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Abstract—Rapid-cycling synchrotron (RCS) magnets based on a
superferric design consist of high temperature superconducting
(HTS) coil windings coupled with iron cores. However, the presence
of iron cores significantly increases AC loss in HTS coil windings,
making AC loss reduction a critical issue for applying HTS technol-
ogy in RCSs. Enlarging the distance between iron cores and coil
windings may reduce AC loss. In addition, magnetic materials with
different saturation magnetic fields also may influence AC loss in
HTS coil windings coupled with iron cores. To investigate the dis-
tance dependence, AC losses of 1DPC (double pancake coil)-, 2DPC-,
4DPC-, and 8DPC assemblies with various distances are simulated
using the 3D 7-4 homogenization method with/without an iron core.
Two magnetic materials with different saturation magnetic fields
are chosen as the iron core to evaluate AC loss in HTS coil assem-
blies. The results show that the AC loss values in HTS coil assemblies
coupled with the iron core decrease significantly with growing dis-
tance. For a given distance and current, when the iron core has a
lower saturation field, the AC loss values of the 4DPC assembly are
smaller than those with a higher saturation field.

Index Terms—AC loss, iron core, superconducting coils, 3D 7-4
homogenization method.

[. INTRODUCTION

S the next generation accelerators for cancer treatment,

rapid-cycling synchrotrons (RCSs) are desired to be built
on the base of high temperature superconducting (HTS) coil
windings to minimize magnet size and reduce electricity con-
sumption [1]. The proposed superferric magnets are based on
HTS coil windings coupled with iron cores [2]-[4]. Due to the
presence of iron cores, a significant AC loss increase in HTS
coil windings was observed, and hence AC loss becomes one of
the main concerns of superferric magnets and new generation
RCS application [5]-[9].

More recently, in our previous work [9], we carried out AC
loss simulations on HTS coil windings coupled with an iron
core using the 3D 7-4 homogenization method [10]-[12]. Re-
sults showed that the AC loss in the 8DPC (double pancake coil)
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assembly coupled with the iron core is more than one order
larger than that without the iron core [9]. Several studies have
reported that the AC loss of HTS coil windings shows depend-
ence on the number of stacked coils and the inner diameter of
coils [13]-[15]. As the schematic depicted in Fig.1, the distance
(d) is defined as the gap from the outer diameter of the iron core
to the inner diameter of the coil assembly. Therefore, the dis-
tance, d, can vary with different inner diameters (d1) of coils
and AC loss reduction might be achieved by increasing this dis-
tance by weakening the influence of the iron core. In addition,
magnetic materials with different saturation magnetic fields
also resulted in different AC losses in HTS coil windings [16]-
[19]. However, no systematic work has been carried out for
HTS coil windings coupled with an iron core to explore AC loss
dependence on the number of stacked coils, d values, and satu-
ration fields of the iron core.

Iron core

Inner
diameter, d;
fo— |

0
] O
ﬁ‘i' g | | HTS coil
il S
o F windings
O O
ooplly
Outer

 diameter, d,
y
Fig. 1. Schematic of RE(BCO) coil windings coupled with an iron core.

In this work, AC loss simulations were carried out to study
loss dependence on the stacked number of DPCs, d values, and
the saturation magnetic field of the iron core by using the 3D 7-
A homogenization method. AC loss in the 1DPC-, 2DPC-,
4DPC-, and 8DPC assemblies wound with 4 mm-wide Shang-
hai Superconductor wires with and without the iron core having

J. Fang is with the School of Electrical Engineering, Beijing Jiaotong Univer-
sity, Beijing, 100044, China. (e-mail: jfang@bjtu.edu.cn).

N. Amemiya is with the Graduate School of Engineering, Kyoto University,
Kyoto 615-5120, Japan. (e-mail: amemiya.naoyuki.6a@kyoto-u.ac.jp).

R. Badcock, N. Long and Z. Jiang are with the Robinson Research Institute,
Victoria University of Wellington, 69 Gracefield Road, Lower Hutt 5011, New
Zealand (e-mail: rod.badcock@vuw.ac.nz; nick.long@vuw.ac.nz;
zhenan jiang@vuw.ac.nz).

Color versions of one or more of the figures in this paper are available online at
http://ieeexplore.icee.org.

Digital Object Identifier will be inserted here upon acceptance.

Template version 8.0d, 22 August 2017. IEEE will put copyright information in this area
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

X i . ©2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.or: /B ore.
Authorized licensed use limited to: Te Herenga Waka - Victoria University of Wellington. Downloaded on February 21,2023 at 09:03:23 UTC from IEEE Xplore. Restrictions apply.

ublications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Applied Superconductivity. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TASC.2023.3246944

various d values are compared when they carry different
transport currents. Moreover, magnetic materials with different
saturation magnetic fields are considered to investigate the in-
fluence of saturation field on AC loss characteristics of the coil
windings.

II. NUMERICAL METHOD
A. T-A Formulation

In the 7-4 formulation [10], the current vector potential T is
defined in the superconducting wire, while the magnetic vector

potential 4 is employed in the entire model. T and 4 are defined
by

J=VxT
B=VxA

(1

@

here J is the current density and B is the magnetic flux density.
The governing equations of the 7' and A formulations are:
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where p is the vacuum permeability, u. is the relative permea-
bility of the magnetic material. u values of iron cores are ob-
tained from B-H curves of ‘Silicon Steel NGO 50PN290° and
‘Silicon Steel NGO 35JN200° in COMSOL Multiphysics
shown in Fig. 2.
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Fig. 2. B-H curves of Silicon Steel NGO 50PN290 and Silicon Steel NGO
35JN200 used in the simulation models.

The resistivity of the superconductor, purs, is derived from
the E-J power law:

n—-1

E

c

J.(B)

J
J.(B)
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where E. = 10* V/m and n = 17 [9].
To describe the J.(B) relationship of the superconductor, the
modified Kim model [19] is adopted:
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where Jco, k, Bo, and «a are fitting parameters obtained from crit-
ical current measurements under applied magnetic fields. In this
work, Jeo = 4.815x10'° A/m?, k= 0.24, By = 0.03, and . = 0.23.
Bpara and Biperp are the parallel and perpendicular magnetic field
components to the HTS layer.

B. 3D T-4 Homogenization Method

The main specifications of the coated conductor, DPC, and
iron core can be found from Table I.

TABLEI
SPECIFICATIONS OF COATED CONDUCTOR, DPC AND IRON CORE

Shanghai Super-

Manufacturer conductor Co.
Substrate Hastelloy
C‘Efr’fifg Width (mm) 40
tor Total thickness («m) 85.0
Thickness of superconducting layer 1
(pum)
L selt-fiela (A) 192.6
Inner diameter (mm) 35.0
DPC Outer diameter (mm) 36.5
(each) Total height (mm) 9.0
Turn number 10
Materials Silicon Steel NGO
SOPN290/35JN200
Iron core  Outer diameter of cross-section (mm) 22
. . Rectangular
Dimensions (mm) ©3x211)

To simulate coil assemblies using the 3D 7-4 homogeniza-
tion method, the scaled current density in the homogenous bulk
is defined to calculate A as:

d
o =J-—

here Jyuk is the current density of the homogeneous bulk, d is
the thickness of the superconducting layer, and #yir is the total
thickness of the coated conductor.

The transport current in each DPC is imposed by setting
boundary conditions for every surface of the equivalent homo-
geneous bulk [9]. Since the homogeneous bulk is supposed to
carry the summation of currents of all turns, Dirichlet boundary
conditions are applied to the top and bottom surfaces of the bulk
to handle such transport current [21]:

1=(5,-T,)-d

(7

®)

where T and T are the values of 7 on the top and bottom surfaces.

In addition, Neumann boundary conditions are applied to the

internal and external surfaces to fulfil the definition as [12], [22]:
on T +n,-T +n,-T)

on -

©)

where ny, ny, and n, are the local normal components of the x-,
y-, and z axes. n is a unitary vector perpendicular to the HTS
layer in the coordinate, as presented in Fig. 1.

The 3D 7-4 homogenization method has been validated by
comparing simulated and measured results of a double pancake
coil [9].
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III. RESULTS AND DISCUSSION

A. HTS Coil Assemblies with Different d Values Coupled with
the Iron Core

The inner diameters (d:) and outer diameters (d-) of different
DPCs used in this work are listed in Table II. Each DPC main-
tains the same turn number. Distances (d) are also given in Ta-
ble II. As shown in Fig. 1, the right limb of the iron core is far
away from the 4DPC assembly to eliminate its influence on AC
loss, and thus, loss in coil windings is only influenced by d.

TABLE I
PARAMETERS OF DIFFERENT DPCS AND DISTANCES

#1 #2 #3 #4 #5

Inner diameter, d; (mm) 35 45.5 52.5 59.5 70
Outer diameter, d, (mm) 36.5 47 54 61 71.5
Distance, d (mm) 6.5 11.75 1525 18.75 24
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Fig. 3. AC loss results of the 1DPC-, 2DPC-, and 4DPC assemblies with/with-
out the iron core at different d values (/= 13.96 Hz): (a) /;, peak = 39.9 A, (b) 1,
peak = 66.5 A.

In Fig. 3, AC loss results of the 1DPC-, 2DPC-, and 4DPC
assemblies with/without the iron core at f'= 13.96 Hz, /; peak =
39.9 A and 66.5 A, are plotted as a function of d. With increas-
ing d, AC loss in the DPC assemblies with the iron core de-
creases, whereas AC loss in all assemblies increases without the
iron core. Compared with the coil assemblies that have a
smaller inner diameter without the iron core, the coil assemblies
with a larger inner diameter experience a larger perpendicular
magnetic field component (Bperp), Which increases the AC loss.
By and large, the difference in AC loss values between coil as-
semblies with and without the iron core becomes much smaller
with growing d for all coil assemblies. For a given d and current,
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the differences in AC loss values of coil assemblies with and
without iron core increase with the number of stacked DPCs. At
I, peak = 39.9 A, comparing the 4DPC and 1DPC assemblies
with/without the iron core, the AC losses are increased by 136%
and 33.4% at d = 6.5 mm, while 25.3% and 1.89% at d = 24
mm. At [ peak = 66.5 A, for the 4DPC assembly with/without
the iron core, the AC loss values are increased by 88.3% at d =
6.5 mm and 10.2% at d = 24 mm. As shown above, the growth
rate of AC loss in the 4DPC assembly coupled with the iron
core over that without the iron core weakens with increasing
transport current.
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Fig. 4. Magnetic flux lines and perpendicular magnetic field distributions in the
left and right cross sections of the 1DPC and 4DPC assemblies with the iron
core atd = 6.5 mm and d =24 mm (f'= 13.96 Hz, [, ca =39.9 A, t =3/4 cycle):
(a) the 1DPC assembly, (b) the 4DPC assembly.
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Fig. 4 presents magnetic flux lines and Bper, distributions in
the left and right cross sections of the IDPC and 4DPC assem-
blies with the iron core at f'=13.96 Hz, I; peak =39.9 A, and ¢t =
3/4 cycle, when d = 6.5 mm and 24 mm. The magnetic flux lines
distribute asymmetrically around the 1DPC and 4DPC assem-
blies owing to the non-axisymmetric characteristic of the ana-
lyzed geometry. For the 1DPC assembly, the area filled with
large Bperp at d = 6.5 mm is slightly larger than that at d =24 mm,
explaining only a minor difference in AC loss results between
these two cases shown in Fig. 3 (a). For the 4DPC assembly at
d = 6.5 mm, if we look at its upper half, large By, has pene-
trated the upper end part of its end disc and two inner discs.
Since the geometry of the 4DPC assembly is symmetrical along
the z-axis, the Bperp distribution in its bottom half keeps the same
as its upper half with an opposite magnetic field direction. How-
ever, when d = 24 mm, the penetration region of the 4DPC as-
sembly significantly shrinks, further interpreting the results in
Fig. 3 (a) that increasing d can effectively reduce the AC loss
in the 4DPC assembly.

Fig. 5 plots magnetic flux lines and perpendicular magnetic
field distributions in the left and right cross sections of the
4DPC assembly without and with the iron core at f=13.96 Hz,
I peak = 39.9 A, and ¢ = 3/4 cycle, when d = 24 mm. Although
similar Byperp distributions are observed when the 4DPC assem-
bly with and without the iron core, the region filled with large
Bperp 1s slightly larger in the case with the iron core (Fig. 5(b))
than the case without the iron core (Fig.5 (a)), explaining the
AC loss results shown in Fig. 3(a).
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Fig. 5. Magnetic flux lines and perpendicular magnetic field distributions in the
left and right cross sections of the 4DPC assembly with and without the iron
core at d =24 mm (f'= 13.96 Hz, I peax =39.9 A, = 3/4 cycle).

/

Fig. 6 is replotted from the AC loss results shown in Fig. 3.
Fig.6 shows the AC loss in the IDPC-, 2DPC-, and 4DPC as-
semblies coupled with the iron core (Qiron core) Normalized by the
AC loss in the coil windings without the iron core (Qair core)s
plotted as a function of d, at f=13.96 Hz, [; peak = 39.9 A and
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66.5 A. At I peak = 39.9 A, the Oron core/Oair core Values of the
1DPC and 2DPC assemblies quickly converge to 1 with in-
creasing d compared with the case of the 4DPC assembly. This
can also be explained by Fig. 4. For the 1DPC assembly, there
is no significant difference in the Bper, distribution between d =
6.5 mm and d = 24 mm. However, for the 4DPC assembly at d
=24 mm, the area filled with large Bperp, greatly shrinks in most
discs compared with the case for d = 6.5 mm, making a big dif-
ference in AC loss values. At [i peak = 66.5 A, a larger Qron
core/ QAir core Value is expected for the 4DPC assembly. However,
the result shows a smaller Qiron core/ QAir core Value and also a
faster trend to approach 1 with increasing d values compared
with the case for /i peak = 39.9 A. We attribute the result to the
saturation of the iron core. For the case of the 4DPC assembly
with the iron core carrying [ peak = 66.5 A, the ability of the iron
core to attract magnetic flux lines weakens due to its saturation.
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Fig. 6. Ouon cor/Oair core Tesults of 1DPC-, 2DPC- and 4DPC assemblies
with/without the iron core at different d values (f= 13.96 Hz): (a) £, peak = 39.9
A, (b) I peak = 66.5 A. Here QOrron core means AC loss with the iron core while QOair
core means AC loss without the iron core.
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Fig. 7. AC loss results of different number of DPCs with/without the iron core
atd=6.5 mm and d =24 mm (f=13.96 Hz, ; peax = 39.9 A).

Fig. 7 shows the AC loss of the DPC assemblies with/without
the iron core at /= 13.96 Hz, I peak = 39.9 A plotted as a function
of the number of stacked DPCs at d = 6.5 mm and d = 24 mm.
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At d = 6.5 mm without the iron core, AC loss in the coil assem-
blies per unit length at a given current increases with growing

number of DPCs until it reaches a peak value and then decreases.

However, at d = 24 mm without the iron core, AC losses in DPC
assemblies still increase with growing number of DPCs. The
different tendencies for d = 6.5 mm and 24 mm should be due
to the difference in the coil geometry [13]. In all DPC assem-
blies, for both d = 6.5 mm and d = 24 mm, the AC loss differ-
ence between the coil assemblies with and without the iron core
increases with growing DPC number. Moreover, the difference
in AC losses for DPC assemblies at d = 24 mm becomes much
smaller than that at d = 6.5 mm. At d = 6.5 mm, the presence of
the iron core dramatically increases the large Bperp area in coil
assemblies, leading to a significant loss increase. However, at d
= 24 mm, the iron core loses some of its capability to attract
flux lines, causing small difference in AC loss values between
coil assemblies with and without the iron core.

B. Iron Cores with Different Saturation Magnetic Fields

In Fig.2, the saturated magnetic flux density of ‘Silicon Steel
NGO 50PN290’ is around 2 T, while 1.75 T for ‘Silicon Steel
NGO 35PN200’. For the 4DPC assembly coupled with the iron
core, at d = 6.5 mm, = 13.96 Hz, and /; peak = 39.9 A, the max-
imum magnetic flux densities in the iron core using 50PN290
and 35JN290 are 2.02 T and 1.82 T, respectively. As marked in
Fig. 2, the iron core with a high saturation field begins to satu-
rate in this case because its magnetic flux density just reaches
the saturated value. In comparison, the iron core with a low sat-
uration field is in a fully saturated state.

Fig. 8 compares AC loss results in the 4DPC assembly with
different d values with/without different iron cores at /= 13.96
Hz and /; peak =39.9 A. The AC loss values of the 4DPC assem-
bly decrease with growing d when coupled with the iron core.
However, when the iron core has a lower saturation field, the
AC loss values of the 4DPC assembly are smaller than those
with a higher saturation field. This should be caused by the dif-
ference in the relative permeability values for the two cases due
to saturation. Although the AC loss in the 4DPC assembly with
the iron core decreases by using a low saturation field iron core,
the difference between the results without and with the iron core
is still significant.

Fig. 9 presents Qlron core/ Qair core TesULtS Versus different d val-
ues of the 4DPC assembly coupled with different iron cores at
f=13.96 Hz, when [ peak = 39.9 A and 66.5 A. When the iron
core has a low saturation field, the Qrron core/ Qair core Values are
smaller than those with a high saturation field at both currents.
At d=6.5 mm and /; peax = 66.5 A, the maximum magnetic flux
density in the iron core is 2.06 T for S0PN290, and 1.87 T for
35JN290. It means both iron cores are saturated at the current.
In the saturated condition, relative permeability of the iron
cores decreases compared to un-saturated condition. Therefore,
the AC loss differences of the 4DPC assembly between with
and without iron cores cannot increase further. The results
clearly show that AC loss of the HTS assembly coupled with

the iron core is influenced by the saturation field of the iron core.

It is worth noting that the Qpon core/ Qair core Value gradually
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approaches 1 when increasing the distance between the iron
core and the 4DPC assembly at /; peak = 66.5 A.
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Fig. 8. AC loss results of the 4DPC assembly with/without different iron cores
at different d values (f'=13.96 Hz, [, pcax = 39.9 A).
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Fig. 9. Oiron core/ Qair core results of the 4DPC assembly coupled with different iron
cores at different d values (f= 13.96 Hz).

IV. CONCLUSION

To reduce AC loss in HTS coil windings coupled with iron
cores, systematic simulations were carried out using the 3D 7-
A homogenization method to investigate AC loss dependence
on the number of stacked DPCs, the d values, and the saturation
magnetic field of the iron core. Moreover, AC losses of the
1DPC-, 2DPC-, 4DPC-, and 8DPC assemblies, wound with 4
mm-wide Shanghai Superconductor wires, were calculated
with different distance values and with/ without iron cores.

The results showed a remarkable AC loss reduction caused
by enlarging the distance in all DPC assemblies. In addition, the
magnetic field perpendicular to the coil surface is greatly de-
creased with growing distance, which implies that increasing
the distance weakens the influence of the iron core on AC loss
in the coil assemblies.

For the 4DPC assembly, the Qiron core/ Qair core Values decrease
with increasing coil current for all distance values due to the
saturation of the iron core. For a given distance and current, de-
creasing the saturation field of the iron core decreases the Qiron
core/ QAir core Values for the 4DPC assembly. It was shown that
AC loss in the HTS assemblies cannot increase dramatically af-
ter the iron core has been magnetized to the saturated state.
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