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ABSTRACT Iron cores are widely employed in high temperature superconducting (HTS) power devices
to enhance the magnetic field and improve the power density. In spite of these benefits, the presence of
iron cores leads to a substantial increase in AC loss within HTS coil windings. Therefore, it is necessary to
estimate the AC loss of HTS coil windings coupled with iron cores to propose methods for loss reduction.
An effective way to reduce AC loss is to apply flux diverters (FDs) near the HTS coil windings. In this work,
the 3D T -A homogenization method is used to calculate AC losses of the 1DPC (double pancake coil)-,
2DPC-, 4DPC-, and 8DPC assemblies at different currents with four ferromagnetic combinations: with an
iron core (IC), with an iron core and FDs (IC_FDs), with an air core (AirC), and with air core and FDs
(AirC_FDs). To weaken the impact of the iron core, the enlarged distance between the iron core and coil
assemblies is considered to investigate AC loss dependence on this distance. In addition, the influence of
the positions of FDs on AC loss reduction is also analyzed. The simulation results demonstrate that FDs
can reduce the AC loss in coil assemblies, even when the iron core is present, owing to the reduction of
the perpendicular magnetic field component in the end discs. For the 4DPC and 8DPC assemblies with IC,
increasing the distance while using FDs, or decreasing the vertical gap between the coil assemblies and FDs,
are effective in reducing AC loss.

INDEX TERMS AC loss, superconducting coils, iron core, flux diverters, finite element method (FEM), 3D
T-A homogenization method.

I. INTRODUCTION
The use of high temperature superconducting (HTS) technol-
ogy has demonstrated success for electrical power devices in
achieving a higher power density and efficiency [1], [2], [3].
To enable efficient energy transfer between HTS coil wind-
ings, a stronger mutual magnetic flux is desired. Therefore,
an iron core with high magnetic permeability is usually used
as a conduit to carry the flux between coils in many HTS
applications, such as transformers [4], [5], [6], [7], [8], [9],
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fault current limiters [10], [11], [12], [13], [14], and
rapid-cycling synchrotrons [15]. In this way, the mutual flux
increases due to the lower reluctance of the iron core. Specif-
ically, fewer ampere-turns of the coil windings are required
to meet the needed flux in the core. However, these benefits
come at the expense of the AC loss induced by the iron core.

From previous experience, one of the significant chal-
lenges for HTS applications is the difficulty of extracting heat
produced byAC loss in a cryogenic environment [16]. Amore
serious issue arises when HTS coil windings are coupled with
an iron core, as the iron core dramatically increases AC loss in
HTS coil windings [17], [18], [19], [20]. Proposing AC loss
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FIGURE 1. Schematic of RE(BCO) coil windings coupled with an iron core
and FDs.

reduction methods becomes essential when considering HTS
coil windings coupled with an iron core [21].

In terms of reducing AC loss in HTS coil windings,
flux diverters (FDs) are recognized as the most effective
external components by several numerical and experimental
studies [22], [23], [24], [25], [26], [27], [28]. Due to the
anisotropic properties of HTS wires, the AC loss in HTS coil
windings strongly depends on the angle of the surrounding
magnetic field, especially the perpendicular magnetic field to
the superconductor surface. Therefore, the role of FDs is to
lower the AC loss in HTS coil windings by manipulating the
orientation of magnetic flux lines as parallel as possible to the
coil surface [29], [30]. Although the use of FDs can lead to
additional losses in themselves, these losses can be negligible
when applying low-loss magnetic materials [26], [28], [30].
Some studies have also reported the AC loss dependence
of HTS coil windings on the position of FDs [31], [32].
However, current research on the AC loss characteristics of
HTS coil windings coupled with an iron core and FDs is
only focused on a single pancake coil [33]. The impact of
FDs on AC loss reduction in HTS coil windings with vertical
expansion coupled with an iron core remains unexplored.

In addition, the most straightforward way to obtain AC loss
reduction in HTS coil windings coupled with an iron core is
to weaken the influence of the iron core [34]. As presented
in Fig. 1, the distance (d) is defined as the gap from the
outer diameter of the iron core to the inner diameter (d1) of
the coil assembly. Enlarging the distance can reduce the AC
loss in HTS coil windings. However, the combined influence
of both FDs and the distance has not been investigated to
reduce the AC loss in HTS coil windings coupled with an iron
core.

Numerical modelling based on the finite element method
(FEM) is served as a powerful tool for estimating AC loss
in HTS coil windings with various geometries and working
conditions [35], [36], [37], [38], [39]. Regarding the ana-
lyzed geometry in Fig. 1, a three-dimensional (3D) simulation
model is capable of capturing the non-axisymmetric geom-
etry of the iron core which has a closed loop. As known,

the 3D simulation is challenging due to the high aspect ratio
of HTS wires. To tackle this issue, the T -A formulation
applying a thin strip approximation is more efficient than
other numerical methods [40], [41]. With further consid-
erations, the homogenization methodology assumes that a
single homogeneous anisotropic bulk can represent a stack of
HTS wires [42], [43], [44], [45]. This provides a simplified
solution to reduce the required computational resources and
further speed up the computing time without compromising
accuracy. As of today, the T -A formulation has been suc-
cessfully implemented with the homogenizationmethod [46].
In addition, based on this numerical method, further improve-
ments to the 3D simulation can be realized by employing
symmetry boundary conditions. However, as of yet, there has
been no study analyzing this.

In this work, we carried out 3DAC loss simulations in HTS
coil windings coupled with an iron core and FDs by using
the T -A homogenization method. The HTS coil windings are
comprised of stacked double-pancake coils (DPCs), includ-
ing 1DPC-, 2DPC, 4DPC-, and 8DPC assemblies. To speed
up simulations, 3D half models with symmetry boundary
conditions were established. In order to validate the mod-
elling method, the simulated AC loss results of the 1DPC
assembly both with and without symmetry boundary con-
ditions were compared with its measurement data from our
previous work [20]. To propose AC loss reduction methods
for HTS coil windings coupled with an iron core, AC losses
of coil assemblies with four combinations were calculated at
different currents. The four combinations are: with the iron
core (IC), with the iron core and FDs (IC_FDs), with the
air core (AirC), and with the air core and FDs (AirC_FDs).
Utilizing FDs only may not be sufficient to reduce the AC
loss values of coil assemblies with IC below those results for
coil assemblies with AirC. To further reduce AC loss in coil
assemblies, different d values were considered.Moreover, the
AC loss results of coil assemblies with different combinations
were compared at various positions of FDs. Considering
practical applications, AC loss in the HTS coil assemblies
were compared by taking the actual length of the HTS wires
into account.

II. NUMERICAL METHOD
A. T-A FORMULATION
The T -A formulation was developed based on the T and A
formulations [40]. The governing equations of the current
vector potential T and the magnetic vector potential A are as
follows:

J = ∇ × T (1)

B = ∇ × A (2)

where J and B represent the current density and the magnetic
flux density, respectively.

The solution domain was divided into the superconducting
domain and the non-superconducting domain. The current
vector potential T is calculated only in the superconducting
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TABLE 1. Specifications of the iron core.

FIGURE 2. B-H curves of silicon steel NGO 50PN290 and alloy powder
core hiflux 60 mu used in the simulation models.

domain by using:

∇ × (ρHTS∇ × T) = −
∂B
∂t

(3)

here ρHTS is the resistivity of the superconductor, which is
derived from the E-J power law:

ρHTS =
Ec
Jc(B)

∣∣∣∣ J
Jc(B)

∣∣∣∣n−1

(4)

where Ec = 10−4 V/m and n = 17 [20].
The modified Kim model [47] is adopted to describe the

Jc(B) relationship of the superconductor:

Jc(B) = Jc0(1 +
k2B2para + B2perp

B20
)−α (5)

here Jc0, k , B0, and α are fitting parameters obtained
from critical current measurements under applied magnetic
fields [48]. In this work, Jc0 = 4.815 × 1010 A/m2, k =

0.24, B0 = 0.03, and α = 0.23 [18], [20]. Bpara and Bperp are
the parallel and perpendicular components of magnetic field
applied to the HTS layer.

On the other hand, the magnetic vector potential A is
calculated in all domains by the following equation:

∇ ×

(
1

µ0µr
∇ × A

)
= J (6)

where µ0 is the vacuum permeability, µr is the relative per-
meability of the magnetic material. In this work, the µr
values of the iron core and FDs are obtained from B-H curves
of ‘Silicon Steel NGO 50PN290’ and ‘Alloy Powder Core
Hiflux 60 mu’ in COMSOLMultiphysics, as shown in Fig. 2.
The specifications of the iron core used in the simulation are
listed in Table 1. For FDs, ‘Alloy Powder Core Hiflux 60mu’,

FIGURE 3. Boundaries of the homogeneous bulk.

also known as MPP (Molypermalloy powder), is a low-loss
material [49]. The loss in FDs can be ignored [26], [30].

B. 3D T-A HOMOGENIZATION METHOD
The main concept of the 3D homogenization method is to
use a homogenous bulk to model a coil that is made up of
multiple layers of coated conductors, thereby substantially
reducing the degrees of freedom of the simulation model.
To implement the homogenization method in COMSOLMul-
tiphysics, different boundary conditions need to be defined on
the distinct surfaces of the homogenous bulk.

As depicted in Fig. 3, Dirichlet boundary conditions
are set for the top and bottom surfaces of the equivalent
homogeneous bulk to ensure that the transport current of
each superconducting layer is consistent with its original
counterpart [41]:

I = (T1 − T2) · δ (7)

here T1 and T2 represent the values of T on the top and bottom
surfaces, and δ denotes the thickness of the superconducting
layer.

For the internal and external surfaces, Neumann bound-
ary conditions are applied to accomplish the boundary
definition [46]:

∂(nx · Tx + ny · Ty + nz · Tz)
∂n

= 0 (8)

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

Additionally, as presented in Fig. 1., the analyzed geom-
etry is symmetric to the x-z plane. The simulation can be
simplified to a half model by exploiting the magnetic insu-
lation boundary conditions for the two cross sections of the
homogenous bulk.

The AC loss per unit length for the coil assemblies with the
unit of Joules per meter per cycle (J/m/cycle) is calculated as:

Q = 2
δ

tHTS · l

∫ T

T
2

∫∫∫
V
E · JdVdt (9)

where Eis the electric filed, tHTS is the total thickness of the
coated conductor, l is the wire length of the coil assemblies,
and T is the period of one cycle.

C. MODEL VALIDATION
To prove the accuracy of the half model, AC loss simulations
are carried out using the 3D T -A homogenization method for
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TABLE 2. Specifications of coated conductor and DPC.

FIGURE 4. AC loss results for the 1DPC assembly using the half and full
models compared with its measured results (n = 17, f = 13.96 Hz).

the 1DPC assembly in both the half and full models. In addi-
tion, the calculated results are compared to the measured
values. The specifications of the coated conductor and the
DPC are given in Table 2.

Fig. 4 presents a comparison of the AC loss simulation
results for the 1DPC assembly obtained from the half and full
models, as well as the measured data at f = 13.96 Hz [18].
The simulated values for both models exhibit good agreement
with the experimental data at different current amplitudes.
It is worth noting that the half model for It,peak = 66.5 A takes
4 h 32 min to compute on an Intel Xeon W-2135 processor
running at 3.70 GHz and with 64 GB RAM, whereas the full
model takes 8 h 11 min.

III. RESULTS AND DISCUSSION
A. HTS COIL ASSEMBLIES COUPLED WITH THE IRON
CORE AND FLUX DIVERTERS
In this subsection, the AC losses of the 1DPC-, 2DPC-,
4DPC-, and 8DPC assemblies with four ferromagnetic com-
binations are compared at different currents.

As shown in Fig. 1, FDs are attached near the end of the
coil assembly. The dimensions of FDs are expressed as WFD
and HFD. Moreover, WE is the overhanging distance to the
outer diameter of the coil assembly, and g is the gap between
the coil assembly and FDs. The detailed dimensions of FDs
can be found in Table 3. In addition, the distance, d , is fixed
at 6.5 mm in all cases.

TABLE 3. Dimensions of flux diverters.

FIGURE 5. Comparison of AC loss results for the 1DPC-, 2DPC-. 4DPC-,
and 8DPC assemblies between with IC, IC_FDs, AirC, and AirC_FDs at d =

6.5 mm and different currents (f = 13.96 Hz): (a) I t,pea = 39.9 A,
(b) It,peak = 66.5 A.

Fig. 5 presents AC loss results of the 1DPC-, 2DPC-,
4DPC-, and 8DPC assemblies with IC, IC_FDs, AirC, and
AirC_FDs at f = 13.96 Hz, It,peak = 39.9 A and 66.5 A,
which are plotted as a function of the number of DPCs. It can
be observed that the presence of the iron core substantially
increases the AC loss in all coil assemblies at both currents.
However, the use of FDs provides a significant AC loss reduc-
tion in iron core and air core cases. For all coil assemblies
with AirC and AirC_FDs, AC loss per unit length at a given
current increases with the growing number of DPCs until
it reaches a peak value and then decreases. In the cases of
all coil assemblies with IC and IC_FDs at It,peak = 39.9 A,
the AC loss results increase as the number of DPCs grows.
However, for the 8DPC assembly with IC and IC_FDs at
It,peak = 66.5 A, its AC loss cannot increase further due to
the saturation of the iron core. It is noteworthy that the 1DPC
and 2DPC assemblies exhibit lower AC loss with IC_FDs
compared to those with AirC at both currents. However,
for the 4DPC and 8DPC assemblies, their AC loss results
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FIGURE 6. Magnetic flux lines and perpendicular magnetic field
distributions in the left and right cross sections of the 2DPC assembly at
d = 6.5 mm (f = 13.96 Hz, It,peak = 39.9 A, t = 3/4 cycle): (a) with IC,
(b) with AirC, (c) with IC_FDs, and (d) with AirC_FDs.

FIGURE 7. Normalized current density distributions within the 2DPC
assembly at d = 6.5 mm (f = 13.96 Hz, It,peak = 39.9 A, t = 3/4 cycle):
(a) with IC, (b) with AirC, (c) with IC_FDs, and (d) with AirC_FDs.

with IC_FDs are still higher than their AirC results at both
currents.

Fig. 6 shows magnetic flux lines and Bperp distributions in
the left and right cross sections of the 2DPC assembly with
four combinations at f = 13.96 Hz, It,peak = 39.9 A, and
t = 3/4 cycle when d = 6.5 mm. The analyzed geometry
of coil assemblies can be divided into an upper half and a
bottom half along the centre line. The Bperp distribution in its
bottom half keeps the same as its upper half with an opposite
magnetic field direction due to symmetry. Therefore, only
the upper half of the 2DPC assembly is displayed in Fig. 6.

FIGURE 8. Comparison of AC loss in each disc of the 8DPC assembly
between with IC, IC_FDs, AirC, and AirC_FDs at d = 6.5 mm (f = 13.96 Hz,
It,peak = 39.9 A).

In comparison to the cases without FDs, magnetic flux lines
are more parallel to the coil surface while in combination
with FDs. As shown in Figs. 6 (a) and (b), the area filled
with large Bperp region significantly expands when the 2DPC
assembly is paired with IC. After applying FDs, as shown in
Figs. 6 (a) and (c), the larger Bperp area shrinks noticeably in
the two discs. Upon comparing Figs. 6 (b) and (c), it can
be observed that the large Bperp area in the end disc for
the 2DPC assembly with AirC is wider than that of it with
IC_FDs. However, for the second disc to the end, the region
with a large Bperp is slightly smaller for the 2DPC assembly
with AirC. These findings indicate that there is only a minor
difference between the AC loss results of the 2DPC assembly
with AirC and IC_FDs, thus explaining the results show in
Fig. 5 (a). Moreover, Figs. 6 (c) and (d) reveal that the
presence of the iron core causes a larger Bperp penetration in
the 2DPC assembly, even with FDs.

Fig. 7 shows the normalized current density distributions of
the 2DPC assembly with four combinations at f = 13.96 Hz,
It,peak = 39.9 A, and t = 3/4 cycle when d = 6.5 mm.
As presented in Fig. 7 (a), the 2DPC assembly with the iron
core exhibits the greatest region with high current density
(|J /Jc| >1) due to the field penetration leading to the highest
AC loss among the four ferromagnetic combinations. Com-
paring Figs. 7 (a) and (b), the presence of the iron core greatly
increases the |J /Jc| >1 region in all discs of the 2DPC assem-
bly. For Figs. 7 (a) and (c), the |J /Jc| >1 region decreases sig-
nificantly in the two end discs positioned next to FDs, which
indicates effective loss reduction. In Fig. 7 (d), the shielding
current almost disappears in the two end discs closest to FDs.
Fig. 7 further explains the results in Fig. 6. As shown in
Figs. 6 and 7, the region fills with a larger perpendicular
magnetic field is equivalent to the |J /Jc| >1 region, there-
fore, only Bperp distributions are plotted to describe AC loss
characteristics in the later sections.

Fig. 8 compares the AC loss in each disc of the 8DPC
assembly with IC, IC_FDs, AirC, and AirC_FDs at f =

13.96 Hz, It,peak = 39.9 A, and d = 6.5 mm. When the 8DPC
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FIGURE 9. Magnetic flux lines and perpendicular magnetic field distributions in the left and right
cross sections of the 8DPC assembly at d = 6.5 mm (f = 13.96 Hz, It,peak = 39.9 A, t = 3/4 cycle):
(a) with IC, (b) with AirC, (c) with IC_FDs, and (d) with AirC_FDs.

assembly with IC and IC_FDs, the iron core substantially
increases AC loss in most discs compared to the cases with
AirC and AirC_FDs, except the central discs, numbered 7,
8, 9, and 10. In the iron core cases, applying FDs achieves
remarkable AC loss reduction in its two end discs, numbered
1 and 16. Meanwhile, FDs are also effective in discs 2, 3,
4, 5, 6 and 11, 12, 13, 14, 15, however, the loss reduction
decreases as the disc becomes further away from FDs. In the
air core cases, the FDs only lower the AC loss in discs 1, 2,
and 15, 16.

Fig. 9 presents magnetic flux lines and Bperp distributions
in the left and right cross sections of the 8DPC assembly with
four ferromagnetic combinations at f = 13.96 Hz, It,peak =

39.9 A, and t = 3/4 cycle when d = 6.5 mm. The AC loss
results in Fig. 8 can be explained by Fig. 9. As shown in
Figs. 9 (a) and (b), when the 8DPC assembly with IC, the
large Bperp penetrates the upper end portion of most discs,
except the middle two discs near the centre line. Compared
to Fig. 9 (a), the application of FDs in Fig. 9 (c), makes the
penetration region of large Bperp shrink around two end discs
of the 8DPC assembly, while the Bperp is still noticeable in the
inner four discs. Furthermore, Figs. 9 (c) and (d) demonstrate
FDs can make the flux lines to be parallel to the coil surface.
Nevertheless, the iron core remains dominant in making the
flux lines perpendicular to the coil surface.

Fig. 10 compares the AC loss in each disc of the
8DPC assembly with IC and IC_FDs at f = 13.96 Hz,

FIGURE 10. Comparison of AC loss in each disc of the 8DPC assembly
between with IC and IC_FDs at d = 6.5 mm and different currents (f =

13.96 Hz).

It,peak = 39.9 A and 66.5 A, when d = 6.5 mm. At It,peak =

66.5 A, the AC loss of each disc in the 8DPC assembly,
whether coupled with IC or IC_FDs, becomes larger com-
pared to that at It,peak = 39.9 A. The AC loss reduction
caused by FDs in the end discs, 1, 2, 3, 4 and 13, 14, 15, 16,
is more substantial at It,peak = 66.5 A than at It,peak = 39.9 A.
However, for the central discs, numbered 7, 8, 9, and 10, FDs
have a minor impact on the AC loss at both currents.
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FIGURE 11. Magnetic field distributions in the cross sections of the 4DPC
and 8DPC assemblies with IC at d = 6.5 mm and different currents (f =

13.96 Hz, t = 3/4 cycle).

FIGURE 12. Magnetic field distributions in the cross sections of the 4DPC
and 8DPC assemblies with IC_FDs at d = 6.5 mm and different currents
(f = 13.96 Hz, t = 3/4 cycle).

Fig. 11 depicts magnetic field distribution in the cross
sections of the 4DPC and 8DPC assemblies with IC at f =

13.96 Hz, t = 3/4 cycle, It,peak = 39.9 A and 66.5 A, when

FIGURE 13. Comparison of simulated AC loss results for the 1DPC-,
2DPC-, 4DPC-, and 8DPC assemblies between with IC, IC_FDs, AirC, and
AirC_FDs at different d values (f = 13.96 Hz, It,peak = 39.9 A): (a) 1DPC,
(b) 2DPC, (c) 4DPC, (d) 8DPC.

TABLE 4. Parameters of different DPCs and distances.

d = 6.5 mm. As shown in Fig. 2, the saturated magnetic
flux density of the iron core material ‘Silicon Steel NGO
50PN290’ is around 2 T. For the 4DPC assembly with IC at
It,peak = 39.9 A, the iron core only starts to saturate from its
edge. However, at It,peak = 66.5 A, the part of its left limb
coupled with the 4DPC assembly is fully saturated. For the
8DPC assembly with IC at It,peak = 39.9 A, the left limb of
the iron core is already saturated. At It,peak = 66.5 A, the
saturated area of the iron core gradually expands towards its
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FIGURE 14. Magnetic flux lines and perpendicular magnetic field distributions in the left
and right cross sections of the 4DPC assembly between with IC, IC_FDs, AirC, and
AirC_FDs, at d = 6.5 mm and d = 24 mm (f = 13.96 Hz, It,peak = 39.9 A, t = 3/4 cycle).

FIGURE 15. Comparison of AC loss results for the 1DPC-, 2DPC-. 4DPC-,
and 8DPC assemblies with IC_FDs at different d values (f = 13.96 Hz,
It,peak = 39.9 A).

end. Increasing the number of stacked coils will make the iron
core tend to become saturated faster. Once the iron core is

saturated, it loses the ability to attract flux lines, making the
AC loss of the 8DPC assembly with IC lower than that of the
4DPC assembly at It,peak = 66.5 A.
Fig. 12 shows magnetic field distributions in the cross

sections of the 4DPC and 8DPC assemblies with IC_FDs at
f = 13.96 Hz, t = 3/4 cycle, It,peak = 39.9 A and 66.5 A,
when d =6.5 mm. Comparing with Fig. 11, FDs can attract
the flux lines from the iron core and result in a reduction
of the saturation region inside the iron core. However, the
saturation is more severe when the 8DPC assembly with
IC_FDs compared to the 4DPC assembly. This makes the AC
loss value of the 8DPC assembly with IC_FDs being lower
than the result of the 4DPC assembly at It,peak = 66.5 A.

B. HTS COIL ASSEMBLIES WITH DIFFERENT DISTANCES
COUPLED WITH THE IRON CORE AND FLUX DIVERTERS
Table 4 lists the inner diameter (d1) and outer diameter (d2)
of different DPCs used in this work, along with the distances
(d) [34]. Each DPC has the same turn number to ensure
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FIGURE 16. Comparison of simulated AC loss results for the 1DPC-,
2DPC-, 4DPC-, and 8DPC assemblies between with IC, IC_FDs, AirC, and
AirC_FDs at different d values (f = 13.96 Hz, It,peak = 66.5 A): (a) 1DPC,
(b) 2DPC, (c) 4DPC, (d) 8DPC.

they generate a consistent magnetic field at the same current.
Meanwhile, the right limb of the iron core is far away from the
coil assemblies to eliminate its influence on AC loss. There-
fore, the AC loss of the coil assemblies is only influenced
by d .
In Fig. 13, the simulated AC loss results for the 1DPC-,

2DPC-, 4DPC, and 8DPC assemblies between with IC,
IC_FDs, AirC, and AirC_FDs at f = 13.96 Hz, and It,peak =

39.9 A, are plotted as a function of different d values. As the
distance increases, AC loss in all coil assemblies increases
in air core cases, whereas it decreases in iron core cases.
As shown in Figs. 13 (a) and (b), for the 1DPC and 2DPC
assemblies with IC_FDs, applying FDs effectively reduces
their AC loss compared to their AirC results at all distances.
However, for the 4DPC and 8DPC assemblies with IC_FDs

FIGURE 17. Normalized AC loss ratio in the 4DPC and 8DPC assemblies
with IC, IC_FDs, and AirC_FDs at different d values (f = 13.96 Hz, It,peak =

39.9 A): (a) 4DPC, (b) 8DPC.

FIGURE 18. Normalized AC loss ratio in the 4DPC and 8DPC assemblies
with IC, IC_FDs, and AirC_FDs at different d values (f = 13.96 Hz, It,peak =

66.5 A): (a) 4DPC, (b) 8DPC.

at d = 6.5 mm, only using FDs cannot reduce their AC
loss below their AirC results. Therefore, Figs. 13 (c) and (d)
suggest that increasing d can make their AC loss values of
the IC_FDs case equal to that of the AirC case, as marked
with asterisk intersection points. At It,peak = 39.9 A, the
intersection point for the 4DPC assembly is d = 13. 25 mm,
while d = 21.17 mm for the 8DPC assembly. It is found that
as the number of stacked DPCs increases, the distance needs
to be further enlarged in order to weaken the influence of the
iron core.

Fig. 14 depicts magnetic flux lines and Bperp distributions
in the left and right cross sections of the 4DPC assembly with
four combinations at f = 13.96 Hz, It,peak = 39.9 A, and
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FIGURE 19. Comparison of simulated AC loss results for the 4DPC
assembly between with IC, IC_FDs, AirC, and AirC_FDs at different
positions of FDs, are plotted as functions of d values (f = 13.96 Hz):
(a) It,peak = 39.9 A, (b) It,peak = 66.5 A.

t = 3/4 cycle, when d = 6.5mm and 24mm. Fig. 14 is utilized
to provide an explanation for Fig. 13 (c). In iron core cases,
compared with Figs. 14 (a) and (c) at d = 6.5 mm, the Bperp
area in Figs. 14 (e) and (g) shrinks noticeably at d = 24 mm.
By contrast, in air core cases, as seen in Figs.14 (f) and (h) at
d = 24mm, the end two discs show a slightly wider area filled
with large Bperp than in Figs. 14 (b) and (d) at d = 6.5 mm.
Based on the observations in the above, the AC loss results of
the 4DPC assembly at d = 24mm in iron core cases are lower
than those at d = 6.5 mm, whereas the results in air core cases
at d = 24 mm are higher than those at d = 6.5 mm. As shown
in Figs. 14 (b) and (c), when d = 6.5mm, the largerBperp area
in Fig. 14 (c) indicates a higher AC loss result from the 4DPC
assembly with IC_FDs. However, in Figs. 14 (f) and (g) at
d = 24 mm, the large Bperp area of the 4DPC assembly with
IC_FDs becomes smaller than with AirC, indicating a lower
AC loss result when the 4DPC assembly with AirC at d =

24 mm. Therefore, as the d increases from 6.5 mm to 24 mm,
therewill be a certain distance valuemaking theAC loss value
of the 4DPC assembly with IC_FDs equal to that with AirC.

Fig. 15 compares AC loss results of the 1DPC-, 2DPC-,
4DPC- and 8DPC assemblies with IC_FDs at f = 13.96 Hz
and It,peak = 39.9 A, plotted as a function of the number

FIGURE 20. Magnetic flux lines and perpendicular magnetic field
distributions in the left and right cross sections of the 4DPC assembly
between with AirC, with IC_FDs at different positions of FDs, and at d =

6.5 mm (f = 13.96 Hz, It,peak = 66.5 A, t = 3/4 cycle): (a) with AirC,
(b) with IC_FDs, g = 4 mm, (c) with IC_FDs, g = 2 mm, (d) with IC_FDs,
g = 1 mm.

of stacked DPCs at different d values. At a fixed distance,
the AC loss of all coil assemblies with IC_FDs increases
with the growing number of DPCs. The influence of the iron
core on the AC loss of all coil assemblies is weakened by
increasing the distance. In addition, for the 4DPC and 8DPC
assemblies, the reduction in AC loss achieved by increasing
the distance is limited.

In Fig. 16, the simulated AC loss results for the 1DPC-,
2DPC-, 4DPC, and 8DPC assemblies between with IC,
IC_FDs, AirC, and AirC_FDs at f = 13.96 Hz and It,peak =

66.5 A, are plotted as a function of different d val-
ues. For the 1DPC and 2DPC assemblies, as shown in
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FIGURE 21. Comparison of simulated AC loss results for the 1DPC-,
2DPC-, 4DPC-, and 8DPC assemblies between with IC, IC_FDs, AirC, and
AirC_FDs at different d values (f = 13.96 Hz, It, peak = 39.9 A), replotted
from Fig. 13: (a) 1DPC, (b) 2DPC, (c) 4DPC, (d) 8DPC.

Figs. 16 (a) and (b), the AC loss tendencies with different d
values for four ferromagnetic combinations at It,peak = 66.5 A
are similar to those at It,peak = 39.9 A. Nevertheless, for the
4DPC and 8DPC assemblies at It,peak = 65.5 A, the inter-
section point of d for the 4DPC assembly is d = 7.79 mm,
while d = 10.28 mm for the 8DPC assembly. These d values
are smaller than at It,peak = 39.9 A, owing to the saturation
of the iron core. When the 4DPC and 8DPC assemblies with
IC_FDs at d = 6.5 mm, the left limb of the iron core is fully
saturated, causing the iron core to lose some of its capability
to increase AC loss in the 4DPC and 8DPC assemblies. In this
situation, the AC loss results of 4DPC and 8DPC assemblies
with IC_FDs become closer to their AirC results.

FIGURE 22. Comparison of simulated AC loss results for the 1DPC-,
2DPC-, 4DPC-, and 8DPC assemblies between with IC, IC_FDs, AirC, and
AirC_FDs at different d values (f = 13.96 Hz, It,peak = 66.5 A), replotted
from Fig. 16: (a) 1DPC, (b) 2DPC, (c) 4DPC, (d) 8DPC.

Figs. 17 and 18 are replotted from Figs. 13 (c), (d) and
16 (c), (d). Figs. 17 and 18 show the AC loss in the 4DPC
and 8DPC assemblies with IC (QIC), IC_FDs (QIC_FDs),
and AirC_FDs (QAirC_FDs), normalized by their AirC results
(QAirC), plotted as a function of d , at f = 13.96 Hz, It,peak =

39.9 A and 66.5 A. At both currents, the QIC/QAirC values
of the 4DPC and 8DPC assemblies remain above 1 as the d
increases, indicating that merely increasing d is insufficient
to achieve optimal loss reduction. Moreover, FDs effectively
reduce AC loss in the 4DPC and 8DPC assemblies, even
when coupled with the iron core. This is reflected in the
QIC_FDs/QAirC values, which gradually decrease below 1with
increasing d . Furthermore, applying FDs in air core cases can
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lead to considerable loss reduction. At It,peak = 39.9 A and a
fixed distance, the iron core leads to more AC loss increase
in the 8DPC assembly than in the 4DPC assembly. When
the 4DPC and 8DPC assemblies are coupled with IC_FDs,
FDs lead to a substantial reduction in AC losses at a smaller
distance. At It,peak = 66.5 A, the iron core is no longer able
to attract additional magnetic flux lines in the saturated state.
Therefore, the normalized AC loss ratios for the 4DPC and
8DPC assemblies with IC and IC_FDs are lower than those
observed at It,peak = 39.9 A.

C. DIFFERENT POSITIONS OF FLUX DIVERTERS ON AC
LOSS REDUCTION
Previous subsections prove the effectiveness of FDs in reduc-
ing AC loss of all coil assemblies, even with the iron core.
This subsection is focused on the influence of different FDs
positions on AC loss reduction. The gap, g, between the coil
assemblies and FDs, is set at 4 mm, 2 mm, and 1 mm.

In Fig. 19, the simulated AC loss results for the 4DPC
assembly with IC, IC_FDs, AirC, and AirC_FDs at three
g values, are plotted as a function of different d values at
f = 13.96 Hz, It,peak = 39.9 A and 66.5 A. Apparently,
for both currents and various distances, the AC loss in the
4DPC assembly with IC_FDs and AirC_FDs reduces with
decreasing g values. Moreover, as the g value decreases,
the corresponding d value required to achieve equivalence
between the AC loss of the 4DPC assembly with IC_FDs and
that with AirC also decreases. It is noteworthy that at It,peak =

66.5 A and g = 1 mm, the use of FDs is already powerful to
reduce the AC loss of the 4DPC assembly with IC_FDs below
that of its AirC counterpart at all distances. This suggests that
the reduction in AC loss caused by FDs is significant at a
smaller g.
Fig. 20 presents magnetic flux lines and Bperp distributions

in the left and right cross sections of the 4DPC assembly
with AirC, and with IC_FDs at different g values, when
d = 6.5 mm, f = 13.96 Hz, It,peak = 66.5 A, and t = 3/4
cycle. When the 4DPC assembly with AirC, its end two discs
experience a large Bperp, as shown in Fig. 20 (a). Comparing
Figs. 20 (b), (c), and (d), the region with large Bperp gradually
shrinks in the end two discs as the g value decreases, resulting
in a significant loss reduction. However, due to the presence
of the iron core, the middle two discs still experience a
visible Bperp compared with the distribution when with AirC.
Specifically, at g= 1 mm, the upper part of the second disc to
the end shows a larger Bperp area than the end disc, indicating
that FDsmainly reduce the AC loss in the end disc, evenwhen
FDs are positioned with an ideally small gap [26].

D. DISCUSSION ON AC LOSS IN HTS COIL ASSEMBLIES
CONSIDERING WIRE CONSUMPTION
The subsections above focused on AC loss per unit length.
As observed, the AC loss values per unit length of all
coil assemblies with IC_FDs decrease with increasing d or
decreasing g. However, in practical HTS applications, it is
necessary to take the wire consumption into account while

FIGURE 23. Comparison of simulated AC loss results for the 4DPC
assembly with IC_FDs at different positions of FDs, are plotted as
functions of d values (f = 13.96 Hz, It,peak = 39.9 A and 66.5 A),
replotted from Fig. 19.

estimating the power dissipation of coil assemblies with dif-
ferent combinations at various currents.

Figs. 21 and 22 are replotted from Figs. 13 and 16, con-
sidering the total wire length of all coil assemblies at varying
distances. FDs exhibit a superior ability to reduce AC loss for
all coil assemblies in both iron core and air core cases. When
coil assemblies with AirC and AirC_FDs at both currents,
increasing d can reduce AC loss per unit length; however,
it is not beneficial for their overall AC loss. For the 1DPC
assembly with IC and IC_FDs at both currents, its AC loss
is already minimized at d = 6.5 mm. Although enlarging d
still reduces AC loss per unit length, it cannot further reduce
the overall AC loss in the 1DPC assembly. However, for
the 2DPC assembly with IC and IC_FDs at d = 11.75 mm,
compared to their results at d = 6.5 mm, the increase in d
can lead to a reduction in AC loss at both currents. For the
4DPC and 8DPC assemblies at It,peak = 39.9 A, an increased
d along with the application of FDs, results in reduction
in their overall AC loss. Furthermore, the AC loss values
of the 4DPC and 8DPC assemblies with IC_FDs become
lower than their AirC results with increasing d . Nevertheless,
at It,peak = 66.5 A, the overall AC loss of the 4DPC and 8DPC
assemblies with IC and IC_FDs increases with growing d
values, due to the iron core behaving more like an air core
after being magnetized into the saturated state. Therefore, for
the 4DPC and 8DPC assemblies, enlarging d is effective in
saving energy only when the iron core is not fully saturated.

Fig. 23 displays the AC loss results for the 4DPC assembly
with IC_FDs at different positions of FDs plotted as functions
of d values, which is derived from Fig. 19. Even considering
the wire utilization, it is possible to attain significant AC loss
reduction with decreasing g values at both currents. Particu-
larly, at It,peak = 39.9 A, combined with increasing distance,
minimum AC loss can be achieved. However, at It,peak =

65.5 A, minimized gap and distance are more effective in
saving energy. When the iron core is not in the saturation
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state, decreasing the gap while widening the distance is ben-
eficial. Nevertheless, when the iron core is fully saturated,
minimizing both the gap and distance is promising in reduc-
ing energy consumption. The trade-offs between these factors
and the specific application requirements must be considered
when using iron cores in HTS power devices. These implica-
tions provide important guidance for HTS power devices.

IV. CONCLUSION
In this work, AC loss reduction in HTS coil assemblies
comprised of multiple DPCs coupled with a close-loop iron
core with FDs is studied numerically using the 3D T -A
homogenization method for the first time. To investigate
AC loss dependence on the number of stacked DPCs, the
distance between the outer diameter of the iron core and inner
diameters of coil assemblies, and the different positions of
FDs, systematic simulations were carried out. The AC loss of
1DPC-, 2DPC-, 4DPC- and 8DPC assemblies coupled with
four different ferromagnetic combinations was calculated and
compared at various currents to describe the influence of FDs
on AC loss in the presence of an iron core.

Upon exploiting FDs at d = 6.5 mm and g = 2 mm, the
AC loss of all coil assemblies coupled with IC_FDs is much
lower compared with IC. Even more significantly, the loss
values for the 1DPC and 2DPC assemblies are already lower
than those with AirC. However, for the 4DPC and 8DPC
assemblies with IC_FDs, only using FDs is insufficient to
reduce their AC loss lower than with AirC. This is because
FDs only reduce the large Bperp area for the upper part of
their end discs, while other discs experience significant Bperp.
Specifically, when the 8DPC assembly with IC at It,peak =

66.5 A, the saturation of the iron core causes it to lose some
of its ability to attract magnetic flux lines. This saturation can
be alleviated locally by applying FDs. However, no improve-
ment is observed in the part coupled with the coil assembly.
Consequently, the AC loss results of the 8DPC assembly with
IC and IC_FDs are lower than those for the 4 DPC assemblies
at It,peak = 66.5 A.
To further weaken the impact of the iron core, increasing

the distance when positioning FDs has been introduced as a
combined method. The AC loss results of all coil assemblies
with IC_FDs decrease with increasing distance at both cur-
rents. Particularly, for the 4DPC and 8DPC assemblies with
IC_FDs, corresponding d values can be found to make their
losses equal to those with AirC as the distance increases.
Since the saturation state of the iron core makes it behave
more like an air core, thus, the corresponding d values are
smaller at It,peak = 66.5 A.
When the 4DPC assembly coupledwith IC_FDs at It,peak =

66.5 A, reducing the gap between the 4DPC assembly and
FDs to 1 mm achieves promising AC loss reduction at all
distances. Since the end two discs of the 4DPC assembly
contribute the majority of AC loss, FDs show better perfor-
mance in decreasingBperp in the end disc as the gap decreases,
thereby greatly reducing the loss when the 4DPC assembly
coupled with IC_FDs.

If the wire usage of coil assemblies is considered, the
combined method of applying FDs and enlarging d performs
better in reducingAC loss for the 4DPC and 8DPC assemblies
at It,peak = 39.9 A. Moreover, minimizing the gap between
coil assemblies and FDs is promising in reducing AC loss
at both currents. At It,peak = 39.9 A, increasing d remains
effective for achieving loss reduction. However, minimized d
and g are recommended at It,peak = 66.5 A. Wire usage must
be considered in the AC loss analysis in the coil windings to
obtain system-wise insight.

These analyses show that the use of FDs is effective when
coil assemblies are coupled with an iron core. In addition,
this work also provides different methods to achieve AC loss
reduction in coil assemblies with the presence of the iron
core. The results obtained from this work have important
implications for the HTS power devices that incorporate an
iron core.
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