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Abstract

The critical current is one of the key parameters of high temperature superconducting (HTS) racetrack coils. Therefore, it is
significant to calculate critical currents of HTS coils. This paper introduces a fast iterative algorithm for calculating the critical
current of second generation (2G) HTS coils. This model does not need to solve long charging transients which greatly reduced the
amount of calculation. To validate this model, the V-I curve of four 2G HTS double racetrack coils are measured. The effect of the
silicon steel sheet on the critical current of the racetrack coil is also studied based on this algorithm.
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1. INTRODUCTION

The second generation (2G) high temperature
superconducting (HTS) coils have been used in many
electrical applications, such as HTS machines, HTS cables
and superconducting fault current limiters [1-4]. From the
safety and economy point of view, the critical current is one
of the key parameters of the HTS coils [5]. Therefore, it is
significant to calculate the critical current of HTS coils.
Traditional time-consuming numerical method [6-8] has to
conduct transient study simulating the long charging
process of measuring the V-1 curve of the HTS coil. Besides,
when calculating the critical current of large-scale HTS
coils, it could be very hard to use H-formulation, due to the
high aspect ratio of the 2G HTS tapes and huge
computational amount [9]. In order to speed up the
calculating process, a fast iterative algorithm will be
proposed in this paper.

In section 2, the theoretical derivations of the fast
iterative algorithm are presented in details. In section 3, the
parameters of the multi-turn 2G HTS double racetrack coil
used for verification are introduced. In section 4, the
experimental and simulation results are compared. After
the algorithm is verified, the effect of the silicon steel sheet
on the critical current of the racetrack coil is also
qualitatively studied. Finally, the conclusion is drawn in
section 5.

2. ALGORITHM AND MODEL

2.1. Anisotropy of HTS tapes and the E-J power law

* Corresponding author: zhen.huang@sjtu.edu.cn

The anisotropy of HTS tapes is an important factor
deciding the electromagnetic properties of the HTS coils.
The normalized experimental data of the tapes’ critical
currents under different magnetic fields is shown in Fig. 1.
The x-axis coordinate quantity is the angle between the
external magnetic field and the surface of the 2G HTS tape.
The y-axis coordinate quantity is the ratio of the critical
current of the tape in the given applied magnetic field to the
self-field critical current. As we can see from the figure, for
magnetic fields with the same amplitude, the critical current
of the tape is maximum at an angle of about 0, that is, when
the magnetic field is parallel to surface of the tape. On the
contrary, the critical current of the tape is minimum at an
angle of about 90 and a negative 90, that is, when the
magnetic field is perpendicular to the surface of the tape.
The curve is not ideally symmetrical at 0 degrees but just
similar. For the convenience of numerical processing [10],
the data are processed by averaging two data with the same
absolute angle, and the processed results are shown in Fig.

Using the data in Fig. 2, to consider the complex
anisotropy of the HTS tape in our numerical model, the
relationship between the critical current density and the
magnetic flux density is [11]:

3.(B) = J.(B,,, B, )= Jey W

(L+/(kB,, )’ +B,,’ /B,)"

where Bpar and Bper represent the magnetic field
component parallel and perpendicular to the tape surface
respectively. Jeo is the self-field critical current density. b, k
and B are the critical current curve fitting parameters.



Fast iterative algorithm for calculating the critical current of second generation high temperature superconducting racetrack coils

- 00IT
104 2448 *— 0.015T
] ¢
2 e s s i e T T e oo
S 004 iyt eIy I BT 003T
> pea i SSO0e : ot
2 ogd T P — post
E N r 01T
‘:07— --'..(-.'_ «—0.15T
5 - . 02T
E ’ 03T
g 067 - . . *w [
2 SRR e T o
E 057 * 07T
SOw o L - . --.._‘..'. o
go4qr '-_ i SR 15T
;
oy I NUORNN o=
i()a- . o
= ‘‘‘‘‘‘‘‘‘‘‘‘
£ 02 et
=) a ,4,.,.“«“-.;’
Ao e -
***************

T T T T T T T T T T T T T T T T 1
-90-80 -70 -60-50-40-30-20-10 0 10 20 30 40 50 60 70 80 90

Angle (%)

Fig. 1. Normalized experimental data of the tapes’ critical
currents under different magnetic fields.
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Fig. 2. Simplified normalized experimental data of the
tapes’ critical currents under different magnetic fields.

The constitutive relationship between electric field
strength and current density in the superconducting domain
is modeled by the so-called E-J power law relation [12] :
E,J "
J.(B)

J
JC(B)

EQ) = 2

where Ey is the critical electrical field which is usually set
as 10 V/m. N is the curve fitting parameter.

2.2. Electric field strength of straight and arc parts

For each HTS racetrack coil, it can be divided into
straight part and arc part. Fig. 3 shows a cross section (in
this paper, the “cross section” mentioned is always
perpendicular to the direction of current) of straight part of
one turn. In the cross section in Fig. 3, the current in the
tape flows in y direction. Since the electrical field has the
same direction with the current, the electrical field is also in
y direction. When substituting E = Ey into Faraday’s law for
Cartesian coordinate, Faraday’s law can be described as:

GE, 0B

T @

GE, B

x ot

- (4)

When calculating the critical current of an HTS coil, the
coil should carry stable direct current (DC). As a result, the
surrounding electromagnetic environment is a static field.
That is, the magnetic field is constant and it does not
change with time, so we have:

oE, 0 )
oz
oE
y
Y _ 6
= (6)

To mathematically satisfy (5) and (6), Ey in the cross
section of straight part of the same turn must be a constant,
which also means the electrical field in the cross section of
straight part of the same turn is uniform.

Fig. 4 shows a cross section of arc part of one turn of the
coil. In the cross section in Fig. 4, the current in the tape
flows in ¢ direction. Due to reasons similar to those
described previously, when substituting E = E, into
Faraday’s law for cylindrical coordinate, Faraday’s law can
be described as:

oE 0B

_ ¢ _ —— =0 7

0z ot )

8(rEw) - _@:0 (8)
ror ot

To mathematically satisfy (7), E, is uniform in the z-axis
direction (thickness direction) in the same turn.

To mathematically satisfy (8), rE, is uniform in the r-axis
in the same turn, and then we have:

E =

4

(9)

c__C _
r R+Ar

ol

where R is the distance from the inner surface of the HTS
layer of the studied turn to the center of the arc part and it is
a constant for each turn. C is the constant term of the
solution of the differential equation (9) and it is also a
constant for each turn of the coil. Ar is the distance between
the inner surface of the HTS layer of the studied turn to any
point of the same turn as shown in Fig. 4.

Cross section

Fig. 3. Schematic diagram of cross section of straight part
of one turn (not to scale).
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Fig. 4. Schematic diagram of cross section of arc part of
one turn (not to scale).

Considering the thickness of the HTS layer (usually 1
micrometer) is much smaller than R (usually at least tens of
millimeters), the Ar can be ignored and E, is uniform in the
r-axis direction (thickness direction) in the same turn. We
can now know that the electrical field in the cross section of
arc part of the same turn is uniform. In summary, no matter
straight or arc part, the electric field in the same turn of one
cross section is approximate uniform.

2.3. Algorithm

From the conclusion in part 2.2, we know that the
electric field in the same turn of the same cross section is
approximate uniform and then from (2) we can know that
for each turn of the same cross section, the ratio of J to J¢(B)
is also uniform:

Jl = J2 Zeee = Jn =
J.(B) J.(B)  J.(B)
J.Jids I, (10)

[3.B)ds ~ [3.(B)as

where n is the number of meshes in each turn, Ji and J¢(Bi)
is the current density and critical current density of the ith
mesh respectively. lois the current value in each turn.

For 2-D model, there is only one cross section, so we
can directly use (10). For 3-D model, we can divide the coil
into many segments. If each segment is small, the change of
the electric field along the length of the segment can be
neglected and we can also use (10). The A-formulation is
used for calculating magnetic field distribution if the
current density distribution is known:

VxVxA=ud (11)
where u is magnetic permeability.

From (10) we can know that the iterative update of
current density in each turn of the coil is:

J (12)

i—(n+1) :‘]c

IO
(Bi—n) J-\]C(Biin)ds

where Jin+1) iS the current density value in the (n+1)th
iterative step, Bi.n is the magnetic flux density value in the
nth iterative step.

The flowchart of the whole algorithm is summarized in
Fig. 5. Take a coil with a critical current value of 100 A as

example, the traditional numerical method has to conduct a
transient study simulating the long charging process of
measuring the V-I curve of the coil (0 — 100 s for 1 A/s).
However, it only needs to conduct 100 steady state studies
(1,2...100 A) and the total calculation time of these steady
state studies are much faster than that of the transient study
in the software computing practice.

3. EXPERIMENT

The four 86-turn HTS double racetrack coils that will be
used in the semi-superconducting synchronous generator
project (i.e. HTS coils are on the armature) are used as
verification coils. The HTS tapes are supplied by Shanghai
Superconductor Technology Company (SSTC). Before
winding the coil, the V-l curve of the HTS tape was
measured to guarantee the performance of the tape and get
the self-field critical current value and the N value of the
tape. The measured anisotropy property of the HTS tapes
has been introduced in part 2.1. The overall pictures of the
racetrack coils are shown in Fig. 6, and the parameters of
the four HTS double racetrack coils are the same and
summarized in table 1.

The coils are bathed in the liquid nitrogen environment
during the critical current measurement experiment. The
ramp-up rate for the power supply is set as 1 A/s. The
critical current criterion is that the average electric field
strength of the coil reaches 100 uV/m [13].

Divide the coil into many straight and arc segments
(this step is only needed in 3-D model)
Given I, |

Assume initial J;
uniform in each turn
T

Segments of arc part !

o/ Calculate B, |Using (11)

|

No Calculate J (B, | Using (1)
\
<;I£rror < Toleragge)‘* Update J; |Using (12)

l\’es

Output J;, B;and E

Fig. 5. The flowchart of the whole algorithm.

Segments of stright part

™

e

CoilA Coil B

he four coils are
: in assembly

Coil C Coil D

Fig. 6. Overall pictures of the four double racetrack coils.
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TABLE I
CoIL PARAMETERS.
Parameter Value
Tape YBCO
Manufacturer SSTC
Tape thickness lum
Tape width 4 mm
Substrate material Hastelloy
N 28
Critical current (77 K, self-field) 205 A
b 1.05795
k 0.0605
Bec 0.1942 T
Turns 86
Inner / outer radius of the coil 37 /54.2 mm
Straight length 244 mm
Total length of HTS tapes 66 m

4. RESULTS AND DISCUSSIONS

4.1. Comparison of results of experiment and the proposed
algorithm

Fig. 7 shows the estimation results of five kinds of
numerical models and the experiment results of the four
coils. The first item in the legend is the numerical transient
(the process of the current value ramping up at 1 A/s just
like the experiment is simulated) model based on the
commonly used H-formulation, and it regards the racetrack
coil as infinite length conductor. For infinite length
conductor, it can be expressed by one cross section as
shown in Fig. 3 and it is just 2-D model. “Full” means each
conductor is drawn separately and no homogeneous
method [14] is used.

The second item is the 2-D infinite length conductor
model using the proposed algorithm without the
homogeneous method and each conductor is still drawn
separately. The third item is the 2-D infinite length
conductor model using the proposed algorithm with the
homogeneous method. The fourth item regards the
racetrack coil as circular coil ignoring the straight part. It
can be expressed by one cross section as shown in Fig. 4.
The fifth item is the 3-D model considering both arc part
and straight part.

The match of the first three models proves the validity of
the homogeneous method and the proposed algorithm. The
calculation time for them are 2 h 48 min 23s,5 min 16 s
and 2 min 32 s, respectively, and the proposed algorithm is
much faster than the traditional numerical method.

The 2-D axisymmetric model tends to underestimate the
critical current and the 2-D infinite length model tends to
overestimate comparing to the 3-D model. That is because
for a given current amplitude, the magnetic field in the
innermost turn of a circular coil (can be expressed by 2-D
axisymmetric model) is larger than that of its corresponding
racetrack coil [15]. Larger magnetic field means lower
critical current density and higher electric field strength. As
can be seen from Fig. 8, all these models show similar
distribution patterns. The innermost turn of both arc and
straight parts is under the largest magnetic flux density
magnitude among all turns. For each turn of the coil, the
outside end part exposes to the largest magnetic flux

density magnitude along the width direction of the YBCO
tape. The average magnetic flux density magnitude in the
arc part is larger than that in the straight part of the
racetrack coil.

The results of the 3-D model are more close to actual
coils because only 3-D model can consider the interaction
between straight and arc parts. The results of four
experiment coils with the same geometric and tape
parameters are different and such discrepancy can be
caused by many reasons like the experimental measurement
error and the non-uniformity of the tape along the length
caused by the complicated HTS tape production process
[16].
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Fig. 7. Comparison of V-I curve obtained by experiment
and the proposed algorithm.
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4.2. Application: effect of the silicon steel sheet on the
critical current of the racetrack coil

In many actual applications like the HTS machine, the
coil is placed along with the magnetic material. The
existence of the magnetic material can divert the magnetic
line [17], thus influencing the critical current value of the
coil. Silicon steel sheet is a kind of commonly used
magnetic material. The B-H curve of the studied silicon
steel sheet is shown in Fig. 9 and it is also the material used
in our group’s semi-superconducting synchronous
generator project shown in Fig. 6.

In this part, the iterative algorithm of the 3-D model is
used for calculating the critical current under three silicon
steel sheet layouts. The parameters of the studied coil are
shown in Table I, and each turn of the coil is numbered
sequentially from the innermost turn to the outermost turn.
As shown in Fig. 10, by comparing the results of case A
with case B, C and D, the effect of the silicon steel sheet on
the critical current of the racetrack coil can be qualitatively
explained. We choose the turns numbered 1, 21 and 42, and
calculate the critical current of them using the criterion of
100 uV/m to reflect the change in critical current value in 3
areas: inner, middle and outer of the coil.
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o
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o

Fig. 9. The B-H curve of the studied silicon steel sheet.
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Fig. 11. V-1 curve of different cases obtained from the
proposed algorithm.

TABLE II
CRITICAL CURRENT OF EACH TURN.

Turn number Critical current (A)

A-1 112.8
A-21 1145

A-42 122.1

B-1 105 (17.8)
B-21 113.3(1.2)
B-42 120.7 (}1.4)
c-1 1135 (10.7)
c-21 116.6 (12.1)
C-42 118.8(|3.3)
D-1 114.3 (11.5)
D-21 113.3(]1.2)
D-42 110 (112.1)

The V-l curves of different cases obtained from the
proposed algorithm are shown in Fig. 11 and the critical
current values are summarized in table II (the values in
parentheses are the critical current change values relative to
case A). To understand the reason for the change in critical
current value, the magnetic flux density magnitude
distribution and magnetic lines of different cases calculated
by the proposed algorithm are shown in Fig. 12.

For case B, the inserted silicon steel sheet diverts
magnetic field lines, gathering it to the silicon steel sheet
faster. The vertical field component of the area near the
silicon steel sheet increases relatively, and the critical
current value of this area decreases. The innermost turn is
most affected, and the critical current of it decreases more
obviously.

For case C, the silicon steel sheet above the coil attracts
magnetic lines. For the first and 21th turn, the vertical field
component drops slightly and the critical current values
rises slightly, while the outermost turn is the opposite.

For case D, the silicon steel sheet also attracts the
magnetic lines, and the outermost turn is most affected. The
vertical field component increases significantly and the
critical current decreases significantly. However, the first
and 21th turn relatively far away from the silicon steel sheet
are less affected and the critical current values of them do
not change much.
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In short, it can be found that the silicon steel sheet will
increase the vertical field component of the HTS tapes
close to it. Due to the anisotropy property of YBCO tapes,
the critical current decay phenomenon is significant.
However, the critical current change of the tapes far away
from the silicon steel sheet is not obvious.

5. CONCLUSION
In this paper, a fast iterative algorithm for calculating the

critical current of 2G HTS racetrack coils is introduced. It
does not need to solve the long charging process which

makes it faster than traditional transient numerical methods.

The V-1 curve of four 2G HTS double racetrack coils are
measured verifying the validity of this algorithm. The effect
of the silicon steel sheet on the critical current of the
racetrack coil is also qualitatively studied. This algorithm
could be used to design various large-scale applications
employing 2G HTS racetrack coils efficiently.
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