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Electro-Thermal Homogenization of HTS Stacks
and Roebel Cables for Machine Applications

Casper Leonard Klop, Runar Mellerud, Christian Hartmann and Jonas Kristiansen Nøland

Abstract—This paper presents a homogenized electro-thermal
model for high-temperature superconductor (HTS) stacks made
of multiple REBCO tapes, which reduces the computational com-
plexity of their thermal analysis. The electromagnetic analysis is
performed in both the H- and T–A-formulation. An average heat
capacity and an orthotropic heat conductivity are derived for
the equivalent thermal properties of the HTS coil. The proposed
homogenization method is verified to produce the same results as
the full model with an error below 5% for a range of scenarios,
including transport losses, magnetization losses, AC frequencies
from 50 to 300 Hz and a temperature range from 25 to 80 K.
Finally, the model is applied to study a permanent magnet motor
with HTS armature windings and is verified to produce results
with an error below 15 % as long as the stabilizer eddy current
losses are low. Compared to the full multilayer model, the newly
proposed model allows for the use of a significantly coarser mesh,
which reduces the computation time by an order of magnitude.

Index Terms—H-formulation, Numerical Modeling, HTS, RE-
BCO, TA-formulation, Thermal Analysis.

I. INTRODUCTION

THE steady decrease in the cost of high-temperature super-
conductors (HTS) has recently led to an increased interest

in their large-scale applications. One of the most commonly
used HTS materials is REBCO, which is produced in thin
tapes. In some of its potential applications, such as electrical
machines, fault limiters and high-field magnets, the HTS tapes
are subject to AC conditions.

When HTS tapes carry AC currents or experience alter-
nating magnetic fields, they are subject to AC losses, which
generate heat. The resulting rise in temperature deteriorates
the superconducting properties of the HTS tapes, creating a
positive feedback loop. Therefore, a coupled electro-thermal
model of the HTS stack is needed to determine the required
cooling capacity and the resulting equilibrium temperature.
Thus far, analysis of the electro-thermal behavior of HTS
conductors has been limited to single tapes or small stacks,
with models that include the REBCO layer, the stabilizer, the
substrate, and the insulation materials [1–3].

Nevertheless, scaling up the electromagnetic analysis from
HTS tapes to coils presents a significant challenge due to the
high computational complexity associated with the high aspect
ratio of HTS tapes. Homogenization is a commonly used
approach to mitigate this issue. In this approach, the different
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layers of the HTS coil are represented by a single material
with equivalent electromagnetic properties [4, 5]. Ideally, this
homogenization method can be applied in electro-thermal
analyses as well. Two previous papers proposed steps towards
a homogenized thermal model: Firstly, Hu et al. (2017) present
such a model for a single HTS tape [6], but their model is
not directly applicable to a coil due to its anisotropic nature.
Secondly, Tomków et al. (2020) proposed an anisotropic coil
model, but did not couple this to an electromagnetic model [7].

To address the above-mentioned problem, a homogenized
electro-thermal model of an HTS coil has been proposed by
deriving its equivalent thermal properties and coupling the
thermal analysis to the homogenized electromagnetic analysis,
performed in the H-formulation [8]. This paper expands upon
the previous work by replacing the H-formulation with the
T–A-formulation, and by applying the new method to the
analysis of the armature windings of an electrical machine,
which consists of HTS Roebel cables.

The T–A-formulation is known to be faster than the H-
formulation [5] and has been successfully used to analyze
superconducting machines [9]. This study will determine
whether electro-thermal homogenization of HTS coils can be
further sped up by using the homogenized T–A-formulation.
The aim is to simplify and speed up the electro-thermal
analysis of HTS coils using finite element analysis (FEA)
across various scenarios, including:

1) AC currents at 50 & 300Hz;
2) External AC magnetic fields; and,
3) Submerged in liquid nitrogen (LN2) & hydrogen (LH2).
Afterward, the homogenization method is applied to the

analysis of a superconducting aircraft motor to demonstrate
its applicability.

This paper is structured as follows: first, Section II outlines
the proposed method and the relevant material properties.
Then, Section III compares the original and homogenized
models for several simple cases, after which the homogenized
coil model is implemented in the analysis of an electrical
machine in Section IV. Section V evaluates the accuracy and
applicability of electro-thermal homogenization, and finally,
Section VI concludes the paper and highlights future work.

II. METHODOLOGY AND ASSUMPTIONS

The electromagnetic analysis in this study is performed
using the H-formulation [10] and the homogenized T–A-
formulation [11], which are coupled to a heat transfer module
in an FEA environment. The coupling between the two mod-
ules is bidirectional: losses calculated by the electromagnetic
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Fig. 1. Illustrative overview of the proposed method presented in this paper.

analysis are implemented as a heat source, and the calculated
temperature distribution influences the local critical current
density of the HTS tapes. Fig. 1 provides an overview of the
method proposed in this paper.

The proposed method is verified by analyzing a coil with 20
turns surrounded by a cryogenic fluid. The detailed dimensions
of the coil are provided in Table I. Each tape is wrapped in
Kapton insulation, and the silver overlayer is neglected as it
behaves similarly to copper at cryogenic temperatures. The
homogenized T–A model is compared to the ‘full’ H model,
which includes every individual material and is used as a
baseline.

A. Electromagnetic Model

In the previous work, the electromagnetic analysis for both
the ’full’ and the homogenized model was performed using
the H-formulation [8]. In this work, the homogenized T–A-
formulation [11] is used and compared to the earlier results.

In the T–A-formulation, the current vector potential, defined
by J = ∇ × T, is used in the superconducting region.
This is superimposed on the magnetic vector potential (A)
formulation, which is used in the non-superconducting regions
as well. The governing equations are given by eqs. (1) and (2),
respectively.

∇×
(
1

σ
∇×T

)
= −∂B

∂t
(1)

∇2A = −µJ (2)

Furthermore, it is assumed that the thickness of the su-
perconducting layers can be neglected. This means that the
influence of the parallel magnetic field is neglected, and that
the current density is simply given by Jz = ∂Ty/∂x.

In eq. (1), the permeability µ of each material is assumed
to be equal to µ0, and the electrical conductivity σ of the non-
superconducting materials is given in Table I. The resistivity
of copper, with an assumed residual resistance ratio (RRR) of
50, varies with temperature [12].

TABLE I
COIL AND MATERIAL PARAMETERS

Description Symbol Value

Number of turns nt 20

Tape width wt 4mm

REBCO thickness hHTS 1µm

Copper thickness hCu 20µm

Hastelloy thickness hsub 50µm

Kapton thickness hins 60µm

YBCO density ρY BCO 5900kg/m3

Copper density ρCu 8000kg/m3

Hastelloy density ρsub 8280kg/m3

Kapton density ρins 1420kg/m3

Copper electrical conductivity σCu See [12]
Hastelloy electrical conductivity σsub 3.33 × 106 S/m

Kapton electrical conductivity σins 1 × 10−3 S/m a

a Higher than the physical value for numerical stability improvement

The resistivity of REBCO is commonly described by a
relation known as the E-J power law, given by:

E = E0

(
J

Jc(B, T )

)n

, (3)

where E0 = 10−4 V/m. This model uses the material proper-
ties of a REBCO HTS tape from Shanghai Superconductor,
which are available in the Robinson HTS Database [13].
Although exponent n varies with both B and T in reality,
a fixed value of 28 is chosen for simplicity.

The critical current density Jc is a function of both the
external magnetic field B and the temperature T . The field-
dependency is modeled using an anisotropic Kim-like model
[14, 15], as shown in eq. (4). The relevant parameters are fitted
to the experimental data and given in Table II.

Jc(B, T ) = Jc0 ·

1 +

√
(kB∥)2 +B2

⊥

B0

−α

︸ ︷︷ ︸
Kim-like model

· γ(B, T )︸ ︷︷ ︸
Temperature
dependence

(4)

The temperature dependency γ(B, T ), given in eq. (5), is
approximately independent of the magnetic field for temper-
atures below 77K. In this case, the temperature dependency
is modeled using an exponential equation normalized around
35K [16]. For cooling with liquid nitrogen (LN2), the oper-
ating temperatures start approaching the critical temperature
of REBCO, which is influenced by the magnetic field. In
this case, a linear approximation is fitted to the experimental
dataset provided in [13], which decreases from the critical
current at 77K to zero at the critical temperature Tc(|B|).

γ(B, T ) =


e

−(T−Tref )

T∗ 20K < T < 77K
Tc(|B|)−T

Tc(|B|)−77K 77K < T < Tc(|B|)
0 T > Tc(|B|)

(5)

Currents are applied by setting the correct boundary condi-
tions. These are either integral constraints in the H-formulation
[17], or Dirichlet and Neumann boundary conditions in the T–
A-formulation [11].
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TABLE II
CRITICAL CURRENT DENSITY PARAMETERS

Description Symbol Value

Jc at 0 T, 35 K Jc0 2.88 × 1011 A/m2

Critical current at 0 T, 35 K I0 1152A per tape
Jc at 0 T, 77 K Jc0 6.77 × 1010 A/m2

Critical current at 0 T, 77 K I0 271A per tape

E-J law exponent n 28

Kim model parameter k 0.25

Kim model parameter B0 0.03T

Kim model parameter α 0.6

Reference temperature Tref 35K

Temperature fit T∗ 32K

B. Thermal Model

The governing equation of the thermal model is given in
eq. (6).

ρCp
∂T

∂t
−∇ · (k∆T ) = Q+ qext (6)

For each material, the mass density ρ, the specific heat
capacity Cp and the thermal conductivity k are required.
The mass density is provided in Table I, and the latter two
parameters are shown in Figs. 2 and 3. The heat capacity and
thermal conductivity of copper (RRR=50) and Kapton have
been acquired from the NIST database [18]. This database
provides temperature-dependent parameters as functions with
fitted coefficients. For Hastelloy, the thermal properties are
based on the data provided in [19], to which the same equation
used in the NIST database is fitted. The thermal properties of
REBCO are based on [3]. REBCO has a different in-plane
(ab) and out-of-plane (c) thermal conductivity.

The internal heat generation is given by Q = J · E,
calculated by the H- or T–A-formulation, and qext represents
the convective heat flow to the exterior. The thermal boundary
condition of eq. (6) is defined by a fixed convective heat
transfer coefficient of h = 400W/(m

2
K) using the following

equation:
qext = hA(Tsurf − Text) (7)

The initial temperature of the coil is assumed to be equal
to that of the surrounding medium, which is 25K for liquid
hydrogen (LH2), and 77K for liquid nitrogen (LN2).

C. Homogenization Approach

Homogenization of the electromagnetic analysis based on
the H-formulation was initially described in [4]. This method
neglects the non-superconducting materials and calculates an
equivalent critical current density Jc,eq based on the volume
fraction of the superconducting layer. Even though the re-
sulting current density and losses are ‘smeared out’ over the
surface area, the model is still able to reproduce the AC losses
accurately while being an order of magnitude faster than the
full model, which takes into account all layers.

Homogenization of the T–A-formulation is performed in a
similar way [11]. An equivalent current density is derived, and
the losses are distributed over a 2D region with equivalent
properties. Even though the T–A-formulation is now defined
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on a 2D region, the influence of the parallel magnetic field is
still neglected.

This study proposes a similar approach for the thermal
analysis, by replacing the different layers with a homogeneous
material. The homogenized thermal analysis can then be
coupled to the homogenized electromagnetic model. Due to the
low thermal conductivity of Hastelloy and especially Kapton
relative to that of copper, nearly all heat flow is parallel to
the width of the HTS tapes, referred to as the x-direction in
Fig. 1. Therefore, an orthotropic heat conductivity is derived
for the equivalent thermal properties of the HTS coil. For the
conductivity in the x-direction, along the width of the HTS
tape, the thermal resistance of each material is considered in
parallel:

Req,w =
1∑n
1

1
Rn

→ keq,w =

∑n
1 kntn∑n
1 tn

, (8)

where kn and tn represent the thermal conductivity and the
thickness of the nth layer, respectively. Similarly, the thermal
conductivity in the y-direction is given by considering the
thermal resistances in series:

Req,t =

n∑
1

Rn → keq,t =

∑n
1 tn∑n
1

tn
kn

. (9)

With low-conductivity Kapton in between every tape, keq,t
will be close to the thermal conductivity of Kapton, and
will thus be relatively low compared to keq,w. Finally, the
equivalent specific heat capacity is equal to the mass-based
average of the heat capacity of each material:

Cp,eq =

∑n
1 Cpnmn∑n

1 mn
=

∑n
1 Cpnρntn∑n

1 ρntn
. (10)

The temperature-dependent thermal properties are given in
Figs. 2 and 3. A function of the same form as those provided
by the NIST database is fitted to each equivalent property, and
provided in the Appendix.

D. Finite Element Analysis Implementation

Finite Element Analysis (FEA) of the HTS coil is per-
formed in COMSOL Multiphysics, and simulated on a Dell
PowerEdge C6520 node of a high-performance cluster [20].
The implementation of the electromagnetic analysis is based
on the original and homogenized models described in [4, 11].
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a) b)

Fig. 4. Mesh refinement for the a) full model and b) homogenized model.
At the outer 10% of the tape, the mesh is finer than in the middle.

T [K]Centerline Centerline

a) b)

Fig. 5. Examples of temperature maps (Case 1, t = 0.177 s) for the a) full
and b) homogenized model. The arrows represent the conductive heat flux.

The thermal model is defined on the HTS coil, and the
cryogenic medium around it is assumed to have a constant
temperature. The orthotropic thermal conductivity of the ho-
mogenized model is implemented as a diagonal conductivity
matrix, with k11 ̸= k22.

The outer insulation layer is modeled as a one-dimensional
thin layer, defined at the outer boundary (shown in red
in Fig. 1). This assumes all heat flow is perpendicular to
the boundary, and provides a more robust mesh. On this
same boundary, a convective boundary condition is defined
as described by eq. (7).

A rectangular structured mesh is used in the coil, and a
mesh refinement study showed that 80 nodes along the width
provided sufficient accuracy. The outer edges of the tapes have
a finer mesh, shown in Fig. 4, because the current density
and magnetic field experience strong gradients here. The HTS
formulations and the thermal module use a linear discretiza-
tion, while the A-formulation uses quadratic discretization. A
relative tolerance of 5× 10−5 has been used for all models.

The homogenization method outlined in this paper is applied
to four test cases, shown in Table III, each of which is
run for 10 electric cycles of the fundamental frequency. The
cases are selected to demonstrate the different effects of the
electrical frequency, the temperature, and the loss distribution
of transport losses versus magnetization losses. An example
of the obtained results is shown in Fig. 5.

TABLE III
OVERVIEW OF CASES

Case Temperature Current Magnetic flux density

1 25K 200A, 50Hz None
2 25K 150A, DC 150mT, 50Hz

3 25K 200A, 300Hz None
4 77K 90A, 50Hz None
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an applied current of 200 A at 50 Hz.
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Fig. 7. The a) initial temperature rise and b) steady-state temperature for the
full and homogenized models for an applied current of 200 A at 50 Hz.

III. RESULTS

A. Case 1: AC Current

In the first case, a 200 A AC current (0.17I0) at 50 Hz is
applied to each tape. The homogenized model reproduces the
simulated magnetic field and electric current distribution of
the full model well, as has been reported in [4]. Fig. 6 shows
the resulting transport losses for both models. The results from
the homogenized H-formulation, described in [8], are shown
as well for comparison.

Fig. 7a shows the initial temperature rise. The homogenized
model overestimates the average temperature rise after 10
cycles by 0.1K. However, Fig. 7b shows all models reach
the same steady-state temperature distribution after time ts.

The coil does not heat up uniformly, but becomes warmer
in the center, further away from the cryogenic medium. The
homogenized model captures this effect, as shown in Fig. 8.
In this graph, the temperature is plotted along the centerline
shown in Fig. 5. Fig. 9 shows that the homogenized model
predicts a marginally higher external heat flow, which is caused
by the overestimation of the temperature rise.
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B. Case 2: AC Field

In the second case, a perpendicular external magnetic field
of 150mT at 50Hz is applied, while each tape carries a
DC current of 150A (0.13I0). For this, a Dirichlet boundary
condition, as described by eq. (11), is added to the outer
boundaries of the model. H⃗encl refers to the magnetic field
generated by the enclosed current and is approximated by
treating the coil as a point source.

H⃗boundary = H⃗ext + H⃗encl (11)

Figs. 10 and 11 show the magnetization losses and associ-
ated temperature loss. The maximum and average steady-state
temperatures are predicted accurately, though the temperature
rise of the homogenized model is less accurate than in Case 1.
Fig. 12 shows that most of the temperature increase occurs at
the top and bottom of the coil. This is because the losses
caused by the perpendicular magnetic field concentrate here.
The homogenized model captures this effect, but overestimates
the average temperature rise by 0.05K after 10 cycles.

C. Case 3: Higher Electrical Frequency

The electrical frequency is known to have a significant effect
on the magnitude and the distribution of the losses in HTS

0 0.5 1 1.5 2 2.5 3 3.5 4

Vertical distance [mm]

24.9

25

25.1

25.2

25.3

25.4

25.5

25.6

25.7

25.8

25.9

T
e
m

p
e
ra

tu
re

 [
K

]

Temperature distribution, Case 2

Full

Hom. H

Hom. TA

0 s

0.04 s

0.08 s

0.12 s

0.16 s

0.20 s

Fig. 12. The temperature along a vertical
cutline in the center of the coil for Case 2.

0 0.05 0.1 0.15 0.2

Time [s]

0

0.5

1

1.5

2

2.5

3

H
e
a
t 
fl
o
w

 [
W

/m
]

Boundary heat flow, Case 2

Full model

Homogenized H model

Homogenized TA model

Fig. 13. The external
heat flow for Case 2.

0 1 2 3 4 5 6 7 8 9 10

Time [ms]

0

100

200

300

400

500

L
o

s
s
 [

W
/m

]

200 A, 300 Hz applied current

Full

Homogenized H

Homogenized TA

Fig. 14. The electromagnetic losses in the full and homogenized models for
an applied current of 200 A at 300 Hz.

0 5 10 15 20 25 30

Time [ms]

25

25.5

26

26.5

27

T
e
m

p
e
ra

tu
re

 [
K

]

a) Initial temperature rise

t
s

t
s
+5 t

s
+10 t

s
+15

Time [ms]

30

40

50

T
e
m

p
e
ra

tu
re

 [
K

]

b) Steady state temperature

Max, full

Ave, full

Min, full

Max, homogenized H

Ave, homogenized H

Min, homogenized H

Max, homogenized TA

Ave, homogenized TA

Min, homogenized TA

Fig. 15. The a) initial temperature rise and b) steady-state temperature for
the full and homogenized models for an applied current of 200 A at 300 Hz.

tapes and coils [21]. To determine whether the homogenized
model captures this effect at higher frequencies, a 200A AC
current at 300Hz is applied.

Figs. 14 and 15 show that the homogenized model repro-
duces the results with an error below 10%, except for the
minimum coil temperature. Further analysis revealed that this
minimum temperature in the full model is located in the Kap-
ton layer, and that the temperature distribution of the REBCO
layers is reproduced correctly. Furthermore, integrating the
losses gives approximately the same loss per cycle as in Case
1, which is consistent with the finding that the AC transport
current losses are proportional to the electrical frequency [21].

D. Case 4: LN2 Temperature

To analyze the performance of the model in an LN2 tem-
perature range, an AC current of 90A (0.33I0) at 50Hz is
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applied. Figs. 16 and 17 show that the homogenized model has
a higher accuracy than in the previous cases and reproduces the
temperature rise with an error below 5%. It is also observed
that the temperature rise of the coil is significantly slower
than in the previous cases. This is explained by the fact that
the equivalent heat capacity at 77K is an order of magnitude
larger than at 25K.

IV. APPLICATION CASE

To demonstrate the applicability of the newly developed
method, it is used to analyse the armature windings of a per-
manent magnet machine designed for a cryo-electric aircraft.
The machine parameters are given in Table IV, and the detailed
design is given in [22]. The existing electromagnetic numerical
model is extended to include the thermal analysis of the coils.

The machine employs HTS Roebel cables [23] in the
armature winding. The individual strands of this cable are not
insulated from each other, so new equivalent thermal properties
of the cable were derived, given in Figs. 18 and 19. Due
to the lack of Kapton layers, the thermal conductivity in the
perpendicular direction is not as small as before, but it is still
significantly smaller than that in the parallel direction.

Compared to the numerical model presented in [22], the
following simplifications are made to speed up the analysis:

1) Saturation of the iron stator core is neglected, and a
constant relative permeability of µr = 2000 is assumed;

2) The slots are assumed to be flooded with a cryogenic
fluid at 40K with a convective heat transfer coefficient
of h = 1000W/(m

2
K);

3) The machine is simulated while operating at 80% of its
nominal power.

A. Modeling Approach

The numerical machine model uses a static representation
of the Halbach PM rotor to perform a dynamic analysis of
the stator [24]. The thermal analysis is implemented similarly
to what was described in Section II, while ensuring that the
orthotropic material properties are implemented with respect
to a rotated coordinate system aligned with the coil orientation.

In the model, half of the HTS coil in one slot is modeled in
detail using the full H-, homogenized H- or homogenized T–A
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Fig. 18. Thermal conductivity of the
individual materials and the equiva-
lent values of the Roebel cable.
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Fig. 19. Specific heat capacity of the
individual materials and the equiva-
lent values of the Roebel cable.

TABLE IV
MACHINE PARAMETERS (FROM [22])

Description Symbol Value

Nominal power P 2.5MW

Rotational speed n 5000 rpm

Electrical frequency fel 333Hz

Phase voltage Uph 421V

Phase current Iph 683A

Number of slots Ns 24

Number of pole pairs p 4

Air gap diameter Dg 260mm

Active length L 240mm

Slot width ws 20mm

Number of turns Nt 14

Strands per turn Nstrands 18

HTS strand width wstrand 1.9mm

Central gap width wgap 0.2mm

formulation. The remaining part of the machine is analyzed
using the vector potential (A) formulation, with the remaining
coils modeled as perfect conductors. The interface between
the H- and A- formulations is defined as described in [17]. An
illustrated explanation of the approach is shown in Fig. 20.

The Roebel cable is modeled as two stacks of HTS tapes
with solder in between them [23]. For the solder, a thermal
conductivity of 20W/(m K) is used [25].

B. Results

The AC losses and the resulting temperature development
of the analyzed half of the coil are shown in Fig. 21 and
Fig. 22, respectively. The discrepancy between the AC losses
of the homogenized models and the full model is 12.9%.
This is larger than in the simple cases, and closer analysis
revealed that the difference is caused by neglecting the copper
losses. The strong, high-frequency magnetic fields that the
coils experience in the machine lead to eddy current losses in
the copper, which are shown in Fig. 21 as well. These losses
are not accounted for in the homogenized models, leading
to an underestimation of the average temperature rise of just
below 15%.

In the analyzed case, the copper losses are approximately
10% of the total AC losses, so their effect is limited. This
observation motivated the simulation of an additional case in

B+

C-

A+

Machine model Full coil model Homogenized model

Fig. 20. The modeling approach for the machine analysis (Machine image
reproduced with permission from [22]).
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Fig. 22. The a) initial and b) steady-state temperature development for the
full and homogenized models for the machine case.

which the copper losses are more dominant. An example of
such a case occurs when the coils operate at 25K: the losses
in the REBCO layer are reduced due to the increased critical
current density, while the lower resistivity of the copper layer
leads to larger eddy current losses. The results are shown in
Figs. 23 and 24. Now, the copper losses are 40% of the total
losses, which means the homogenized models significantly
underestimate the latter. This leads to an incorrect temperature
estimation as well.

V. DISCUSSION

The analyzed cases show that a homogenized HTS coil
model with a correct representation of the equivalent thermal
properties and correct mesh settings can reproduce the electro-
thermal behavior of the coil in a wide range of scenarios.

A. Discussion of Modeling Approach

The equivalent thermal properties of the coil can be calcu-
lated by using eqs. (8)-(10). The large difference in thermal
conductivity allows for the orthotropic equivalent conductivity
to be simplified to

keq,w ≈ kf,CukCu keq,t ≈ kins/kf,ins, (12)

with kCu and kins as the thermal conductivity of respectively
copper and the insulation material, and kf,X as the volume
fraction of material X.
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Fig. 23. The electromagnetic losses in the machine case, operating at 25 K.
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Fig. 24. The a) initial and b) steady-state temperature development for the
full and homogenized models for the machine case, operating at 25 K.

The numerical results were found to be strongly dependent
on the used mesh and tolerance settings. Three lessons can be
drawn to ensure accurate results:

1) The same relative tolerance has been used in all models
to compare them, but this occasionally caused spikes in
the electromagnetic losses of the homogenized model,
visible in Figs. 6 and 10. These spikes did not signifi-
cantly impact the temperature of the coils. Nonetheless,
a lower relative tolerance is recommended when imple-
menting the homogenized model in future analyses.

2) For cases with a perpendicular magnetic field, it is
important to have a thin subdomain on the top and
bottom of the homogenized coil, as most of the losses
are concentrated in this region. These subdomains must
be thinner than one HTS tape to ensure accuracy.

3) The accuracy and stability of all models is improved by
using a mesh refinement at the edges of the HTS tapes,
as shown in Fig. 4.

B. Performance

Overall, the homogenized T–A-model shows very similar
results to the homogenized H-model presented in [8]. The
average losses of both the full and the homogenized models
are summarized in Table V. This shows that the homog-
enized T–A-model calculates the losses within an accuracy

TABLE V
AVERAGE ELECTROMAGNETIC LOSSES AND TEMPERATURE RISE AFTER 10 CYCLES FOR THE STACK AND APPLICATION CASES

Case Full H-model Homogenized H-model Homogenized T–A-model

Qtot ∆Tave Qtot Deviation ∆Tave Deviation Qtot Deviation ∆Tave Deviation

1 27.6W/m 1.68K 26.3W/m −4.8% 1.81K 7.7% 26.6W/m −3.7% 1.83K 8.4%

2 8.3W/m 0.51K 8.0W/m −2.9% 0.55K 8.3% 8.0W/m −3.0% 0.55K 8.0%

3 152.9W/m 1.75K 148.1W/m −3.2% 1.91K 9.5% 150.3W/m −1.7% 1.91K 9.5%

4 9.7W/m 0.11K 9.7W/m −0.3% 0.12K 4.9% 9.5W/m −1.6% 0.12K 4.9%

Machine 27.3W/m 0.09K 23.7W/m −12.9% 0.07K −14.8% 23.7W/m −13.2% 0.07K −14.9%
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of 5% over a wide range of scenarios, comparable to the
homogenized H-model discussed in [8]. In the machine case,
the copper losses become relevant, which are not accounted
for by the homogenized models. Whether they can be used
depends on the operating conditions of the coils, especially
their temperature and the magnitude and frequency of the
external magnetic fields.

For all stack cases, the temperature development shows that
the homogenized model slightly overestimates the temperature
rise of the coils, summarized in Table V. This means that
the model can be used to give a conservative estimate of the
temperature increase due to the transport and magnetization
losses. However, in cases where the copper losses become
relevant, such as in the machine case, the homogenized model
underestimates the total losses and, therefore, the temperature
rise. Furthermore, the temperature plots in Section III show
that the homogenized model predicts the steady-state temper-
ature of the HTS stacks accurately.

The simulation times for both models are summarized in
Table VI. The homogenized TA-model shows a further speed
improvement over the homogenized H-model of approxi-
mately a factor 2. Based on these results, and the previous
finding in [4] that the performance of homogenized HTS
models scale very well for a larger number of tapes, it can
be expected that the electro-thermal analysis of HTS coils can
be sped up by at least one order of magnitude by using the
new homogenized model proposed in this paper.

TABLE VI
SIMULATION TIMES FOR 10 CYCLES

FOR THE STACK AND APPLICATION CASES

Case Full H-model Homogenized model Speed-up factor

H T–A H T–A

1 23 112 s 2301 s 1267 s 10.0 18.3

2 16 881 s 4511 s 3919 s 3.7 4.3

3 17 152 s 2571 s 1230 s 6.7 13.9

4 17 775 s 4323 s 2220 s 4.1 8.0

Machine 36 002 s 10 943 s 8521 s 3.3 4.2

VI. CONCLUSION

This paper has demonstrated the use of homogenization to
simplify and speed up the analysis of the electro-thermal be-
havior of HTS coils. This was achieved by deriving equivalent
orthotropic thermal properties for the coil and coupling this to
the existing electromagnetic homogenization method described
by Zermeno et. al. (2013) [4].

The performance of the new method has been investigated
for a range of scenarios. These include transport and magneti-
zation losses, a frequency range between 50 and 300Hz, and
operation at both LN2 and LH2 temperatures. Compared to the
full model, the losses were reproduced with a difference below
5%, and the temperature rise and the steady-state temperature
distribution agree well. The homogenized model overestimated
the temperature increase slightly, which means it can be
used as a conservative model to estimate the electro-thermal
behavior of the HTS coil. At the same time, the simulation

time can be reduced by one order of magnitude compared to
the full model, especially if larger coils are analyzed.

The electro-thermal homogenization approach has been
demonstrated for both the H- and the T–A-formulation. The
T–A-formulation is generally faster, but sometimes suffers
from stability issues. Tighter tolerance settings can resolve
these issues, but will partly reduce the computational speed
improvement. The new homogenization method has also been
demonstrated to work for Roebel cables in the analysis of HTS
armature windings. It is able to speed up the analysis of HTS
machines, and produce accurate results as long as the copper
losses are small compared to the HTS losses.

Future work includes extending the application range of
the homogenized model to more realistic cases in which the
insulation and cooling systems of an electrical machine are
modeled as well. This study should also determine in which
parameter ranges the copper eddy current losses are significant
compared to the HTS losses.

In addition, the accuracy of the results can be improved by
using a better model for Jc(B, T ), as the simple model of
eqs. (4-5) may not accurately reflect the physical characteris-
tics of the REBCO tapes.

APPENDIX
CURVE FITS OF HOMOGENIZED PROPERTIES

The calculated thermal properties of the homogenized ma-
terial are fitted to either a logarithmic polynomial, eq. (13),
or a logarithmic irrational fraction, eq. (14), similar to what
is used in [18].

log10 y = a+ b(log10 T ) + c(log10 T )
2

+d(log10 T )
3 + e(log10 T )

4
(13)

log10 k =
a+ cT 0.5 + eT + gT 1.5

1 + bT 0.5 + dT + fT 1.5
(14)

The fitted parameters for the thermal conductivity in the
width and thickness direction, as well as the heat capacity, are
provided in Table VII for the insulated stacks and the non-
insulated Roebel cable.

TABLE VII
FITTED PARAMETERS

Insulated stack Roebel cable

kw kt Cp kw kt Cp

Eq. (14) (13) (13) (14) (13) (13)
a 2.013 -0.9669 5.781 2.594 0.6403 6.552
b 3.823 -2.248 -16.32 1.338 1.036 -21.87
c 8.352 2.89 16.77 3.512 -0.7901 23.45
d -1.132 -1.122 -6.438 -0.4325 0.2546 -9.372
e -2.319 0.1428 0.8572 -1.074 -0.02235 1.297
f 0.09708 - - 0.0383 - -
g 0.1918 - - 0.09233 - -
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