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Abstract
Performance improvement of high-temperature superconducting (HTS) pancake coil is of paramount importance for its
application in electrical facilities. In this paper, the utilization of ferromagnetic disks including weak magnetic material
and strong magnetic material is investigated through numerical simulations for the aim of reducing the AC loss. Both
the nonmagnetic and magnetic substrates are considered for the rare-earth-barium-copper-oxide coated conductor tapes
wounded into the pancake coil. In order to analyze the influences of ferromagnetic disks on the maximum allowable currents
and AC losses of nonmagnetic substrate-based coil and magnetic substrate-based coil, a self-consistent model based on
the A-formulation is adopted to calculate the critical current and a 2D axisymmetric model built on the H-formulations
is established to calculate the AC loss. According to the simulation results, it is found that ferromagnetic disks especially
the strong magnetic disk are slightly detrimental to the critical currents of the pancake coils. Nevertheless, the presence of
large background field weakens the effects of ferromagnetic disks. The simulation results also indicate that strong magnetic
disks achieve about 50% reduction of the AC loss in the nonmagnetic substrate-based coil, and the AC loss of the magnetic
substrate-based coil can be increased or reduced with strong magnetic disks depending on the applied current amplitude.
The utilization of strong magnetic disks leads to the enhancement of the AC loss in the magnetic substrate-based coil at
lower current and to the reduction of it at larger current.
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1 Introduction

Owing to the impressive improvements on the conduc-
tor length, electrical and mechanical performances over
the past decades, the second-generation high-temperature
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superconductor has become more and more promising
for practical applications such as superconducting elec-
trical machines [1], energy storage systems [2, 3], and
magnets and cables [4, 5]. Rare-earth-barium-copper-oxide
(REBCO) coated conductor (CC) tape is composed of a
REBCO superconducting thin film deposited on metal-
lic substrates [6], and it is mainly composed of layers of
superconductor, stabilizer and substrate [7]. Two highly
textured materials are widely used for the substrate, i.e.,
Hastelloy (normal metal material) (SuperPower, Inc., www.
superpower-inc.com) and Ni alloy material (weak magnetic
material) (AMSC, www.amsc.com). Developing the pan-
cake coils wound with REBCO CC tape is one of significant
topics in large-scale superconducting applications [8, 9].
However, the performance of the pancake coils is usually
limited by two important factors, i.e., the critical current and
AC loss. The critical current and AC loss of the pancake
coil directly determine the maximum allowable transport
current and the coolant consumption. And, the overlarge
AC loss would pose a challenge to maintain the safety
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and stability of the superconducting devices. Thus, in order
to realize the optimization design and low-cost operation,
it is extremely meaningful to investigate the critical current
and AC loss of the pancake coils.

Different research groups have come up with some inno-
vative and particular ways to lower the AC loss, such as
twisted wires [10], striated HTS-coated conductors [11],
and Robel cable [12, 13]. Although the proposed methods
have been proved to be effective in decreasing the losses,
these methods change the conventional configuration of
superconducting tape, affecting the mechanical property of
the superconductor as well as increasing the cost of process-
ing and manufacturing. The striated tape even introduces
local defects [14]. On the other hand, without changing
the original configuration of tape, the reasonable arrange-
ment of ferromagnetic materials is a simple and effective
approach to reduce the AC loss [15]. Ferromagnetic materi-
als can attract the magnetic flux and thus change the way of
the magnetic flux penetration [16–19]. The AC loss of the
superconductor can be higher or lower, which relies on the
exact geometric dimensions, shape, position, and ferromag-
netism of ferromagnetic materials. Different ferromagnetic
materials are adopted in superconducting devices for lower-
ing the AC loss, such as ferromagnetic coat, iron core, and
magnetic flux diverter [19–25]. A horseshoe coat for HTS
CC tape [21, 22] and a C-shape coat covering partial ellip-
tical tape edges [23] could significantly reduce the AC loss
in the superconducting part, while the completely covered
coating for Bi2223 multifilamentary tapes is detrimental to
its performance [24]. Stacked HTS tapes embedded in an
iron core would suffer more AC transport loss in compari-
son to that without an iron core [25]. An iron core inserted in
the center of HTS coils doubles the AC loss of coils, which
can be interpreted by a fringe magnetic field and the mag-
netic mirror effect [26]. Nevertheless, magnetic flux diverter
works well on suppressing the AC losses for staked HTS
tapes and HTS pancake coils [15, 27, 28]. Magnetic flux
diverter positioned on both sides of stacked HTS tapes could
largely lower the AC loss in stacked HTS tapes with and
without magnetic substrates, and a larger reduction could
be achieved with the utilization of a thicker (1 mm) and
stronger magnetic material [15]. Ref. [15] pointed out that
the magnetic flux diverter with high saturation field and low
saturated hysteretic loss would be the optimal choice for AC
loss reduction. Later, the use of flux diverter was extended
to improve the performance on the critical current and AC
loss for HTS pancake coils. The magnetic flux diverter in
the form of two identical disks was placed symmetrically
on both sides of HTS pancake coils. The flux diverter does
decrease transport AC loss even when considering the ferro-

magnetic loss of magnetic flux diverter, and it exerts small
negative influence on DC properties [28]. Further optimiza-
tion design of the flux diverter in stacked tapes and HTS
pancake coils was developed, getting a conclusion that the
diverter with suitable geometrical size, shape, and location
suppresses the AC loss significantly [27, 29].

Extensive research studies on the superconducting
tapes with magnetic substrates have been carried out,
and these research results indicated that the magnetic
substrates can change the magnetic field distribution around
the superconducting tapes, lower the critical current,
and increase the AC loss in some cases [30–32]. As for
the pancake coils wound by a coated conductor tape with
magnetic substrates, numerous investigations showed that
magnetic substrates would cause larger AC loss due to
the increased local magnetic field in the superconductor
[33–37]. However, a detailed comparative study was
conducted on two pancake coils with nonmagnetic and
magnetic substrates. The experimental results indicated that,
unlike single tape [38] and stacked tapes [39], two coils
experienced roughly similar AC loss [34]. The influences
of magnetic substrate on the AC loss of HTS pancake
coils can be divided into two parts. While contributing
an additional ferromagnetic hysteretic loss, the magnetic
substrate also changes the magnetic flux penetration and
thus influences AC loss in the superconductor. However, to
our best knowledge, few references have reported the effect
of magnetic flux diverter on the AC loss of HTS pancake
coils with magnetic substrates.

In this paper, we attach two ferromagnetic disks to both sides
of a pancake coil as the magnetic flux diverter. Different
ferromagnetic materials including a weak magnetic Ni alloy
material and a strong magnetic Ni alloy material used for
the diverter are explored to analyze the ferromagnetism
effect on performance of HTS pancake coils. Pancake coils
wound by coated conductor tapes with Hastelloy substrate
and weak magnetic Ni alloy substrate are considered
for comparison. The influences of magnetic flux diverter
on the characteristics with respect to the critical current
and AC loss of pancake coils are studied by means
of the numerical simulations. Section 2 presents a self-
consistent model used to calculate the critical current of the
pancake coils under different external fields. The magnetic
field-dependent critical current density is also taken into
account for accurate estimation. Section 3 introduces a H-
formulation finite element model to analyze the transport
AC loss of pancake coils under different fixed background
fields. A comprehensive understanding about the influences
of magnetic flux diverter on the AC loss of pancake coil is
given. Section 4 summarizes the results.
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Fig. 1 Two-dimensional
axisymmetric model for the
50-turn REBCO pancake coil
with ferromagnetic disks of
thickness 1 mm placed on both
sides. And, the value of dw is
specified as 0 mm in the
following calculations without a
special instruction. The left
image details the internal layer
components of the coated
conductor

2 DC Properties

2.1 Self-Consistent Model

The critical current density is noted as Jϕ due to the
transport current flowing along an annular direction, and
the magnetic field has two nonzero components Hr and
Hz; a 2D axisymmetric model is constructed to solve the
electromagnetic behaviors of the REBCO pancake coil, in
which the real geometric dimensions are taken into account.
The magnetic flux diverters are placed symmetrically on
both sides of the pancake coil, and its real thickness is about
1 mm, the same as the axial spacing between the diverter and
coil. Considering the particular shape of magnetic diverter,
the diverter is regarded as a ferromagnetic disk in the
following statement. The 2D simplified model is shown in
Fig. 1, and the corresponding geometrical parameters are
listed in Table 1 [28, 40].

When we study DC properties of REBCO pancake coils,
the self-field induced by steady current is a static field.
Therefore, the time-dependent Maxwell equations degrade
into the static formulations. A self-consistent model based
on the time-independent Maxwell equations was proposed

Table 1 Geometric parameters of the model

Parameter Definition Value

w (mm) Tape width 4

tIns (μm) Insulation layer thickness 200

tCu (μm) Copper layer thickness 40

tAg (μm) Silver layer thickness 2

tSC (μm) Superconducting layer thickness 1

tSubs (μm) Substrate layer thickness 50

D (μm) Unit cell thickness 293

ri (mm) Inner radius of the coil 30

by Zermeño et al. [45, 46], which has been validated to
be quite effective on estimating the critical current for
different superconducting devices [47]. Here, we employ it
to evaluate the critical current of REBCO pancake coils, and
a brief description with respect to this model is given as
follows.

The self-consistent model is based on the A-formulation.
The magnetic vector potential A serves as the state variable,
and the governing electromagnetic equation is formulated as

∇ × 1

μ
∇ × A = J (1)

where A and J stand for the magnetic vector potential
and the current density vector, respectively. μ is the
magnetic permeability defined as the product of the vacuum
magnetic permeability (μ0 = 4π × 10−7 H/m) and the

Fig. 2 The initial fitting magnetization curves for two ferromagnetic
materials at 77 K and f = 50 Hz. The green solid line represents weak
magnetic Ni alloy material, and the red dashed line represents strong
magnetic Ni alloy material. The experimental data is from the literature
[48]
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relative magnetic permeability (μr). Here, μr is equal to 1
except for ferromagnetic materials. The relative magnetic
permeability of ferromagnetic materials is dependent on the
external magnetic field [48]. The magnetic flux density (B)
and the field intensity (H) have a nonlinear relationship
shown in Fig. 2 as B = μ0μrH for ferromagnetic materials
[39, 49]. The analytical fitting functions on the relative
permeability of both ferromagnetic materials are given in
the following section.

The critical current density depends on the local
magnetic field and temperature. Here, we solely take the
anisotropy of Jc (B) into account as a result of the negligible
change on the temperature field. An elliptical formulation
[44] shown as (2) is to observe the qualitative features
of REBCO tapes. The real tapes present more complex
anisotropies.

JC(B||, B⊥) = Jc0[
1 +

√(
kB||

)2 + B2⊥/Bc

]α (2)

where B|| and B⊥ represent the local magnetic flux density
components parallel and perpendicular to the tape surface,
respectively. The value of Jc0, k, Bc, andα is given in
Table 2 [40–44].

The well-known power law is used to describe the
continuous E–J relationship, i.e.,

E (J ) = Ec
J

Jc(B)

∣∣∣∣ J

Jc(B)

∣∣∣∣
n−1

(3)

where Ec is the reference electrical field taken as 1 μV/cm
in this paper, Jc(B) is the critical current density related
with the external field, and n is the flux creep exponent.
Moreover, an auxiliary variable denoted by P is introduced
to express nonlinear E–J relationship

P = J

Jc (B)
= E

Ec

∣∣∣∣ E

Ec

∣∣∣∣
1
n
−1

(4)

Table 2 Physical properties of REBCO CCs

Parameter Definition Value

Ec (V/m) Critical current criterion 1.0 × 10−4

n Power law exponent 38

Jc0 (A/m2) Kim model parameter 2.8 × 1010

Bc (mT) Kim model parameter 42.65

k Kim model parameter 0.29515

α Kim model parameter 0.7

ρIns (�· m) Insulation resistivity 1

ρCu (n�· m) Copper resistivity 1.97

ρAg (n�· m) Silver resistivity 2.7

ρHastelloy (μ�· m) Hastelloy resistivity 1.25

ρfe (μ�· m) Ferromagnetic material resistivity 0.26

where P is uniform over the cross section of each turn in
the DC case due to the uniform distribution of E. Each turn
carries the same current (I0) and thereby has a constant Pi

defined as follows:

Pi = I0/

∫
�i

Jc(B)ds (5)

where �i denotes the cross section of the ith turn. Ic

is determined by the max criterion [45]; i.e., the critical
current corresponds to the value of transport current when
max {Pi}i=1,2,...,50 = 1.

The self-consistent model is implemented by means of
the AC/DC module in the finite element software COMSOL
(COMSOL, Inc., http://www.comsol.com), which provides
the solver to solve Ampere’s Law for the magnetic vector
potential. The execution process of determining the critical
current is illustrated in Fig. 3.

2.2 The Critical Current of the Pancake Coils

Five different configurations are considered for the pancake
coils. “NMNF” denotes the nonmagnetic substrate-based
coil without ferromagnetic disks; “NMWF” denotes the
nonmagnetic substrate-based coil with weak magnetic

Fig. 3 Schematic diagram of self-consistent model calculating the
critical current

http://www.comsol.com
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Table 3 The critical current of pancake coils for five configurations
under different axial background fields, Bapp = 0, 0.5, and 1T

Configurations NMNF NMWF NMSF WMWF WMSF

Ic[A], Bapp = 0 60.67 58.08 49.59 57.41 50.74

Ic[A], Bapp = 0.5T 35.84 34.96 32.02 35.58 33.28

Ic[A], Bapp = 1T 25.33 24.97 23.47 25.24 24.5

disks; “NMSF” denotes the nonmagnetic substrate-based
coil with strong magnetic disks; “WMWF” denotes the
magnetic substrate-based coil with weak magnetic disks;
“WMSF” denotes the magnetic substrate-based coil with
strong magnetic disks.

Executing the COMSOL program of self-consistent
model, we calculate the critical current for 50-turn REBCO
pancake coils in self-field and external-field conditions.
The critical current for nonmagnetic substrate-based coil
without ferromagnetic disks is taken as a reference. Table 3
gives the calculated critical current for five configurations
under different axial background fields, Bapp = 0, 0.5,
and 1T. Figure 4 presents a comparison of the critical
current reduction for those coils. The reduction in the
critical current is expressed as a percentage of the reference.
It is found that the utilization of ferromagnetic disks
slightly reduces the critical current of pancake coils. The
critical current reduction is particularly pronounced when
using the strong magnetic disk. And, the largest reduction
corresponds to the nonmagnetic substrate-based coil with
strong magnetic disk in self-field condition, achieving
approximately 18%. The critical current reduction should
attribute to the enhancement of the weakest turn’s field, and
the innermost turn is found to be the weakest turn, as shown

Fig. 4 The reduction in the critical current for nonmagnetic substrate-
based coil and magnetic substrate-based coil using weak and strong
magnetic disks in the conditions of Bapp = 0, 0.5, and 1 T.
The reduction of critical current is expressed as the percentage
of the critical current of nonmagnetic substrate-based coil without
ferromagnetic disks

in Fig. 5. The field of innermost turn is strengthened by the
strong magnetic disk, and thus the critical current declines.

Figure 6 shows the critical current for all pancake coils
varies with the axial background field. When the external
field increases from 0.01 to 1T, the ferromagnetic disks lead
to a greater decrease in the critical current of nonmagnetic
substrate-based coil than that of magnetic substrate-based
coil. When the axial background field exceeds 2T, the
deviations among the critical currents for all pancake
coils disappear gradually, which is because the influences
of saturated ferromagnetic disks and magnetic substrates
can be neglected in comparison to the contribution of
the background field, and therefore, the critical current
reduction is driven by the larger background field.

3 AC Analysis

3.1 H-Formulation

The AC properties of REBCO pancake coils for the five
different configurations are studied under the external axial
field conditions with Bapp = 0 and 0.5 T. The finite element
method based on the H-formulation [50–54] is used to
model the electromagnetic behaviors of pancake coils and
calculate the AC losses.

The 2D axisymmetric H-formulated Maxwell equations
have the following form:[

− 1
r

∂rEϕ

∂z
1
r

∂rEϕ

∂r

]
+ μ0

[
∂μrHr

∂t
∂μrHz

∂t

]
=

[
0
0

]
(6)

∂Hr

∂z
− ∂Hz

∂r
= Jϕ (7)

where Eϕ represents the annular electric field component
and Eϕ is equal to the product of resistivity (ρ) and
annular current density (Jϕ) with ρ = const for the normal

conductor, and ρ = Ec
Jc(B)

∣∣∣ Jϕ

Jc(B)

∣∣∣n−1
for the superconductor.

Hr and Hz are the state variables, denoting the radial and
axial magnetic fields, respectively. Substituting Ampere’s
Law (7) into (6), we get the governing equations

[
− 1

r
∂rρ×(∂Hr/∂z−∂Hz/∂r)

∂z
1
r

∂rρ×(∂Hr/∂z−∂Hz/∂r)
∂r

]
+ μ0μr

[
∂Hr

∂t
∂Hz

∂t

]
+ μ0

∂μr

∂t

[
Hr

Hz

]

=
[

0
0

]
(8)

where μr stands for the relative magnetic permeability and
is set to 1 for the layers of copper, silver, superconductor,
nonmagnetic substrate, and insulation. For the ferromag-
netic materials, μr is considered as a function related to
the magnitude of magnetic field vector, namely μr (H), in
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Fig. 5 The magnetic flux
density distribution in
superconducting layers for
nonmagnetic substrate-based
coil with and without strong
magnetic disks in self-field. a
The case without ferromagnetic
disk. b The case with strong
magnetic disks

which H refers to the numerical value:
√

H 2
r + H 2

z . The rel-

ative permeability o f weak magnetic material served as ferro-
magnetic disks or substrate has the following form [49]:

μr(H) = 1 +
{

1 − exp
[
−(a0H)b0

]}
× (c0H)d0

+e0 exp
[−(f0H)g0

]
(9)

where a0 = 0.0034, b0 = 2.5, c0 = 2.9 × 10−6, d0 =
−0.81, e0 = 45, f0 = 0.0083, and g0 = 2.5. The
magnetic field-dependent relative magnetic permeability of
strong magnetic material served as ferromagnetic disks is as
follows [39]:

μr(H) = 1 +
{

1 − exp
[
(a1H)b1

]}
× (c1H)d1 (10)

where a1 = −0.014, b1 = 3.2, c1 = 7.24 × 10−7, and
d1 = −0.99. It should be noted that the relative permeability
of ferromagnetic materials is time-dependent due to the
time-dependent essence of H(t). Thus, the last term on the
left side of (8) cannot be neglected. Expanding the first

Fig. 6 The critical current for pancake coils with five configurations
as a function of axially applied field

derivative of relative permeability on time would give an
integrated comprehension on (8).

∂μr (H)

∂t
=

(
Hr

H

dμr (H)

dH

)
∂Hr

∂t
+

(
Hz

H

dμr (H)

dH

)
∂Hz

∂t
.

(11)

The general PDE module of the FE software COMSOL
is employed to solve the partial differential equation (8).
Pointwise constraint is adopted to control the applied
transport current, i.e., I (t) = I0 sin(2πf t) with f = 50 Hz.
The current amplitude ranges from 0.1Ic to 0.9Ic. When the
axially background field exists, Hz (t) = H0/tramp × t (t ≤
tramp) and Hz(t) = H0(t > tramp) are applied on the outer
boundary of the model by the Dirichlet boundary condition.

Once the current density distribution and the magnetic
field distribution in the pancake coil are obtained, the eddy
current loss in metal layers and the magnetic hysteresis
loss in the superconducting layer can be calculated by this
formula

Q =
∫ 3T/2

T/2
dt

∫
�

2πrEϕJϕds (12)

where � denotes the cross section of the layers of metals and
superconductor. For ferromagnetic materials, there exists
an additional hysteresis loss except for eddy current loss.
With respect to the two types of ferromagnetic materials,
empirical formulas of hysteresis loss density (with the unit
of J/m3/cycle) associated with the maximum magnetic flux
density (Bm) during 1 cycle are adopted. Equations (13)
and (14) represent the cases of the weak magnetic Ni alloy
material [49] and strong magnetic Ni alloy material [39],
respectively

Qfe
W(Bm) =

{
α0B

β0
m , Bm ≤ 0.164 T

e1
{
1 − exp

[− (f1Bm)g1
]}

, Bm> 0.164 T
. (13)

Qfe
S (Bm) =

{
α1B

β1
m , 0.1T ≤ Bm ≤ 1.53T

h1
{
1 − exp

[− (k1Bm)m1
]}

, Bm > 1.53T
.

(14)
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Here, α0 = 4611.4, β0 = 1.884, e1 = 210, f1 =
6.5, g1 = 4, α1 = 171.2, β1 = 1.344, h1 = 375, k1 =
0.7107, and m1 = 6.787.

3.2 AC Loss

For convenience of expression, we use
Qsc, Qcu, Qdisk, Qsub, Qcoil, and Qtot to denote the AC
loss in superconducting layers, the eddy current loss in
Cu stabilizers, the hysteresis loss in ferromagnetic disks,
the hysteresis loss in magnetic substrates, the AC loss in
the pancake coil, and the overall loss of the configuration,
respectively. Noting that Qcoil is the sum of losses in the
layers of CC tapes, and the eddy current loss in ferromag-
netic substrate is omitted. Qtot is the overall loss of the
coil configuration, including the AC loss in the coil (Qcoil)

and the hysteresis loss in the ferromagnetic disks (Qdisk).
To be mentioned, the eddy current loss in ferromagnetic
materials is not taken into account as a result of negligible
part compared to the hysteresis loss.

Firstly, the AC loss of the pancake coils for five
configurations is studied in the self-field condition. For
figuring out the distribution of losses among different
components, the loss of component as a function of applied
current amplitude is shown in Fig. 7 for the pancake coils
with three representative configurations, i.e., nonmagnetic
substrate-based coil with and without strong magnetic disks
and magnetic substrate-based coil with strong magnetic
disks.

Figure 7a demonstrates the case of nonmagnetic
substrate-based coil without ferromagnetic disks. One can
see that the AC loss in superconducting layers is approxi-
mately equal to the total energy dissipation in the coil, and
the curves for Qsc and Qcoil are indistinguishable accord-
ingly. Similar feature can be found for the nonmagnetic
substrate-based coil with strong magnetic disks (see from
Fig. 7b). Hence, the eddy current loss in metal layers can
be ignored. Hysteresis loss in strong magnetic disks has a
higher magnitude than the AC loss in the coil as the normal-
ized current (i < 0.5). When the applied current gradually
approaches the critical current, the hysteresis loss in strong
magnetic disks tends to be saturated and it is 75% lower than
the AC loss in the coil at i = 0.8. Thus, the strong magnetic
disks used in nonmagnetic substrate-based coil contribute
few losses to overall energy dissipation at larger current.
For the magnetic substrate-based coil with strong magnetic
disks (see from Fig. 7c), the hysteresis loss in substrates is
higher than the losses in superconducting and metal layers
when i < 0.31, occupying 60% of the AC loss in the coil
at i = 0.2. With the increase of the applied current, the AC
loss in superconducting layers gradually dominates the AC
loss in the coil and occupies 90% of the AC loss in the coil
at i = 0.8. This is because the weak Ni alloy material that

Fig. 7 The AC loss of REBCO pancake coils varies with the
normalized applied current (i). a The nonmagnetic substrate-based
coil without ferromagnetic disks (“NMNF”). b The nonmagnetic
substrate-based coil with strong magnetic disks (“NMSF”). c The
magnetic substrate-based coil with strong magnetic disks (“WMSF”).
The current amplitude is normalized to the coil’s critical current. The
Qsc and Qcoil curves are undistinguished in a, b

served as a substrate has a relatively low saturated field and
the hysteresis loss of such substrate easily reaches the satu-
rated value at low applied current. It is also notable that the
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AC loss in the coil exceeds the hysteresis loss in strong mag-
netic disks when i > 0.41 and the hysteresis loss in strong
magnetic disks is 80% lower than the AC loss in the coil at
i = 0.8.

In order to further interpret the influences of ferromag-
netic disks on the energy dissipation of the coil system,
Fig. 8 gives a comparison on the losses of components for
the pancake coils with five configurations, i.e., the non-
magnetic substrate-based coil without ferromagnetic disks,
the nonmagnetic substrate-based coil with weak and strong
magnetic disks, and the magnetic substrate-based coil with
weak and strong magnetic disks. The losses used for com-
parison include the AC loss in superconducting layers, the
eddy current loss in copper layers, the AC loss in the coil,
and the overall loss in the coil configuration. The nonmag-
netic substrate-based coil without ferromagnetic disks is
taken as the reference model in the following statement.

As can be seen from Fig. 8a, the AC loss in
superconducting layers for the magnetic substrate-based
coil with weak magnetic disks is highest among the five
configurations. Three other configurations exhibit lower
loss compared to the reference model. Moreover, the
nonmagnetic substrate-based coil with strong magnetic
disks and the magnetic substrate-based coil with strong
magnetic disks undergo the same lowest AC loss in
superconducting layers among the five configurations as
I0 > 15A. The AC loss reduction in superconducting layers
achieves 59.4% at I0 = 40A using the strong magnetic
disks. Thus, whether for the nonmagnetic substrate-based
coil or magnetic substrate-based coil, the utilization of
strong magnetic disks with high saturation field achieves
a pronounced reduction of the AC loss in superconducting
layers. The detailed mechanism on that issue will be
discussed in the next part.

The comparison on the eddy current loss in copper
layers for the five configurations is shown in Fig. 8b. It is
found that the ferromagnetic disks greatly increase the eddy
current loss in copper layers for both nonmagnetic substrate-
based coil and magnetic substrate-based coil. Due to the
negligible eddy current loss in metal layers for nonmagnetic
substrate-based coil, the AC loss reduction in nonmagnetic
substrate-based coil caused by ferromagnetic disks (see
from Fig. 8c) is approximately equal to the reduction of
the AC loss in superconducting layers. The strong magnetic
disks lead to a large AC loss reduction in nonmagnetic
substrate-based coil, and the reduction of the AC loss in the
coil achieves 59.3% at I0 = 40A compared to the reference
model. As for the AC loss in magnetic substrate-based coil
with weak magnetic substrates, it is higher than the AC loss
in the reference model, as a result of increased AC loss
in superconducting layers, increased eddy current loss in
copper layers, and additional hysteresis loss in substrates. In
addition, the AC loss in magnetic substrate-based coil with

Fig. 8 Comparisons of losses of components in pancake coils for five
configurations. a AC loss in superconducting layers. b Eddy current
loss in Cu stabilizers. c AC loss of the pancake coil. d Overall loss of
the configuration
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strong magnetic disks is higher than the reference model as
I0 > 17A. This can be explained by the dominant hysteresis
loss in substrates and significantly increased eddy current
loss in copper layers at small current. As I0 > 17A, the AC
loss in magnetic substrate-based coil with strong magnetic
disks becomes smaller than that in the reference model. The
AC loss reduction caused by strong magnetic disks achieves
50.7% at I0 = 40A. Therefore, strong magnetic disks
perform well on reducing the AC loss of both nonmagnetic
substrate-based coil and magnetic substrate-based coil at
large current.

A comparison on the overall loss for five different
configurations is shown in Fig. 8d, in which the hysteresis
loss in ferromagnetic disks is included. It is found that
the overall loss of the reference coil is the lowest as
I0 < 24A. This is because, as previously discussed, the
additional hysteresis loss in ferromagnetic disks dominates
the overall loss at small current. As the current amplitude
becomes larger, except for the magnetic substrate-based
coil with weak magnetic disks, the overall losses in other
configurations become smaller than that in the reference
coil. Compared with the reference coil, the reductions
of the overall loss in the nonmagnetic substrate-based
coil with weak and strong magnetic disks and in the
magnetic substrate-based coil with strong magnetic disks
are 18.0, 49.2, and 40.6% at I0 = 40A, respectively. This
indicates that strong magnetic disks still work well on
reducing the overall loss, even including the hysteresis loss
in ferromagnetic disks.

In addition, a comparative analysis on the nonmagnetic
substrate-based coil with and without strong magnetic disks
is carried out in the external-field case. The AC loss of the
pancake coils with and without strong magnetic disks under
the conditions of Bapp = 0 and 0.5T is presented in Fig. 9. It

Fig. 9 The AC loss of nonmagnetic substrate-based coils with and
without strong magnetic disks under the conditions of Bapp = 0 and
0.5 T

is clear that the axial background field of 0.5T enhances the
AC loss of the coil to two to three times compared to the case
of self-field. However, both in the self-field and external-
field cases, the coil with strong magnetic disks has a smaller
loss than the one without strong magnetic disks. For the self-
field scenario, the AC loss of the coil with strong magnetic
disks is 45.9% of the identical coil without strong magnetic
disks at I0 = 20A. While for the external-field scenario,
the proportion declines relatively, saying 40.4%. The reason
is that a large background field makes it easier for strong
magnetic disks to be saturated, while unsaturated strong
magnetic disks have a greater efficiency on reducing the AC
loss of the coil.

Notably, for the external-field scenario, the shape of
magnetization loop for strong magnetic disks is biased
due to the interaction of the background field and the
self-field induced by flowing current. Equation (14) used
for hysteresis loss calculation is inapplicable. Therefore,
we cannot accurately estimate the AC loss of magnetic
substrate-based coil in the external-field scenario. Either
the corresponding experiment or a complicated numerical
study is needed to be carried out in the future work for
calculating the hysteresis loss of ferromagnetic materials in
that complicated case.

The detailed mechanism about the effect of ferromag-
netic disks on the AC loss reduction needs research. Hence,
we carry out a comparative analysis on the nonmagnetic
substrate-based coils with and without strong magnetic
disks in the self-field. Two sizes of strong magnetic disks
with dw = 0 and 4 mm are used for a better compari-
son. The AC loss in superconducting layers per turn for the

Fig. 10 The AC loss in superconducting layers per turn for
nonmagnetic substrate-based coils with and without strong magnetic
disks. The simulation uses two sizes of strong magnetic disks with
dw = 0 and 4 mm for a comparison. The red line with open circle
symbol represents the case that ferromagnetic disks extend 0 mm to
both sides of the coil. The blue line with open square symbol represents
the case that ferromagnetic disks extend 4 mm to both sides of the coil
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Fig. 11 The magnitude
distributions of magnetic field
(the upper row), radial field
component (the middle row),
and axial field component (the
lower row) in three
representative superconducting
layers for nonmagnetic
substrate-based coils without
strong magnetic disks (left in
each pair), with strong magnetic
disks extending 0 mm to both
sides of the coil (middle in each
pair), and with strong magnetic
disks extending 4 mm to both
sides of the coil (right in each
pair) at t = 3T/2 and
I = I0 = 15A. The three
columns of the figure denote a
the innermost turn, b the middle
turn, and c the outmost turn,
respectively. The thickness of
the superconducting layers is
thickened artificially for visual
clarity

nonmagnetic substrate-based coils with and without strong
magnetic disks is presented in Fig. 10. The corresponding
magnetic field distribution in three representative supercon-
ducting layers is given in Fig. 11 at the moment t = 3T/2
with I0 = 15A.

One can see from Fig. 10 that for nonmagnetic
substrate-based coil without strong magnetic disks, the
superconducting layers in the middle turns tend to suffer
more AC loss than those in the inner and outer turns. While
for the coil with strong magnetic disks extending 0 mm
to both sides of the coil, compared to the case without
strong magnetic disks, the AC loss of superconducting
layers drops in the middle turns and rises in the inner
and outer turns. While for the coil with strong magnetic
disks extending 4 mm to both sides of the coil, the
AC loss of superconducting layer in each turn decreases.
Such phenomenon can be understood by the magnetic flux
distribution plotted in Fig. 11. As can be seen from Fig. 11,
though the magnetic field in each turn is increased by strong
magnetic disks, the radial field component in middle turns
is depressed and the radial field component in each turn is
reduced by wider strong magnetic disks. It is known that
the AC loss caused by perpendicular field component is
greatly larger than that caused by the same amount of the
parallel field component for REBCO CC tapes. Therefore,
the reduction of the AC loss caused by strong magnetic disks
is achieved by reducing the radial magnetic field. And, the
wider strong magnetic disks can lower the AC loss more.

4 Conclusions

In this paper, with the self-consistent model based on the
A-formulation and the finite element model built on the H-
formulations, we explore the influences of the weak and
strong magnetic disks on DC and AC characteristics of the
nonmagnetic substrate-based coil and magnetic substrate-
based coil. Both the self-field and external-field cases are
analyzed. According to the numerical simulation results,
several conclusions are obtained:

1. The ferromagnetic disks increase the magnetic field in
superconducting layers and therefore lower the critical
current of the pancake coils with magnetic substrates
or not. The presence of background field weakens the
effects of the ferromagnetic disks on critical current and
AC loss of pancake coils.

2. For the nonmagnetic substrate-based coil, more than
95% of the AC loss in the coil comes from the AC
loss in superconducting layers. Strong magnetic disks
perform better than weak magnetic disks, which can
reduce half of the AC loss in the coil. Even including
the hysteresis loss in strong magnetic disks, the overall
loss in the coil still drops at large current.

3. For the magnetic substrate-based coil with ferromag-
netic disks, more than 90% of the AC loss in the coil
comes from the AC loss in superconducting layer at
large current. Strong magnetic disks can reduce the
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overall loss in the coil at large current, while the weak
magnetic disks are the opposite.

4. The reduction of AC loss caused by ferromagnetic
disks is attributed to the reduction of the radial field
component in superconducting layers of pancake coil.
This conclusion gives us a reminder on the optimization
of the ferromagnetic disk’s shape.

To be noted, the magnetic permeability of the ferromag-
netic materials and the AC loss of the pancake coil are both
related to the frequency of the AC transport current and tem-
perature field [55, 56], which are not taken into account in
this paper. However, we will develop the electromagnetic-
thermal coupling model, which is used to analyze the effect
of the flux diverter on the performances of pancake coils at
different ambient temperatures. Furthermore, neither the
geometrical factors [57] of different configurations nor
the direct correlation between geometrical factors and AC
loss is considered here. We will consider the influence of
geometrical factors on the AC loss in our next work.
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21. Krüger, P., Grilli, F., Vojenčiak, M., Zermeño, V.M.R., Demencik,
E., Farinon, S.: Superconductor/ferromagnet heterostructures
exhibit potential for significant reduction of hysteretic losses.
Appl. Phys. Lett. 102, 202601 (2013)
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