HTS tapes.
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Fig. 2. (a) Arrangement of HTS tapes in Y-stack. (b) Arrangement of HTS
tapes in X-array.

In this paper, a numerical model is developed and presented
for analyzing the periodically arranged HTS tapes, which is
more accurate than the models mentioned above. This paper is
organized as follows. Section 2 presents the numerical method
of periodically arranged HTS tapes in detail, and an
introduction of an analytical model. Section 3 proposes an
effective method to establish the model of periodical
arrangement in simulation. The magnetic field distribution,
critical current, and AC loss by two periodical arrangements
are studied in Section 4. The flowchart of analysis for
periodically arranged HTS tapes is shown in Fig. 1. These new
results would be beneficial to the future design of HTS
devices.

2. Analysis methods of periodical arrangement

The arrangements of HTS tapes can be simply classified
into the Y-stack and X-array. The Y-stack arrangement in this
paper is defined as an infinite number of long tapes stacked

along the y-axis with a regular distance D. The Y-stack is
identical to tape-stack investigations with trapped field and
other electromagnetic analysis in several certain conditions, as
reported in [21-23]. The X-array arrangement can be regarded
as an infinite number of horizontal tapes aligned in the x-z
plane with a regular distance L between the adjacent tapes, as
shown in Fig. 2. The width and the thickness of each tape are
defined as 2w and d, respectively.
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Fig. 3. A numerical model for HTS tapes.

2.1 Numerical method

For the proposed geometry as shown in Fig. 3, the 2-D H-
formulation is derived to study the electromagnetic field
distribution and AC loss of HTS tapes numerically by using
COMSOL Multiphysics. The 2-D H-formulation consists of
the Faraday’s law (1), Ampere’s law (2), Ohm’s law (3) and
constitutive law (4) [24] as the following:

-—=VxE (1)
ot
J=VxH @)
E=pJ 3)
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where E is the electrical field strength, J is the current density,
p is the resistivity, x4, is the relative permeability and yy is the
permeability of free space. The power-law relationship is
employed for the resistivity in superconducting layers as:

n—1
E J

0 z

J.(B)|J.(B)
where 7 is the power-law parameter, and p is defined as 1Q-m
in the air region [25]. The critical electrical field strength Ej is
set to 10*V/m.

Due to the anisotropy of HTS tape under an external
magnetic field, the magnetic field and current distributions in
the tape will be greatly affected by the magnetic fields
generated by the other tapes. The anisotropy of the critical
current density can be expressed as a function of the magnetic
field distribution as:

)

J.(B)- J (6)
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where a, f, and By are material parameters, J. (B) is the field-



dependent critical current density, Je is the critical current
density with the self-field and 77K, B, and B. are respectively
the horizontal and the perpendicular magnetic flux density in
the cross sections.

The real dimensions of SuperPower SCS4050 tape with a
superconducting layer of 1 pm is modelled. Other details are
shown in Table I. The data on the central axis is taken as the
result of the tape. As the SuperPower SCS4050 tapes have a
non-magnetic substrate, there is no ferromagnetic loss. The
AC losses are simulated at 50 Hz. Since the small amount of
eddy-current loss can be ignored, the hysteresis loss in the
superconducting layer dominates the total AC losses of HTS
tape, and the AC loss in watt per meter of the tape can be
calculated by [26]:

2T
P:—jdz(j E~JdQS) )
T o
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Table 1
Parameters of the Sample HTS Tape.
Parameters Value
Width of the tape 2w (mm) 4
Thick of the tape d (um) 1
Critical current self-field 7, at 77 K (A) 99.23
Power-law parameter 25
By (mT) 42.65
a 0.70
p 0.29515

2.2 Analytical solution

The applied DC transport current and flux distributions in
the Y-stack or X-array arrangement can be theoretically
solved by using the transformation method as described below

(8].
For periodical Y-stack with
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D V4 D 4 D

T
the current and magnetic field distributions can be expressed
respectively as the following:
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where H, =J.d/r is the characteristic field strength, and:
cosh(zw/ D) J

H(x)= 5
-H, arctanh

10
cosh(zwl, / DI, ) (10)
b is defined as the flux front measured from the center of the
tape in Y-stack.

For the transport current passing through the periodical X-

b= Barccosh[
T

L X
array, with the variable transformations x:—tan[ j ,

V4 L

b :£tan ”—b and Vv=£tan Al , the calculation formulae
T L 4 L

of current density distribution and magnetic field distribution
are the same as those for the Y-stack (see (8) and (9)).
However, the calculation formulae of position b in the X-array
is different, and the corresponding position b is as the

following:
cos(zw/ L)
cos(zwl, / LI,)

Self-field hysteresis loss of a unit length tape in the Y-stack
and X-array can be expressed respectively as:

(11)
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3. Equivalent Models of periodical arrangement

in simulation

In the theoretical derivation, the method of wvariable
transformations is wused to introduce the periodical
arrangement. However, it is impossible to set unlimited tapes
in the simulation. It is necessary to find suitable conditions
equivalent to the periodical arrangement of infinite tapes for
accurate and fast simulation.

3.1 Infinite tapes in Y-stack established in simulation

Fig. 4 shows the flux distributions (Fig. 4(a)) and current
distributions (Fig. 4(b)) of central tape at xoz-plane when a 0.6
I. DC current passes through the Y-stack with different
numbers of tapes, N. The analytical result is given by solid
line while the numerical results are given by dash line. The
magnetic field is almost unchanged when N is more than 21.
When the Y-stack carries a 0.6 1. 50 Hz AC transport current,
the AC loss of central tape is almost unchanged when N is
more than 21 as shown in Fig 5. It means that it can be
equivalent to an infinite periodical arrangement. Hence, 21
vertically arranged tapes can be taken as the conditions for
studying the infinite periodical arrangement in the simulation.

Compared with the analytical result, both have similar
trends. The current density is smaller at both edges of the tape,
since the anisotropy of HTS tape is taken into account in the



FEM model. It is demonstrated that the simulation method can
be applied to analyze the Y-stack arrangement and multiple
excitations, which cannot be observed by the MOI technique.

Fig. 4. Normalized flux distributions (a) and current distributions (b) of
central tape of Y-stack (D/w=0.5) with the different number of tapes, N,
when a 0.6 7. DC current is applied.
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Fig. 5. Numerical AC losses of central tape of Y-stack arrangement (D/w=0.5)
with the different numbers of tapes, N.

3.2 Infinite tapes in Y-stack established in simulation

Fig. 6 shows the flux distributions of central tape arranged
in X-array (L/w=3) with the different number of tapes when a
0.6 1. DC current is applied. Fig. 7 shows the numerical losses
when a 0.6 I, AC current at 50 Hz is applied. The results show
that the magnetic field and AC loss of X-array are almost
unchanged when A is more than 7. The difference between the
Y-stack and X-array is due to the large width/thickness ratio
of the tapes. It is shown that when the number of tapes reaches
a certain level, the magnetic field of the central tape is almost
unchanged. It means that the central tape can be equivalent to
an infinite periodical arrangement. Hence, 7 horizontally
arranged tapes can be taken as the conditions for studying the
infinite periodical arrangement in the simulation.

Compared with the analytical results, the current density is
also smaller at both edges of the tape, since the anisotropy of
HTS tape is taken into account. The results are consistent with

the results visualized by the MOI technique for the observed
magnetic field distribution of single tape and X-array [11].
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Fig. 6. Normalized flux distributions (a) and current distributions (b) of
central tape of X-array (L/w=3) with the different number of tapes, N, when a
0.6 1. DC current is applied.
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Fig. 7. Numerical AC losses of central tape of X-array arrangement (L/w=3)
with the different numbers of tapes, N.

4. Results and discussion

4.1 Magnetic flux density and current distribution

As analyzed above, the equivalent periodic arrangement can
be carried out when the number of tapes N is 7 for the X-array
and 21 for the Y-stack respectively. The following analysis is
derived based on this certain situation. Figs. 8-10 illustrate the
distributions of the magnetic flux density of the single tape,
obtained by using COMSOL simulation, with Y-stack
(D/w=0.5) and X-array (L/w=3) having 0.6 I. DC current. The
results are significantly different, and the magnetic field of Y-
stack is the highest due to the mutual strengthening of the
magnetic field of the tapes. The magnetic field of X-array is
the weakest because the perpendicular components of the
magnetic field generated by other tapes cancel each other, thus
effectively shielding the middle tape at central.
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Fig. 8. Magnetic flux density of a single HTS tape when a 0.6 /. DC current is
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Fig. 11 shows the magnetic field and current distributions in
single tape, central Y-stack tape (D/w=0.5), and central X-
array tape (L/w=3) when 0.2 /. DC current or 0.6 /. DC current
is applied. It can be seen that the flux penetrates deeper into
the Y-stack than the single tape. In addition, the flux density
along the edges arranged in the Y-stack is stronger than that in
the single tape. It can be attributed to the superposition of
fields near the edges, leading to a reduction in critical current
density near the edges. The X-array decreases the flux-filled
region compared to a single tape and reduces the edge
magnetic field, due to the inverse cancellation of the magnetic
field.
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Fig. 11. Normalized magnetic field distributions (a) and current distribution
(b) versus x/w for single tape, X-array, and Y-stack arrangements when 0.2 /.
DC current or 0.6 I. DC current is applied.

4.2 Critical current

Fig. 12 shows the DC current value if the flux penetrations
up to w/2 from the edge in the different arrangements. As the
distance increases, the Y-stack needs more current to reach
half penetration, while X-array needs less current. The result is
related to the magnetic field in different arrangements, which
is consistent with the above analysis of magnetic field
distribution.

Fig. 13(a) shows the current density distribution with
1,/I:=0.75 and Fig. 13(b) shows the current density distribution
when penetration depth reaches half (5/w=0.5) for the single
tape, X-array (L/w=3) and Y-stack (D/w=1). When the same
amount of current flows, the Y-stack has a larger flux-filled
region while the X-array has a smaller flux-filled region.
When the penetration depth reaches half (b/w=0.5), the
currents flowing through the single tape, X-array and Y-stack
are 0.72 I, 0.77 I. and 0.56 I., respectively. The X-array
appears to be able to carry more current. To verify our ideas,
the I-V curves of different arrangements as shown in Fig. 14
are calculated by [27]:

EdQ
Tape voltage = =
QS

The I-V curve of a single tape shows that the critical current
is around 100 A, which is consistent with the parameters of
the selected tape. Hence, it can be concluded that the model
simulates the tape very well.

The Y-stack reduces the critical current compared with the
single tape because of the magnetic field enhancement at tape
ends. The critical current of Y-stack increases as the distance
increases. The X-array increases the critical current compared
with the single tape due to the weakening of the magnetic field
by the horizontal arrangement. The critical current of X-array
decreases as the distance increases. It should be noted that it is
impossible to infinitely arrange the tapes in an actual HTS
device, and these numerical results can show the phenomenon
of central tapes in an HTS array.

(16)
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4.3 AC loss

Fig. 15 shows the AC loss for a Y-stack at 50 Hz compared
with the analytical result. It can be seen that the loss values by
both calculations show good agreement when the tapes are
arranged closely. However, the difference is significant when
the tapes are far apart. When D/w is larger, that is, the tape is
approximate to be isolated (D/w—), the loss calculated by
both methods are in good agreement, and it is also closer to
the value calculated by the Norris model [28]. The results
show that Y-stack increases the loss. It is consistent with
deeper flux penetration and stronger flux density near the
edges arranged in the Y-stack compared with the single tape.

Fig. 16 shows the AC loss for an X-array at 50 Hz AC. The
X-array shows less AC loss compared with the Y-stack
arrangement. When distance L approaches 2w, the effect of
parallel magnetic field H, gradually increases and AC loss will
decrease. Compared with the analytical model, the difference
between the two methods is great when the distance L is small,
and the difference decreases as the distance L increases. When
L/w is larger, the tape is closer to an isolated tape (L/w—),
the simulation results are closer to the value calculated by the
Norris model

In order to meet more accurately the needs of loss
estimation in practical applications, the empirical expressions
for AC loss per unit length with different distances (mm) are
proposed respectively as follows:

(LY
Pi_gip.p| e (17)
I 1,
where constants ¢=2.804x107, #=0.5718, c=-1.237, and
e=4.0874 for a Y-stack, and:
(1Y
%=a+b~(L—2w) (I—j (18)

where constants a=1.065x10, 5=0.0235, ¢=0.6144, and
€e=4.9663 for an X-array.
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Fig. 15. AC loss per length with different AC current amplitudes (/,/1,) for a
Y-stack.
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Figs. 17 and 18 show the results of AC loss per unit length
with different distances and currents for a Y-stack and X-
array. The AC loss decreases as the distance D increases for a
Y-stack, and the AC loss increases as the distance L increases
for an X-array. The numerical estimations have good fitting
results, which means that they can be used to estimate more
accurately the AC loss compared to analytical models.

5. Conclusion

A numerical model of periodically arranged HTS tapes is
presented using FEM based on the H-formulation. Firstly, the
method is shown how to realize the periodical arrangement of
infinite HTS tapes in simulation. Then, the profiles of the

magnetic field and current density are discussed. The flux
penetration of Y-stack is deeper than the single tape due to the
superposition of fields near the edges, while the X-array
decreases the flux-filled region due to the cancellation of the
magnetic field. Moreover, the critical current and AC loss are
also analyzed from the perspectives of Y-stack and X-array. It
can be concluded that the X-array will improve the current
carrying capacity, while the Y-stack will reduce that. The AC
loss of Y-stack will decrease as the distance increases,
whereas the AC loss of X-array will increase. The differences
between the FEM results and analytical models are discussed.
Both FEM results are higher than those of the analytical model
which fail to consider anisotropy and the change of critical
current. The loss of the numerical model will eventually
approach the value calculated by the Norris model as the
distance increases. Two mathematical models for the AC
losses with different distances are proposed for the
periodically arranged HTS tapes, which are more accurate to
estimate the AC loss compared with the analytical models.
These new results would be beneficial to the future design of
HTS devices.
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