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Abstract—Macroscopic superconductivity models have im-
proved significantly over the last decades. Formulations and
methods have been developed to faster solve problems involving
high-temperature superconductors (HTS). Despite these devel-
opments, finite element analysis (FEA) of AC superconducting
machines (SCMs) with HTS coils still remains time-consuming.
The combined burden from the HTS models and the moving
mesh makes the models complex and slow. To deal with this
challenge, a new framework for FEA of AC SCMs with surface-
mounted permanent magnet (SMPM) rotors and HTS armature
windings is proposed in this paper. In this approach, the rotating
rotor geometry is emulated with a stationary array of small PM
segments excited with time-varying boundary sources. The major
benefit of this approach is that the models can be realized without
moving meshes, which increases the computation speed by more
than one order of magnitude. In our dedicated case study of a
complete SCM design, the speedup factors are 17.0x and 37.9x for
the mixed H-A and T-A formulations, respectively. Over a large
parametric space of 22 design permutations, the highest relative
error in calculated HTS loss was 4.12 percent. As a result, this
work enables the designer to perform much more comprehensive
performance studies of SCMs.

Index Terms—High-temperature superconductors, HTS, H-A
formulation, T-A formulation, superconducting electric machines,
FEA, FEM.

I. INTRODUCTION

HE mixed H-A [1] and T-A [2] formulations are widely
used for performing finite element analysis (FEA) of
rotating electric machinery with high-temperature supercon-
ductors (HTS) [3], [4]. Both mixed formulations enable macro-
scopic modeling of the HTS material by employing the E-
J power-law [5] to describe the effective resistivity of the
superconducting (SC) layer in the HTS.
Henceforth, the mixed H-A and the mixed T-A formulations
are referred to simply as the H-A formulation and the T-A
formulation, respectively.
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Over the course of the last two decades, significant achieve-
ments have been made to make HTS models compute faster.
Notable here is the introduction of the T-A formulation [2],
which in most cases outperforms the H and H-A formulations
in terms of computational speed [6]. Techniques to reduce
the level of details in coil models while retaining acceptable
accuracy, such as multi-scale and homogenized models [6],
have also contributed to faster FEA. In addition to these
modeling techniques, studies on the influence of element order,
solver settings, and so on [7]-[9] have also provided valuable
insight into how the trade-off between computation speed
and accuracy can be optimized. With these advancements,
together with a steady improvement in computer performance,
simulations of detailed HTS coil models can be run in the
order of minutes, provided that they are surrounded by simple
geometries. However, it is more demanding when the HTS
coils are placed in the stator of an AC superconducting electric
machine (SCM).

In modern FEA software, such as COMSOL Multiphysics,
a rotating electric machine model consists of a static and a
rotating mesh, with a sliding boundary between the two [3].
The calculations are then performed in time steps. This ap-
proach to modeling electric machines has several advantages.
The models are flexible in use and yield accurate results. The
downside to this approach is that the models can become
computationally demanding, especially for SCMs with HTS
armature windings. The combined burden from the rotating
mesh and the HTS models drives up the computation times.
The resulting FEA models can also be prone to convergence
problems which makes it necessary to tighten the solver
parameters. As a result, the time it takes to run a single sim-
ulation of an SCM model is commonly in the order of hours
[10]. This effectively disqualifies the use of the FEA models
for larger parametric studies where numerous combinations of
slot and HTS coil geometries are to be investigated, often in
combination with different material options.

This paper presents a highly efficient method for speeding
up the FEA of AC superconducting machines with surface-
mounted permanent magnets (PM) in the rotor and HTS
armature windings in the stator. Instead of focusing on im-
proving the macroscopic HTS models, the method addresses
the need to reduce the complexity of the machine’s air gap
model. The moving mesh is replaced by a mesh that remains
completely static over all simulated time-steps. The essence of
the proposed method is to replace the actual PM configuration



on the rotor with an array of small, discretely magnetized
PM segments distributed along the rotor circumference (small-
segment representation). The relative movement between the
rotor and the stator is emulated by applying individual time-
varying excitation sources on each of these small PM seg-
ments. As will be shown, the absence of a rotating mesh in
the FEA model speeds up the calculations by at least one
order of magnitude. The method is especially suited for larger
parametric or optimization studies of stator and slot design
in SMPM machines with HTS coils, where HTS AC loss
prediction is of key importance. Since the actual PM geometry
is sacrificed in this framework, the method is not suited for
rotor optimization. However, supplementary studies of rotor
phenomena can be performed on models where the HTS coils
are replaced by conventional conductors, which significantly
reduce computation times.

The framework proposed in this paper has commonalities
with the work of Tessarolo et al. [11], especially the small-
segment approach. However, the methodology devised by
Tessarolo et al. [11], [12] is specifically developed for con-
ventional armature coils. It utilizes a time-harmonic FEA (TH-
FEA) and uses superposition to sum loss contributions from
the different time-harmonics. This approach is not applicable
to problems involving HTS models due to the magnetic
history-dependency [13] and the highly non-linear resistivity
in the HTS. To overcome these limitations, we have developed
a methodology that works with time-stepping FEA. It is
especially suitable for SCMs, where it models the interaction
between the HTS coils and the rotor field with high accuracy,
in addition to being much faster than rotating models.

There are several other effective methods, such as those
proposed by Meeker [14] and Hughes [15], available to
address the challenge of remeshing in FEA. Which method
is best suited will depend on several factors, such as the
objective of the study and the skills of the designer. The
framework proposed in this paper is characterized by its ease
of implementation as the static representation is established
through the FEA model’s geometry and boundary conditions.
It also works readily with the H-A and T-A formulations.

The FEA environment of COMSOL Multiphysics v. 5.6 and
the IDUN cluster computing facilities [16] at NTNU have been
used to carry out the work herein. All models investigated
have been implemented in both the H-A and T-A formulations.
The SCM geometry and parametric variations in this study are
also tailored to expose the HTS coils to a range of different
operating conditions. This has been done to give a broad
basis for comparing the performance of the small-segment
representation with conventionally modeled rotor PMs.

The paper is organized as follows. In Section II, we present
the SCM, which will be used to demonstrate the small-
segment representation. Next, the methodology is described in
Section III. This method is then applied to the studied SCM
in Section IV. Lastly, the performance of the small-segment
representation is compared to FEA models with Halbach array
rotors in Section V. This comparison is performed over three
different parametric studies using both the H-A and T-A
formulations. Section VI contains supplementary results from
more detailed coil models. Finally, Section VII concludes the

paper while Appendix A provides additional information to
the detailed simulation results.

II. SELECTED SCM CASE STUDY

The proposed methodology is demonstrated on a ten-pole
double-layer concentrated winding machine with HTS wind-
ings in the stator and a four-segment Halbach array without
a back-iron in the rotor. The SCMs two-dimensional (2D)
geometry is depicted in Fig. 1, where the anti-symmetry line
is indicated. It allows for FEA of a half-machine segment of
the SCM.

The studied SCM is based on a proposed design for a
2.5 MW SCM for aircraft propulsion [17]. The slot shape
has been altered to make the HTS coils more exposed to
the rotor field and, thereby, more sensitive to any potential
inaccuracies stemming from the small-segment representation.
The dimensions of the armature coils have also been shrunk to
allow for movement and rotation of the coils without colliding
with adjoining parts since the original coil height in reference
[17] is too large for some of the parametric study cases
conducted in Section V. The smaller coils lead to a derating
of the machine to approximately 1 MW. Its specifications are
listed in Table I.

Fig. 1. 2D model of the of the studied SCM configured with a PM rotor
arranged as a Halbach array. Only one of the 12 stator slots contains HTS
models (i.e., the "HTS slot”) while the other slots are modeled with lossless
conductors. By shifting the angle of the anti-symmetry line it is possible to
position different phase combinations in the HTS slot. This is further explained
in Fig. 3 and Section IV-C.

IIT. DESCRIPTION OF METHODOLOGY

Although the studied SCM in Fig. 1 has rotor PMs arranged
in a Halbach array, the methodology described herein is
generally applicable to any SCM with surface-mounted PMs
in the rotor. It can apply to other rotor topologies as well, but
one important limitation is that the framework developed here
does not model rotating magnetic saliency. In certain designs,
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Fig. 2. Static FE model of the studied SCM. The Halbach array from Fig. 1 has been replaced with an array of small radially magnetized PM segments
excited with time-varying boundary sources. The geometry is identical for the H-A and T-A formulations, with the exception that the H-A formulation requires
an extra boundary line as shown top right. With this choice, the H-region only contains HTS coils and air.

TABLE I
KEY SPECIFICATIONS OF THE STUDIED SCM [17]

Description Symbol Value
Rated power P 1000 kW
Nominal speed n 3500 rpm
Electrical frequency f 291.67Hz
Nominal current I oh 142.7A
Number of poles P 10
Number of phases m 3
Number of slots q 12
Number of turns per HTS coil ~ Npzs 40
Active length la 0.25m
Machine diameter D, 0.4728 m
Mean air gap radius Rs 0.175m
Air gap length 6 4 mm

saliency can substantially impact the armature reaction, mak-
ing it a crucial factor to consider. As a result, we have listed
the inclusion of saliency models as a potential area for further
research in Section VII.

A. Small-Segment Representation of the PMs

Fig. 2 shows how the Halbach array from Fig. 1 has been
replaced with an array of small PM segments. These PM
segments remain fixed throughout all time-steps of the FEA,
which eliminates the need for a moving mesh.

To compensate for the absence of a moving rotor, the
magnetization of each of the small PM segments must instead
vary with time. By setting individual time-dependent sources
on each segment, it is possible to synthesize an air gap
field that moves with synchronous speed and has a spatial
distribution that closely resembles that of the original Halbach
array. This is achieved by applying H-fields on the segment
boundaries', as exemplified for segment n in Fig. 2. The
boundary H-fields are only applied to the radially directed

!t is also possible to use other magnetization models, such as remanent
flux density. In that case, the source shall be applied to the segment surfaces
and not the boundaries.

boundaries since each segment shall be radially magnetized.
The field applied to each of the boundaries is provided by a
function H; that depends on the segment number 7 (to create
a spatial field distribution) and time ¢ (to make the field move
with synchronous speed w,;). Since two adjacent segments
share the same boundary, the source on each boundary must
contain two H; terms as shown in Fig. 2. The function H; is
given by

H.
—~

Hi(n,t) =

Qs
oeos| o Zi:f'(n’ . W
In a PM, the coercive field, H., depends on the recoil
permeability p, and remanent flux density B,. Next in eq.
(1), cos(as/p) accounts for the angular span, in mechanical
radians, of each of the small PM segments. The segment angle
a, is given in electrical radians by the expression

O = N 2

Ny is the number of segments per rotor pole.

The last part of eq. (1) is the summation of the Fourier terms
which describes the velocity and shape of the rotating air gap
field. In practice, this summation is only done over a selection
of harmonic numbers ¢, as explained in Section III-B. Each
term in the summation is given by

filn,t) =a;-sin | i- [wt +(n+05)as+6 |. (3)

Here, i is the space-harmonic number, and a; is the corre-
sponding Fourier coefficient, which will be determined by a
simple manual tuning procedure explained in Section III-C.
By is an angular offset used to position the rotor field’s g-axis
relative to the armature field.



B. Analysis of the Air Gap Field From the Halbach Array

To be able to determine the coefficients a; in eq. (3), it is
first necessary to perform an analysis of the air gap flux density
Bj;(0) produced by the actual Halbach configuration in the
studied SCM (Fig. 1). To exclude the influence from slots and
armature reaction from this analysis, the model shall have a
completely smooth stator surface and no armature conductors,
as depicted in Step I in Fig. 3-A. This model is used to
establish the radial flux density distribution produced from the
Halbach array, Bs(6), as a function of position 6 along the
circumference at mean air gap radius, Rs, as depicted in Step
2 in Fig. 3-A. The Fourier coefficients b; of Bs(f) can now
be found by applying the Euler formula on Bs(6), yielding

p 27 /p

A
2 0

Bs(6) - sin (z : ge) do. )
Since this representation only contains the sine term it applies
to signals with odd symmetry around 8 = 0. When performing
the harmonic analysis the rotor must therefore be positioned
such that the flux density distribution has a zero-crossing at
6 = 0. From this analysis, only the dominant coefficients b,
found from eq. (4) are selected, as illustrated in Step 3 in Fig.
3-A. This is done to avoid including negligible Fourier terms
in the small-segment representation.

C. Synthesizing the Air Gap Field With Small Segments

The Fourier coefficients, b;, found from eq. (4) will now
be used to synthesize an approximation, Bj, of the air gap
field from the actual PMs, Bs, by means of the small-segment
representation. The smooth-stator FE model in Step 4 in Fig.
3-B is used for this purpose. The process of synthesizing the
air gap field consists of tuning the a; coefficient values in eq.
(3). It is most conveniently done by first setting a; equal to the
Fourier coefficients b; from eq. (4) as an initial guessz. Then,
one coefficient a; is tuned at a time by setting the remaining
coefficients to zero. For each coefficient, the tuning-process
involves three steps.

(i) Solve the smooth-stator model in Fig. 3-B with the initial
guess for coefficient a;9 = b; and read out the resulting
peak value, b;,, of the air gap field for the i harmonic.

(i) This peak value is now used to scale the initial guess for
a;p, such that the final value becomes

b;
a; = g % &)
(iii) Solve the problem again with the updated a; from eq. (5)
and confirm that the resulting peak-value of the air gap
harmonic b} is identical to that of the Halbach array, b;.
If necessary, repeat steps (ii) and (iii).

After each coefficient, a;, has been tuned in this way, one
ends up with a set of air gap Fourier components, b;, identical
to those produced from the Halbach array, b; (Step 5 vs. Step
3 in Fig. 3). The obtained coefficients, a;, will now be used in

2Notice the principal difference between a; and b;. The former is related
to the small-segment excitation, whereas the latter relates to the observed flux
density in the air gap. Setting them equal as an initial guess is just a pragmatic
approach.

eq. (3) to synthesize the air gap flux density Bj, as depicted
in Step 6 in Fig. 3-B.

IV. APPLICATION OF METHODOLOGY

This section details the application of the small-segment
representation to the studied SCM in Fig. 1. Other relevant
model implementation details are also given herein.

A. The H-A and T-A Formulations

The studied SCM has been modeled using both the H-A and
the T-A formulations to provide a broader basis for assessing
the speed and accuracy of the small-segment approach. Both
formulations are described in the literature. For the H-A
formulation, the methodology of Brambilla er al. [1] has
been applied, whereas the T-A implementation follows the
methodology of Liang ef al. [2].

For both the H-A and T-A formulations, the rotor PMs are
located in the purely A-formulated region. There is, therefore,
no principal difference between the two formulations in how
the small-segment representation is implemented.

B. Small-Segment Implementation

First, the smooth stator model with Halbach array in Fig.
3-A has been analyzed to obtain the air gap flux density
distribution generated from the actual PMs. When applying
the Euler formula from eq. (4) on the radial flux density
distribution Bs(6) we find that there are three dominant space-
harmonics, i.e., the 15, 9™ and 17, Table II lists the obtained
coefficient values®.

TABLE I
AIR GAP FOURIER COEFFICIENTS FROM THE HALBACH ARRAY FIELD

Value
Description Coefficient H-A T-A
Fundamental b1 1.0387 1.0015
9th harmonic bg —0.0906  —0.0907
17th harmonic  by7 0.0257 0.0261

The number of small segments per pole, N, determines
the resolution of each space-harmonic. Special attention must
be paid to the highest harmonic, the 17 harmonic, since it
will have the fewest segments representing one wavelength
and, therefore, the lowest resolution. In our case, we take into
account that the amplitude of the 17" harmonic is small, so it
is tolerable that this is represented by relatively few segments.
N, = 36 is chosen, yielding 2.12 segments per half-wave for
the 17" harmonic and 4 segments per half-wave for the 9%
harmonic. After tuning the excitation of the small segments
according to the procedure described in Section III-C and Fig.
3-B, we end up with the coefficients a; listed in Table III.

3There is a small discrepancy between coefficients obtained for the H-A and
T-A formulated models. The SCMs are identical, but the arbitrary Lagrangian-
Eulerian (ALE) method [1], which is only used in the H-A formulated model,
seems to produce slightly inaccurate results. For consistency, these results
will also be used in the small-segment model. Hence there are two sets of
coefficient values in Table II.
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Fig. 3. The steps involved in (A) analyzing the radial flux density distribution, Bs, produced by the Halbach array, and (B) using small segments to create

a synthesized version, B(’s, of Bs.

TABLE III
FOURIER COEFFICIENTS IN EQ. (3) FOR THE SMALL-SEGMENT ARRAY

Value
Description Coefficient H-A T-A
Fundamental al 1.2480 1.2034
9th harmonic ag —0.2280 —0.2279
17th harmonic a7 0.1216 0.1234

The tuning only requires analyzing a single rotor position
on a model without slots or coils. It took less than 15 minutes
to tune each of the H-A and T-A formulated models.

Fig. 4 compares the radial flux density distribution from the
Halbach array with that of the small-segment array. The max-
imum observed absolute difference between the two curves is
22.6 mT for the H-A formulation (not shown) and 26.2mT
for the T-A formulation (shown in Fig. 4).
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Fig. 4. Radial flux density distribution in the air gap of the example-SCM
for the T-A formulation with smooth stator. The upper graph compares the
flux density distribution produced by the moving rotor (Halbach array) to the
same distribution produced by the static rotor (small segments). The lower
graph shows the difference between the two.

C. HTS Coil Representation

For the majority of the models analyzed in this study, the
HTS coil-sides are modeled as homogenized cross-sections,
following the methods in [18] for the H-formulation, and
[19] for the T-A formulations. The homogenized HTS coil
models used here only take into account the superconducting
layers of the HTS strips, leaving out the influence of the other
layers in the strips (copper, silver, substrate, and so on). In
addition, the coils are effectively modeled as series-wound in
the homogenized representation. The HTS coil dimensions and
element resolution are shown in Fig. 7.

For completeness, we have also carried out FEA on an
additional set of selected cases where each turn of the coil
is modeled explicitly, with results reported in Section VI.

To reduce computation time, only one slot contains
representative HT'S models, as shown in Fig. 2. The remaining
five slots contain lossless conductors modeled in the A-
formulation. As indicated by the alternative anti-symmetry line
in Fig. 1, any coil-side pair can be placed in the HTS slot by
shifting the winding layout in the model the desired number
of steps in the clockwise or counter-clockwise direction. This
shift is achieved by redefining the current sources for each of
the conductor cross-sections and adjusting the rotor offset by
changing 6y in eq. (3).

D. HTS Material Representation

An HTS from Shanghai Superconductor was chosen for
the studied SCM. Its material characteristics [20] are com-
prehensively documented in the Robinson HTS Wire Critical
Current Database, available online [21]. 60 K has been chosen
as the operating temperature. The critical current at self-field
is 1472 A /cm at this temperature, which yields I, ;) = 442 A
for the 3mm wide HTS tapes used in the studied SCM.
Nominal phase current is thus reached at fph =0.32 - Iy

Anisotropic, Kim-like [22] models are used for the magnetic
field dependency of the critical current parameter J. and the
power-law index n in the E-J power-law [5], yielding

Ec ( |J| )n(Bm)—l
Jc(Bext) .

PHTS = T (Bm)

(6)
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Fig. 5. Overview of parametric studies. Cases 1-4 yield 22 permutations, and each permutation has been analyzed for FEA models with moving Halbach
rotors as well as static rotors with small PM segments. Each of these models have been analyzed using both the H-A and T-A formulations. Hence, a total
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In this work, models from [23] and [24] have been used
to model the critical current density’s dependence on the
magnitude and angle of the external field B,,,. Fig. 6-A plots
the Shanghai Superconductor data fitted to these models. A
model on the same form as [23] has also been used for the
power-law index n. The fitted data are plotted in Fig. 6-B.

V. COMPARISON OF RESULTS FROM SMALL-SEGMENT
MODELS VS. CONVENTIONAL HALBACH MODELS

The objective of this section is to compare the performance
of the FEA models based on small segments to the results
obtained when the rotor is conventionally modeled as a moving
Halbach array. This is done by performing three parametric
studies where the results are compared for all parameter
permutations. Since HTS loss is a key design parameter, we
will compare the average loss () in the HTS coil-sides, where

2 to+Tu/2
= — t)dt.
a=z. [ aw

The integration is performed over the second half-wave,
starting at t = tg, of the integrand when () has reached its

)

steady-state value. Q(t) is the instantaneous loss per meter
integrated over the HTS cross-section, given by

Q(t) = / / E(t) - J(t)dS.

Shurs

(®)

In addition to comparing these average values, the instanta-
neous curve-shape of Q(t) is also compared directly to check
that the results from the small-segment model corresponds
well with the results from the Halbach model. A similar
assessment is also done to compare the shape of the air gap
flux density distribution produced by the two representations.

A. Simulation Cases

Fig. 5 depicts the scope of the parametric study, where
four different cases are investigated. The simulation cases and
permutations are listed in Table IV. In Case 1, the upper value
for the phase current is set to IA,,h = 0.4 - Iy since parts of
the HTS coil are near current saturation at this value (cf. Fig.
6). In Case 2, the coil-sides are rotated in opposite directions
from 0° to 180° in incremental steps of 30° while the phase
current is kept constant at fph = 0.2-1;(y). In Case 3, the coil-
sides are moved laterally in the radial direction, starting with
an offset of —5mm (2mm removed from the air gap) and
then moved a total distance of 10 mm toward the outer slot
radius in 2 mm steps while the phase current is kept constant
at fPh = 0.1 - I (). For this case we chose a relatively low
fph value to ensure that the magnetizing losses arising from
the exposure to the rotor field will constitute a significant
proportion of the total losses in the HTS coil-sides. In case
4, the effect of the air gap length is investigated by varying §
from 2mm to 8 mm at I, = 0.3 - Iy ).

Different slots are analyzed for the four cases since the
coil-sides in the slots are subjected to different conditions
depending on the phase and polarity of their neighboring coil-
side. The coil-sides’ phases and polarities are shown in Fig. 5.
These combinations effectively represent all the other phase-
combinations in the SCM’s 12 slots. Both the H-A and the T-
A formulations have been employed in the parametric studies.
The studied SCM has been modeled with moving Halbach



TABLE IV
SIMULATION CASES AND PERMUTATIONS FOR PARAMETRIC STUDIES

Description Lower  Upper Number

value value of steps
Case 1 Phase current (I,;) OA 0.4 Isf) 5
Case 2 Coil angle (6.) 0° +180° 7
Case 3 Coil position (z.) -5mm  +5mm 6
Case 4  Air gap length () 2mm 8 mm 4

arrays and static small-segment arrays for both formulations.
Notice that with the H-A formulated Halbach model, it has
not been possible to utilize the anti-symmetry of the studied
SCM. This will yield comparatively longer computation times
for this model.

B. Mesh and Solver Settings

The mesh resolution is identical for all models, with two
exceptions. The PMs are fundamentally different for the small-
segment representation (Fig. 7) and the Halbach array (Fig. 1),
and, consequently, the mesh must be different. The Halbach
rotor is coarsely meshed. The other difference is that the H-A
formulation uses a boundary between the H- and A-formulated
regions [1], cf. Fig. 2. This adds some extra elements to the
H-A-formulated models.

50 elements

ww z'e

SUENTEIEN )

IERERERERC AR ERCRTRERCH AR
CLCECEEEEEEEEEEEEEEEEEEE

Fig. 7. Model mesh. Both the HTS coils and the PM segments are modeled
with rectangular elements.

The solver settings have been set equal for all models, with
the two exceptions listed in Table V.

TABLE V
DISSIMILARITIES IN FEA SOLVER SETTINGS

Halbach rotor, moving Small segments, static

H-A T-A H-A TA
Solver MUMPS MUMPS MUMPS  PARDISO
Jacobian update ~ Minimal  Every iteration =~ Minimal Minimal

The T-A-formulated Halbach model had to be run with more
frequent Jacobian updates to prevent convergence problems*.
The computation speed of the T-A formulated small-segment
model increased with the PARDISO solver, so this was used
since there were no convergence issues.

4The T-A-formulated model with Halbach rotor still failed to converge for
one of the 22 parameter permutations, see Section V-E.

C. Computational Resources

The simulations were carried out on the IDUN cluster
[16] at the Norwegian University of Science and Technology
(NTNU). 16 batch jobs were executed in total. Each batch
constituted one case and one model from Fig. 5.

Measures have been taken to ensure that equal comput-
ing resources are allocated to all batch runs. These include
reserving exclusive access to all computing nodes and only
selecting nodes from servers of the same model (Dell Pow-
eredge C6420). There are, however, some variations in the
number of CPUs and cores, as well as memory size, which
affect the performance. We have carefully inspected the node
assignments for each job, and there is no indication of any
systematic bias that would significantly benefit any of the
batch jobs over the others in terms of computing times.
Consequently, we can expect consistency when we compare
the computing times of the different models and formulations.

D. Errors

The reader is referred to Appendix A for a complete
overview of the obtained results. When assessing errors, the
results produced from models with moving Halbach rotors are
taken as reference values.

The accuracy of the losses estimated from the static rotor
models is evaluated by two different metrics. The first is the
relative error in the average coil-loss calculated from eq. (7).
The largest relative error observed in this study was for Case
1 (T-A formulation) when the current is zero. In this case,
the average loss calculated from the small-segment model is
4.12% below the average loss calculated from the Halbach
model. The left plot in Fig. 8 compares the shapes of the
instantaneous loss curves for this permutation.

Moving rotor (T-A) = = Static rotor (T-A)
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Fig. 8. Comparison of instantaneous loss for the largest relative error (A)
and the largest NRMSD (B) in the parametric studies (T-A form.).

The second metric establishes the deviation in the shape
of the instantaneous loss-curves over one half-period. For
this purpose, the normalized root-mean-square deviation
(NRMSD) is used in eq. (9), where Q is obtained from eq.



(8), and k is the time step element number with N elements
in total.

o ad 2
Ly (Q,ef(t [k]) — Qe (t [k])>

Qrefmax — Qrefmin

NRMSD = ©)]

The largest deviation was observed for Case 3 (T-A formu-
lation) when the coil position x, was -5 mm. In this case, the
deviation is 2.57 %. The comparison of curve-shapes for this
permutation is shown in the right plot in Fig. 8.

Fig. 8 shows that the estimated losses with the static rotor
models are very close to those calculated with a moving rotor,
even for these worst-case estimates of () and Q Fig. 9 shows
the loss distribution in the windings for the same two cases as
Fig. 8. The loss distribution is shown at the instance when the
deviation in Q is maximum. The H-A results from the same
cases are included for comparison.

A) CASE l:Tph =0-lyfy Coil-side B2- B) CASE 3: pos =-5mm, coil-side C2+

T-A moving T-A static >(108 T-A moving T-A static >(109
3.5
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e | . . 2
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1.5
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t=3.0429 ms W/m3) || t=3.0429 ms W/m3)

Fig. 9. Comparison of loss density distribution in the coil sides (element-
wise average). The distibutions correspond to the peak losses in Fig. 8
(t=3.0429 ms). The H-A results from the same cases have been included
for comparison.

In addition to assessing the loss values we have also
calculated the deviation in the small-segment representation’s
air gap flux density distribution. The deviation is given in
NRMSD, similar to eq. (9). Cases 1 and 4 produced the largest
deviations, and the results are listed in Table VI.
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Fig. 10. Radial flux density distribution in the air gap of the studied SCM.
The results are from Case 1 at the instance of peak current in phase A (T-A
formulation, Iy, = 0.4 - Iyy)).

deviations as high as 92 % were observed, but this must be
seen in conjunction with the small ripple values (1.15 % in
the Halbach model and 0.09 % in the corresponding small-
segment model for the worst case with 92 % deviation).

E. Computation Times

The T-A formulated Halbach model failed to converge for
pos. = —1mm in Case 3 (cf. Table XII). To preserve consis-
tency, the results from this permutation have been excluded for
all models and formulations when evaluating the computation
times. Table VII lists the aggregated computation times for
Cases 1-4. Also listed are the total computation times and
the corresponding speedup factors which are measures of
the gain in computation speed when using the small-segment
representation instead of the full Halbach models.

TABLE VII
COMPUTATION TIMES FROM THE PARAMETRIC STUDY OF
THE STUDIED SCM WITH HOMOGENIZED COIL MODELS

Halbach rotor, moving Small segments, static

TABLE VI A TA A TA
NORMALIZED ROOT-MEAN-SQUARE DEVIATION (NRMSD) Case 1 L Bmm  T7h Bmm  1h23mm 0L 23mm
OF AIR GAP FLUX DENSITY FROM CASES | AND 4 Case 2 29h 32min  22h 9min  1h43min  Oh 39min
Case 3 22h 22min 18 h 58 min 1h 6 min Oh 25 min
Normalized current loading (Ipn/Ies.£)) Case 4 15h 26 min 12h 28 m 1h 1 min Oh 21 min
Case 1 0 0.1 0.2 0.3 . Total 88h 35min  71h 20min 5h 13min 1h 53 min
H-A 039% 061 % 094 % 1.24 % 1.50 % Speedup - - 17.0x 37.9x
T-A 043 % 072 % 1.16 % 1.54 % 1.86 %
Air gap length () Th .. d i Lonifi ally £ he T-A
Case 4 Smm Amm  6mm 8 mm e gam in spee 1s. significant, esp§c1a y 0r the T-
’ HA 125% 125% 127% 126% formulation where the increased numerical stability of the
T-A 1.50 % 1.54 % 1.57 % 1.58 %

The results in Table VI shows that the deviation reaches
1.86 % (NRMSD) at maximum current. Still, the synthesized
air gap flux corresponds well with the field from the Halbach
array, as Fig. 10 shows.

In the parametric studies, the largest observed deviation in
average torque was 0.64 %. The corresponding ripple torque
is less accurately captured by the small-segment model. Here,

small segment model also allows us to use the PARDISO
solver (cf. Table V) which in this case is faster than the
MUMPS solver.

VI. COMPARISON OF RESULTS FROM MORE DETAILED
CoIL MODELS
The results evaluated thus far have been based on homog-
enized HTS coil models [18], [19]. Here, we will briefly in-
vestigate the performance of the small-segment representation
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Fig. 11. Three different approaches to explicit coil modeling in the example-
SCM. In models 1 and 2 only the HTS strips’ SC layers are modeled. In model
3, the non-superconducting layers (copper, silver and Hastelloy substrate) are
also included. The layer thicknesses have been set notionally and are not
representative of a specific product. The SC layer is modeled as previously
(Fig. 6). The remaining conditions are identical to Case 2 with 6. = 0° (cf.
Fig. 5 and Table XI).

when the HTS coil models contain more details, as shown in
Fig. 11. Each of the coil’s 40 turns is explicitly modeled, and
the level of detail in the coil cross-section varies. In model
1 (T-A) and 2 (H-A) only the superconducting layers are
included, whereas model 3 (H-A) also includes the copper,
silver and substrate layers.

Like before, the simulations were run on computing nodes
with identical performance. The solver settings were identical
to what was used previously (Table V), except this time also
the T-A formulated model was run with minimal Jacobian
update since this did not cause convergence issues. There were
66 elements across each cross-section of the HTS strip. The
results are summarized in Tables VIII and IX.

TABLE VIII
HTS COIL LOSS PRECISION FOR
THE STUDIED SCM WITH EXPLICIT COIL MODELS

SC layers only All layers
T-A H-A H-A
B2+ Bl+ B2+ Bl+ B2+ Bl+
Moving rotor (W/m)  139.6 2053 148.0 2082 1464 206.4
Static rotor (W/m) 138.7 201.8 1442 2098 1424 207.7
Relative error (%) -0.64 -170 257 077 =273 0.63
NRMSD (%) 0.56 1.01 1.44 0.33 1.49 0.34
TABLE IX
COMPUTATIONAL TIMES OF THE STUDIED
SCM WITH EXPLICIT COIL MODELS
SC layers only All layers
T-A H-A H-A
Moving rotor 5h 12m 11h 1m 31h 11m
Static rotor 8m 30s 45m 43s 3h 15m
Speedup factor 36.7x 14.5x 9.6x

The results in Tables VIII and IX show that the small-
segment representation performs very well with more detailed
coil models as well. Overall, the errors and speedup factors are
comparable to those obtained with the homogenized models.
In the case where all layers were explicitly modeled (model 3

in Fig. 11), the speedup factor drops to 9.6x. This can probably
be attributed to the high level of detail in the HTS coil model.
With this level of detail, the coil models constitute a larger
proportion of the total SCM model. Still, the observed tenfold
increase in computation speed compared to the Halbach model
represents a remarkable improvement.

VII. CONCLUSION

This paper has shown how the proposed small-segment
static rotor representation can reduce FEA computation times
by more than an order of magnitude for AC SCMs with
HTS stator windings and surface-mounted PM rotors. The
parametric case studies were conducted on a rotor with Hal-
bach configuration, but the method is generally applicable to
surface-mounted PM configurations. The parametric studies
achieved gross speedup factors of 17.0x for H-A-formulated
models and 37.9x for T-A-formulated models. This comes
at the cost of slightly reduced accuracy in the HTS loss
calculations. The highest relative error in the average coil loss
was 4.12 %, while the maximum deviation (NRMSD) in the
curve-shape of the instantaneous loss was 2.57 %.

The actual rotating PM geometry is sacrificed with the
small-segment static representation. It is, therefore, not suit-
able for analyzing rotor phenomena such as PM loss or
PM operation points. Hence, the method is mainly aimed at
performing studies of HT'S stator phenomena and optimization.
Since the air gap flux density is accurately approximated,
the small-segment representation will also yield reasonable
estimates for the torque produced in the SCM.

One limitation of this paper is that only 2D models have
been considered. However, there should be no principal differ-
ence in applying the method to 3D models where the reduction
in model complexity can potentially have even more impact.
Although the method has been investigated in conjunction with
HTS armature coils, it is not limited to any specific conductor
materials. However, other methods [11], [12] can be more
efficient for analyzing conventional conductors. In a future
research item, it should be investigated whether the small-
segment static rotor representation can be applied successfully
to SCM topologies with other rotor configurations, such as
iron-less rotors with superconducting magnetizing coils and,
potentially, static representations of rotating magnetic saliency.

APPENDIX A
DETAILED SIMULATION RESULTS

Tables X-XII list the detailed results from Cases 1 to 4. The
maximum values for the relative error and NRMSD are listed
in bold writing for each simulation case. The T-A-formulated
Halbach model failed to converge for a coil offset of —1 mm
in Case 3, so these entries are left blank in Table XII.
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TABLE X
DETAILED HTS LOSS RESULTS FOR CASE 1, INCLUDING RELATIVE ERROR AND NORMALIZED ROOT-MEAN-SQUARE DEVIATION (NRMSD)
Phase current — Iph =0- Iz?(s.ji) Iph =0.1- L?(S-f:) Iph =0.2- IC(_S-'/:) Iph =0.3- IC(.Y,]:) Iph =04- I((&/;)
Coil-side ID — | Al+ B2- Al+ B2- Al+ B2- Al+ B2- Al+ B2-
Moving rotor (W/m) | 14.8 15.2 325 59.4 1364 2233 487.6  675.7 1548.1  1852.3
H-A Static rotor (W/m) | 14.5 14.8 32.4 58.1 136.6  218.7 487.8  663.9 1546.2  1830.3
Relative error (%) | -2.03 -2.63 -0.31  -2.19 0.15 -2.06 0.04 -1.75 -0.12 -1.19
NRMSD (%) | 1.54 1.49 1.39 1.49 1.21 1.68 1.08 1.57 0.88 1.13
Moving rotor (W/m) | 16.2 17.0 334 63.8 137.6 227.7 491.8 6825 1553.6  1864.9
TA Static rotor (W/m) | 15.6 16.3 33.0 614 137.0 2212 488.9 6644 1542.8  1824.7
Relative error (%) | -3.70 -4.12 -120  -3.76 -0.44 -2.85 -0.59 -2.65 -0.70 -2.16
NRMSD (%) | 2.31 2.20 1.57 2.40 1.48 2.05 1.39 1.88 1.06 1.38
TABLE XI
DETAILED HTS LOSS RESULTS FOR CASE 2, INCLUDING RELATIVE ERROR AND NORMALIZED ROOT-MEAN-SQUARE DEVIATION (NRMSD)
Coil rotation — 0. =0° 0. = 30° 0. = 60° 0. = 90° 0. = 120° 0. = 150° 0. = 180°
Coil-side ID — | B2+ Bl+ B2+ Bl+ B2+ Bl+ | B2+ Bl+ B2+ Bl+ B2+ Bl+ B2+ Bl+
Moving rotor (W/m) | 146.0 219.1 | 571.2 126.7 | 936.5 934 | 873.5 149.7 | 473.7 238.0 | 113.8 2758 | 1459 2194
H-A Static rotor (W/m) | 1449 2163 | 5659 125.1 | 9282 937 | 867.0 150.5 | 470.8 238.0 | 114.1 2733 | 1450 2163
Relative error (%) | -0.75 -1.28 | -093 -126 | -0.80 032 | -0.74 053 -0.61 0.0 0.26 -091 | -0.62 -1.41
NRMSD (%) | 0.65 0.93 0.74 0.99 0.84 0.9 0.66 0.51 0.45 0.19 0.24 0.65 0.59 0.97
Moving rotor (W/m) | 146.1  221.5 | 580.1 125.7 | 962.6 964 | 889.3 1593 | 488.1 2476 | 119.0 281.6 | 146.1 221.6
TA Static rotor (W/m) | 1449 2179 | 5740 123.8 | 948.1 969 | 879.6 160.7 | 485.1 247.6 | 119.0 2788 | 1449 2179
Relative error (%) | -0.82  -1.63 | -1.05 -1.51 -1.51 052 [ -1.09 0.88 -0.61 0.0 0.0 -0.99 | -0.82  -1.67
NRMSD (%) | 0.63 1.11 0.79 1.11 1.55 0.86 | 0.85 0.65 0.44 0.19 0.14 0.66 0.63 1.11
TABLE XII

DETAILED HTS LOSS RESULTS FOR CASE 3, INCLUDING RELATIVE ERROR AND NORMALIZED ROOT-MEAN-SQUARE DEVIATION (NRMSD)

Coil position — Xc = —Hmm Xc = —3mm Xe = —1lmm Xe = +1 mm Xc = +3mm Xe = +b mm
Coil-side ID — | BI- C2+ Bl- C2+ Bl- C2+ Bl- C2+ Bl- C2+ Bl- C2+
Moving rotor (W/m) | 2763 296.5 | 97.4 1384 | 44.1 76.3 25.8 47.8 18.5 32.8 15.4 25.2
H-A Static rotor (W/m) | 271.6  286.5 | 96.0 134.1 | 435 74.1 25.4 46.5 18.3 32.1 15.3 24.7
Relative error (%) | -1.70  -3.37 -1.44 301 136 -288 | -1.55 -272 | -1.08 -2.13 [ -0.65 -1.98
NRMSD (%) | 1.65 1.93 1.55 1.76 1.39 1.62 1.39 1.72 1.07 1.46 0.88 1.27
Moving rotor (W/m) | 2754 3304 | 99.0 154.3 - - 26.0 53.0 18.5 35.7 154 26.2
TA Static rotor (W/m) | 270.6  320.0 | 97.6 149.6 | 440 83.0 25.6 51.3 18.3 34.8 15.3 25.7
Relative error (%) | -1.74  -3.15 -1.41 -3.05 - - -1.54 321 | -1.08 252 | -0.65 -1.91
NRMSD (%) | 1.79 2.57 1.64 1.93 - - 1.73 2.23 1.44 1.56 1.11 1.22
TABLE XIII
DETAILED HTS LOSS RESULTS FOR CASE 4, INCLUDING RELATIVE ERROR AND NORMALIZED ROOT-MEAN-SQUARE DEVIATION (NRMSD)
Air gap length — 6 =2 mm 6 =4 mm 0 =6 mm 6 =8 mm
Coil-side ID — | B2+ Bl+ B2+ Bl+ B2+ Bl+ B2+ Bl+
Moving rotor (W/m) | 520.7 6783 | 500.2 648.8 | 4855 627.2 | 473.3 608.3
HA Static rotor (W/m) | 519.1 671.0 | 498.5 643.1 | 485.0 6223 | 4724 6044
Relative error (%) | -0.31 -1.08 -0.34  -0.88 -0.10  -0.78 -0.19 -0.64
NRMSD (%) | 0.44 0.77 0.34 0.64 0.23 0.66 0.25 0.52
Moving rotor (W/m) | 516.8 6747 | 500.5 648.9 | 4883 629.7 | 4779 6123
TA Static rotor (W/m) | 514.6 665.5 | 499.0 641.5 | 487.2 623.6 | 476.1 607.3
elative error (%) | -043  -1.36 -0.30 -1.14 -0.23 097 | -038 -0.82
NRMSD (%) | 0.49 0.89 0.37 0.75 0.27 0.68 0.27 0.58
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