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ABSTRACT: This paper presents a fast and efficient modeling approach based on the volume integral method for the characterization
of AC losses in high-temperature superconducting coils made of second-generation Rare-earth Barium Copper Oxide (ReBCO) tapes.
Three modeling strategies are investigated and compared, considering the detailed multilayer tape configuration, the homogenized tape
configuration, and the simplified single-layer superconducting tape representation. These approaches aim to evaluate the impact of geo-
metrical and electromagnetic simplifications on the accuracy of the results while significantly reducing computational time. In particular,
the homogenization of the electromagnetic properties of the tape is explored to accelerate simulations without compromising the accuracy
of key physical quantities, such as AC losses and current density distribution. The modeling results are compared to measurements.

1. INTRODUCTION

High temperature superconductors (HTSs) hold significant
potential for applications in electrical power systems, such
as electrical machines, energy storage systems, and supercon-
ducting fault current limiters [1-3]. Their main advantage lies
in their ability to conduct high current densities with minimal
energy loss at relatively low cryogenic costs.

However, despite their negligible DC losses, HTSs are sub-
ject to significant losses when carrying alternating currents
(AC) or exposed to time-varying magnetic fields. These losses
represent a major limitation for practical use, as they directly
affect the efficiency of HTS-based systems. Accurate evalua-
tion of AC losses is thus essential to properly size and ensure
the reliable operation of HTS systems [4, 5].

Traditional analytical approaches based on the critical state
model allow a first estimation of AC losses, but they gener-
ally neglect the dependence of the critical current density on
the magnetic field [6, 7]. As a result, they are limited to simpli-
fied geometries that do not reflect the complexity of real HTS
systems [8]. To overcome these limitations, numerical meth-
ods using the power-law have been widely adopted, offering a
more accurate representation of the nonlinear electromagnetic
behavior of HTS [9-11]. Nevertheless, such methods can be-
come computationally expensive, particularly when being ap-
plied to complex, multi-scale structures, such as HTS coils.

To achieve a balance between accuracy and computational
cost, semi-analytical methods based on volume integral equa-
tions have been developed [12—14]. These approaches offer a
good compromise by limiting the discretization to the active
regions of the modeled systems.

Given the structural complexity of HTS systems, includ-
ing heterogeneities, anisotropies, and multi-scale geometries,
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combined with the strong nonlinearity of their electromagnetic
properties, modeling becomes both a critical and resource-
intensive task. As a result, dedicated strategies are required for
the efficient simulation and design of superconducting systems.

In this context, the present work investigates, within a
two-dimensional framework, three strategies for modeling AC
losses in HTS coils made of Rare-earth Barium Copper Oxide
(ReBCO) tapes which are compared, with a particular focus
on the homogenization applied at the tape level. The volume
integral method is employed, allowing for discretization to be
limited to the conducting and superconducting domains. The
modeling results are then compared to measurements to assess
the accuracy of the proposed modeling strategies.

The modeling approach is detailed in the next section, fol-
lowed by the presentation and discussion of numerical and ex-
perimental results in Section 3.

2. MODELING APPROACH

The modeled system consists of a single-layer pancake induc-
tive coil of inner and outer radii denoted as R;,,; and R, re-
spectively. The coil is composed of V; turns of ReBCO tape
as shown in Fig. 1, where H; and W; represent the width and
thickness of the tape. Such tape has a multilayer structure,
where the superconducting layer thickness is about 2 um [15].

The modeling strategies consider three tape configurations.
The first is a multilayer tape configuration, which explicitly
represents the main tape layers (Copper, Re-BCO, and Hastel-
loy). The second is a homogenized tape configuration, where
the tape is treated as a single, uniform superconducting entity.
The third is a single-layer superconducting tape configuration,
which focuses solely on the superconducting (Re-BCO) layer
of 2 um. In the multilayer tape model, the resistivity values of
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FIGURE 1. Modeled system with a schematic layout of the considered multilayer structure of the REBCO tapes.

TABLE 1. Parameters specification.

Parameter Value Description
W/ H, 0.092/4 mm Tape thickness/Tape width
Rext/Rint 6.2/6 cm External/Internal radius of the coil
Ny 6 Number of the coil turns
Peu(77K) 0.19%x107%Q - m Electrical resistivity of Copper at 77 K
Phast(77K) 124 x 1078 Q- m Electrical resistivity of Hastelloy at 77 K
E. 1 uV/em Critical electric field
n 18/30 Creep exponent for the multilayer/homogenized
and superconducting layer tape model
Ieo 140 A Critical current at zero magnetic field
k 0.15 Parameter of anisotropy used in (1)
B/ 0.14T/1.39 Kim’s parameters used in (1)
0% 100 V/(A-m) Feedback constant

Copper and Hastelloy at cryogenic temperatures are used [16]
and provided in Table 1.

The electric resistivity of the superconducting region is non-
linear and modeled by a power law relation, associated with
Kim’s law [16] describing the dependence of the critical current
density on the magnetic field. Both relations are given in (1).
In this expression, F and E, represent the electric field and its
critical value; J and J. are the electric current density and its
critical value; n is the creep exponent characterizing the steep-
ness of the transition from the superconducting to normal state;
Jeo 1s the electric current density at zero magnetic field; B, and
B, are respectively the components of the magnetic field in the
radial and axial directions; and By, k, and 3 are parameters de-
pending on the material. The superconducting and normal re-
gions are denoted respectively by 2 and €2,,. All regions of the
system are characterized by the vacuum magnetic permeability

Ho-

E=E.(J(B) " J1J

Joo (1+ By m) M

Je(B) =

The modeling approach is based on the expression of the
electric field as a function of the magnetic vector and electric
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scalar potentials (A, V) as follows:

E=-0,A-VV 2)

Given the symmetry of revolution of the coil, a 2D axisym-
metric modeling approach is considered. The term VV is, in
this case, truncated by an integral ensuring the current conser-
vation as given in (3), where .S; is the cross-sectional area of
the tape, and I, is the applied current.

/ 5 Jds = I, 3)

Expressing the magnetic vector potential A in its integral
form as a function of the electric current density in (2), and
incorporating the current conservation constraint from Equa-
tion (3), yields the following equation:

E(p) +Z// G(p q')atj(q')ds-f—’y//s :
=12
(4)

where G5 ) is the Green’s function expressed in terms of the
position vectors p'and ¢, locating the calculation point and the
source point, respectively; .J, is the applied current density as-
sumed uniform; and ~y is a feedback constant [17]. In (4), it is

2)ds =0
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FIGURE 2. Instantaneous AC losses for the HTS coil over one period
computed for the multilayer tape configuration (Imax = 110A, f =
40 Hz).

assumed that all the points contained in a tape cross-section are
at the same electric potential.
The AC losses are then evaluated as follows:

ooy [

Each tape section is discretized into IV,. X N, rectangular
elements of surface AS along the radial and axial directions,
respectively. Introducing (1) in (4), the matrix form of the re-
sulting equation is given as follows:

EJ)ds )

GO+ 8,E. [T/ 0" + (1=8,) pT + 8, {T ~ J
(6)
The matrix p, which is diagonal, represents the resistivity of
the normal regions, and the matrix d,, which is also diagonal, is
introduced to distinguish between the superconductive and nor-
mal regions: d4(; ;) = {1 ifi € €, 0ifi € Q,}. The matrix
system (6) is highly nonlinear. It is solved using the “odel5s”
solver in Matlab [18].

3. RESULTS AND DISCUSSIONS

The studied HTS coil has been characterized experimentally us-
ing the electric method at the liquid nitrogen temperature [19].
Details on the experimental characterization are provided in the
appendix. The parameter specifications of the modeled system
are given in Table 1.

This section provides the numerical results of the current
density J distribution in the coil cross-section, obtained by
solving Equation (6), under the application of a sinusoidal cur-
rent defined as I, = I sin(27ft). The corresponding AC
losses are calculated using Equation (5) and compared to ex-
perimental measurements.

The homogenized tape configuration simply assumes that the
whole tape section is superconducting. The critical current den-
sity is thus defined for the tape section (J. = I./S;), while the
critical current /.. is the same in the three configurations.
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FIGURE 3. Comparison between experimental measurements and nu-
merical results of AC losses obtained for the different tape configura-
tions (f = 40 Hz).
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Each tape constituting the coil is discretized into N, = 30 el-
ements in the z direction. The discretization in the radial direc-
tion depends on the configuration used: N, = 20 for the mul-
tilayer tape configuration, IV, = 6 for the homogenized tape
configuration, and N, = 1 for the single superconducting layer
configuration. The selected discretization values were found to
provide a good compromise between result accuracy and time
consumption, as increasing the number of elements led to only
negligible variations in the results.

For the multilayer tape configuration, IV,, = 20 was adopted,
corresponding to a detailed discretization of the different mate-
rial layers: the 2 pum REBCO layer discretized into 2 elements,
the two 20 um copper layers discretized into 4 elements each,
and the 50 um Hastelloy layer discretized into 10 elements.
Finer discretization did not significantly improve the results.

For the homogenized tape configuration, a radial discretiza-
tion of IV, = 6 was chosen by considering an equivalent ho-
mogenized tape thickness of 92 um. Higher values of NV, were
tested and showed no noticeable impact on the results.

Finally, for the single superconducting layer configuration,
N, = 1 was considered sufficient due to the small thickness of
the REBCO layer (2 um).

In all configurations, the axial discretization was fixed to
N, = 30, which was found to ensure stable and accurate re-
sults.

The instantaneous AC losses for a sinusoidal applied current
of 110 A amplitude and 40 Hz frequency are reported in Fig. 2,
computed for the multilayer tape configuration. The steady
state regime is obtained in the second half period. The aver-
age AC losses are then obtained by averaging the instantaneous
losses on the second half of the period. A similar evolution is
obtained for all the tape configurations.

The AC losses obtained for the three tape configurations are
compared to measurements for different applied currents at a
frequency of 40 Hz. As shown in Fig. 3, the three tape configu-
rations lead to very close results, highlighting the possibility of
tape homogenization, or that of simply neglecting the normal
regions. This also means that the hysteresis losses in the HTS
part are predominant at low frequencies. The difference with
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FIGURE 4. Distribution of the electric current density in a tape for the multilayer tape configuration at three different instants: 7°/4, T'/2 and 3T'/4,
where T is the period (Imax = 110 A, f = 40 Hz). The figures are zoomed in on the superconducting layer and are not drawn to scale.
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FIGURE 5. Distribution of the electric current density in the HTS coil cross-section for the homogenized tapes configuration, at different instants
over one AC cycle, at a frequency f = 40 Hz for two applied currents: (a) Imax = 50 A and (b) Imax = 110 A.

the measurements may be due to uncertainties in the Kim’s pa-
rameters used in (1), which are obtained for applied magnetic
fields, while the coil is in the self-field [20].

Figure 4 illustrates the distribution of .J in a tape at different
instants expressed as a function of the period 7' of the wave-
form, for the multilayer tape configuration for an applied cur-
rent amplitude I;,,x = 110 A, ata frequency f = 40 Hz. Notice
that the figures are not to scale zooming on the superconduct-
ing layer. As we can notice, the current predominantly flows
through the superconducting region rather than the normal con-
ducting region, since the applied current remains below the
coil’s critical current. As the current decreases, a reverse cur-
rent is induced starting from the outer surface of the supercon-
ducting layer in order to minimize the magnetic energy. This
results in two opposing currents of equal amplitude within each
tape section, with current densities depending on the strength of
the local magnetic flux density, when the applied current is nil
(I, = 0). This phenomenon maintains a certain magnetic en-
ergy in the tapes not returned to the source, which is the origin
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of the hysteresis losses. The current density repartition is the
same in all the tapes. The computation time is about 45 min-
utes, once the matrices have been calculated.

Figure 5 presents the distribution of J for the homogenized
configuration for two values of the applied current (f = 40 Hz).
Similar to the multilayer case, the current penetrates each tape
from the outer surface to a depth determined by the applied
current and the critical current density, which varies with the
magnetic flux density, in particular, its radial component (B;.).
Higher penetration is observed on tapes located at the ends of
the coil, which are exposed to high magnetic flux densities at
the corners.

For the same applied current, compared to the multilayer tape
configuration, the computation time is reduced by a factor of
20, considering the homogenized configuration, and by a fac-
tor of 1300, considering the single-layer superconducting tape
configuration, due to the reduced discretization in the radial di-
rection in this case (N, = 1).
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4. CONCLUSIONS

This work presents a fast and efficient modeling approach based
on the volume integral method, which restricts discretization to
the active parts of the system. This method enables accurate
evaluation of electromagnetic quantities, such as current den-
sity and AC losses in HTS coils. Three modeling strategies:
multilayer, homogenized, and single-layer configurations, were
investigated to assess the trade-off between computational cost
and accuracy.

The modeling results obtained with each strategy show good
agreement with experimental measurements, confirming the
validity of the proposed simplifications. In particular, the study
demonstrates that homogenizing the superconducting layer at
the tape level significantly reduces computation time without
compromising accuracy. These results validate the reliabil-
ity and efficiency of the proposed modeling strategies, making
them suitable for the design and optimization of HTS systems.
However, with the increase in frequency, it is expected that the
eddy current losses in the normal regions will be in the same
range as the hysteresis losses in the HTS. In this case, the ho-
mogenization of the tapes needs to consider the conductivities
of the normal regions.

APPENDIX A. DETAILS ON THE EXPERIMENTAL
CHARACTERIZATION

An insulated inductive pancake HTS coil wound with a RE-
BCO tape has been constructed and characterized experimen-
tally. Fig. A1 shows the coil support, including an inner copper
current lead with a circular shape to ensure a robust solder joint
between the superconducting tape and the current lead. The
outer current lead is positioned sufficiently far from the coil to
allow the attachment of the HTS tape at the end of the winding
process.

B

Solder joint
for HTS tape

FIGURE A1. Support of the REBCO-based inductive coil and location
of the current leads.

The electrical method is used for the characterization of the
HTS coil. Fig. A2 illustrates the global experimental environ-
ment with the apparatus used for the DC and AC characteriza-
tion of HTS.

Figure A3 illustrates the schematic of the experimental setup
used for measuring the AC losses of HTS. The method involves
measuring the current through the superconductor, the voltage
across its terminals, and the phase difference between them.
A sinusoidal current is supplied by an amplifier controlled by

19

HTS coil immersed
in liquid nitrogen

DC current source

i — -
Il K
o

Transformer

FIGURE A2. Experimental setup for the characterization of HTS. Mea-
surement instruments are shown on the left, the power supplies on the
right, and the studied HTS in the center.
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FIGURE A3. Schematic of the experimental setup for AC losses mea-
surement in HTS.

a function generator, which sets the frequency and waveform.
A transformer, immersed in liquid nitrogen, amplifies the cur-
rent and provides galvanic isolation between the power and
measurement sections. The waveform and root-mean-square
(RMS) value of the supply current are measured using a Hall-
effect probe at the secondary of the transformer, while the cur-
rent and voltage across the superconductor are recorded with a
lock-in amplifier and an oscilloscope.

The voltage across the HTS coil comprises a resistive com-
ponent w,.(t), representing the power losses, and an inductive
component Ldi/dt, where L is the self-inductance of the HTS
coil. Since the resistive component is much smaller than the
inductive part, a compensation coil is connected in series with
the voltage measuring circuit to partially or fully compensate
the inductive part of the measured voltage. Its position and ori-
entation are adjusted so that the mutual inductance M opposes
the self-inductance L, improving the accuracy of the loss mea-
surement.
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