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Abstract—In this thesis, methods and formulations for the
modeling of rotating machinery are presented. Models are devel-
oped in 3D of an SCM for Aviation using the commercial FEA
software Comsol Multiphysics. 3D models enable the study of
more complex geometries such as end-windings which cannot be
easily represented in 2D. The HTS tapes have a high angular sen-
sitivity to magnetic fields and are susceptible to degradation from
deformation. 3D models make it possible to validate winding de-
signs to ensure the integrity of the tapes prior to implementation.
The 3D modeling threshold can be high for a novice, and there
are very few guides and examples available. In this thesis, the
most important steps and formulations are explained throughout
the process of modeling the SCM for aviation, as a reference
and guide for future modeling endeavors. A short investigation
of the possibility of including complex superconductive behavior
of the HTS coils using the 3D homogenized T-A formulation is
undertaken. End windings are then designed and implemented
in Comsol to include the modeling of complex geometries, and
to create a foundation for later end winding designs. Differences
in formulations required for different studies are investigated,
and a model including a segmented Halbach array is modeled
with respect to magnet losses. An initial analysis of the impact
of the end-winding on the HTS tapes is made, with focus on
magnetic flux penetration in the normal direction with resulting
Lorentz forces, and some possible implications are discussed. A
skewed saddle coil design is shown to give promising initial results
with low harmonic disturbance, and is recommended for in-depth
study in the future. An analysis of magnet losses with respect
to segment length is also undertaken, and shorter segments are
found to give significantly lower losses, with a close to inversely
exponential relationship between segment length and loss for the
lengths studied. Losses are found to be Magnet losses are also
found to be skewed in favor of magnets of a certain magnetization
direction, giving an asymmetrical loss for the rotor, and a 49-
65% higher than average loss for the north pole depending on
segment length.

Index Terms—HTS, 3D, Modeling, Design, End Winding, FEA,
Comsol, Saddle Coil, Magnet segmentation, Lorentz force,

I. INTRODUCTION

THE process of electrification is in full progress around the
globe, and is affecting and changing most industries. The

aviation industry remains almost untouched by global efforts
to replace fossil fuels as the main source of energy, and chal-
lenges still remain. Aviation is a cut-throat industry, with some
of the lowest profit margins and lowest returns on investments
of any industry in the world (approximately 1.1$ profit per
passenger as of 2023 [1]), making it a highly incentive-based

industry [2], [3]. Attempts by airlines to reduce emissions have
been focused on increasing fuel efficiency, cutting weight,
offsetting, and other measures that are at least as related to
increase in profit as reduction of emissions. Airlines do not
produce their own fuel nor aircraft, and only have opportunity
to cut emissions marginally; airlines are therefore calling on
the aircraft manufacturers to assume some of the responsibility
[1].

The number of large aircraft manufacturers in the world is
low, and just a handful of these could change the direction
of the industry quickly. But historically, there has been little
incentive to improve and reinvent in the commercial sector due
to high demand for existing products, and research and devel-
opment traditionally being focused on military applications.
However, recent technological advancements and the growing
interest from the public have made a wider range of current
and near-future options increasingly attractive, leading to a
technology race between the largest aircraft manufacturers,
such as Boeing and Airbus [4], [5]. Over the past few years,
interest and research in electrical and hybrid alternatives to
combustion engines has grown many-fold, and optimism in
the field is rising [6], [7]. Electrical airplanes already exist,
but are limited in range and capacity due to the large weight-
to-power ratio of electrical machines. The power density of
combustion engines, and the energy density of fossil fuels
still outcompetes electrical machines [8]. Thus, a revolution
in electrical propulsion is inevitable in order to achieve full
electrification of the aviation industry. One of the biggest
hopes and possibilities for achieving the needed increase in
power-to-weight ratio is the superconductor (SC) [6], [7].

Superconductors far exceed the capabilities of conventional
conductors like copper and aluminum and can carry a much
greater current at zero losses, which gives the opportunity to
push the efficiency and power density beyond current limits
[9]. Superconductors have been around since the early 1900s,
but have until recent years been an unrealistic option due
to extreme temperature requirements and high cost. Previous
production has also been limited in capability due to material
challenges and especially in the production of useful lengths,
but new advancements in high-temperature superconductors
(HTS) have lowered the requirements and cost of SCs and
widened the range of possible applications [10], [11], making



them a realistic alternative for propulsion machines. Several
types of HTS are now being produced at lengths and in shapes
that are increasingly applicable, at a higher scale, making the
technology more available for new markets, such as aviation
and the transport industry in general [11].

The electrification of the aviation industry plays an impor-
tant role in reaching the goals of reducing human-induced
emission of greenhouse gasses. Through the Clean Aviation
initiative and Flightpath 2050, the European Union and part-
ners have set a goal of reaching net-zero climate emissions
for all flights by 2050 [12], [13]. This thesis is a part
of the effort to reach and exceed these goals through the
development of a superconducting machine (SCM) by the
Team Aviation research group at the Cryo-Electric Aviation
Laboratory (CEAL) at the Norwegian University of Science
and Technology (NTNU) [14], [15].

The work is still at an early stage at CEAL, and the focus
for Team Aviation is currently on design and modeling of
superconductors with related cabling methods and cooling
systems, and the initial cryogenic testing of practical solutions.
The author had the pleasure of being part of the first in-
house cryogenic tests as part of a specialization project in
preparation for this thesis [16]. In the specialization project,
a study was conducted to investigate some key factors of coil
manufacturing with HTS tapes, focusing mainly on develop-
ment of terminations for the tapes and general testing methods,
culminating in the cryogenic testing of the terminations. The
project report contained information relevant to this thesis and
[16] is therefore referred to throughout the text.

The focus of this thesis is the development of 3D models to
study the behavior of a machine based on a proposed SCM for
aviation designed by Mellerud Et Al in [14], using the finite
element analysis (FEA) tool Comsol Multiphysics®. The aim
is to demystify the 3D modeling process and enable a new
dimension of modeling and analysis, both figuratively and
literally, for members of TEAM Aviation and other similar
projects through the inclusion of more complex parts of the
machine such as the end-windings. Studies have already been
conducted for the proposed machine using 2D FEA, but results
are not yet verified in 3D, and some important aspects that are
unavailable in 2D are still missing [14]. One such aspect is
the behavior of HTS tapes in complex geometries as in the
curves associated with the end windings. The electromagnetic
properties of superconducting materials are known to be al-
tered when exposed to stress from deformations and the impact
of stress may impose constraints on machine design and
lead to future design changes [17]. Another design constraint
comes from the flat shape of the conductor, which significantly
limits the possible end-winding configurations and geometries.
For this purpose, two end-winding designs were developed
and implemented in 3D models of the SCM. Methods for
the creation of these end windings were also developed and
described to enable use by others in the future.

Many of the aspects of HTS tapes in windings require
specialized formulations to be modeled accurately. To address
this, the implementation of a popular homogenized 3D T-
A formulation for HTS tapes was tested by replicating its
original implementation in [18]. This formulation models
the current distribution and effects of magnetic fields more
accurately than methods with lossless coils commonly used
for rotating machinery. The application of SC models in 3D
also gives the opportunity to study other aspects such as losses,
cooling requirements and termination methods in depth, which
can enhance the machine design through a higher degree of
accuracy in future studies. To ensure that the modeling process
is relevant in its descriptions, the 2D SCM by [14] was used
as a case study throughout the thesis, and is finally analyzed
with respect to end windings, magnet losses and some general
performance parameters. The rest of the thesis is divided into
the following sections:

• section II includes a short introduction of the SCM
designed in [14], which all models in this thesis are
based on. Relevant design parameters for the machine
are presented, along with performance parameters from
the 2D analysis conducted in [14].

• section III gives some theoretical background on super-
conductors with a focus on the HTS tapes featured in the
windings SCM. A short overview of some formulations
used to model superconductors with FEA in 3D is given,
before the choice is settled on the Homogenized 3D T-
A formulation. The steps involved in the implementation
of the formulation in Comsol are described, before an
unsuccessful attempt is made at replicating a study where
the formulation was successfully implemented on a stack
of HTS tapes in a racetrack coil. Finally, the results from
the attempt is presented and compared to the original
study, and a separate replication of the original, and
some of the issues and possible causes for the failure
are discussed.

• section IV focuses on the windings of the machine, and
the challenges related to the use of HTS tapes in coils.
Two possible end winding designs developed for the SCM
are presented, both of which are variants of the saddle
coil. Some of the implications of the designs are dis-
cussed, before the methods and geometry used to develop
and model the coils in Comsol are described, along with
a general formula developed to model saddle coils with
a high level of detail. The end winding models are then
included in 3D models using the machine geometry, and
later used to study the effects of the different designs.

• In section V, the process and methods for modeling of
rotating machinery in 3D are described. A description
of the mixed formulation that combines the magnetic
vector potential, A⃗, and the magnetic scalar potential
φm is given, along with an overview of the variations
and combinations that can be used to study different
aspects of the machine. The variations are then described
in greater detail for each for some common studies of a
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machine.
• In section VI, the models developed and described in

section V are analyzed with respect to the different
studies described in the same section, with main focus
being on the end windings and magnet losses in the
machine.

• section VII includes a discussion of some of the issues
that have arisen during the work for this thesis, in
section VIII, a conclusion and recap of the thesis is made,
before some of the steps on the road ahead for the 3D
modeling of the SCM are listed in section IX.

II. THE SUPERCONDUCTING MOTOR

The superconducting machine modeled in this thesis is
based on the preliminary machine design originally presented
in [15] and further developed in [14]. The machine is a three-
phase superconducting surface mounted permanent magnet
machine with 8 poles and 24 stator slots.

The stator windings are distributed superconducting wind-
ings with ReBCO (Rare-earth Berium Copper Oxide) super-
conductors in the form of HTS tapes from Shanghai Supercon-
ducting Technology Company Ltd. (SHSC). The ReBCO tapes
of the machine are copper plated tapes of the YBCO variant
with Yttrium as the superconducting rare-earth metal layer
[19]. The windings have a coil span of three slots, and two
series connected coils per slot with 7 turns per coil. The HTS
tapes are parallel in each slot, with the face pointing in the
radial direction to minimize the impact of flux leakage across
slots. The rotor has NdFeB BMN-46EH magnets arranged in a
Halbach array consisting of 4 magnets per pole. The magnets
are intended to be divided into segments in the axial direction
to reduce the magnet losses due to eddy currents, which is a
topic of section VI. The stator is made from laminated 0.2mm
sheets of Vacoflux 50 steel, the permanent magnets in the rotor
are NdFeB BMN-46EH. Each slot has two coils per slot with 7
turns per coil, giving a total of 14 turns per slot. Some relevant
design parameters can be seen in Table I.

TABLE I: Design parameters for SCM from [14]

Parameter Symbol Value Unit

Number of slots Ns 24 -
Number of poles p 8 -
Outer diameter Do 346 mm
Air gap diameter Dag 260 mm
Active length L 240 mm
Air gap length g 4 mm
Magnet length lm 20 mm

A number FEM studies have already been conducted by
[14] for the SCM design, using a cross-section of the machine
for analysis in 2D. The performance parameters seen in table
I was obtained from the 2D studies, which was the benchmark
for the 3D models in this thesis. The design of the machine
itself is not within the scope of this thesis, and [14] is referred

to for a more detailed description of the machine geometry and
materials, as well as a thorough 2D analysis of the machine
and superconductors.

TABLE II: Performance parameters from 2D analysis by [14].

Parameter Symbol Value Unit

Average mechanical power Pmech 2500 kW
Rotational speed n 5000 rpm
Electrical frequency fel 333.3 Hz
Phase voltage (rms) Uph 421 V
Applied phase current (rms) Iph 683 A
Power factor cos(ϕ) 0.725
Average torque T 4776 Nm
Steel losses Psteel 1497 W
Active HTS losses @40 K PHTS 788 -1574 W
Efficiency estimate η 99.8 %

Several 3D models were developed in COMSOL Multi-
physics for this thesis based on the descriptions given in this
section, and according to the requirements of the studies of
interest.

III. SUPERCONDUCTORS

The machine described in the previous section is designed
around superconducting windings [14]. The type of SC chosen
for the machine is ReBCO. ReBCO SCs are Type II supercon-
ductors produced as tapes, usually referred to as HTS tapes,
consisting of a stack of layers, often coated with copper. The
stacks contain a superconducting ceramic layer made of rare
earth metals, such as Yttrium, Gadolinium, Europium, etc.
[20], [21]. The superconducting layer is usually surrounded
by silver, substrate, and stabilizing layers in different config-
urations depending on the producer [16], [19].

Superconductors are materials with the ability to conduct
electricity with zero resistance and loss of energy. The phe-
nomenon of superconductivity is explained by the Meiss-
ner effect which occurs when superconducting materials are
cooled to below their critical temperature (Tc). Below the
critical temperature, the material enters a superconductive state
also known as the Meissner state, where external magnetic
fields are expelled from its interior, up to a point. When
a superconductor is exposed to a magnetic field, the field
strength decreases exponentially as a function of the pene-
tration depth from the surface into the conductor, leading to
a very small penetration depth for the field [22]. In a type II
SC, magnetic fields can still exist within the conductor in the
superconductive state, which is called flux trapping and occurs
when a magnetic field is applied before and during cool-down
to its critical temperature [23], [24].

Based on the characteristics exhibited as the breakdown
of superconductivity occurs, superconductors can be distin-
guished into two types: Type I and Type II. Type I supercon-
ductors are fully superconductive until the critical limits of
temperature, field, or current are reached, at which point they
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immediately revert to the normal state and act as conventional
conductors [22], [25]. When the limits of Type II supercon-
ductors are exceeded, they enter a transition state called the
mixed state, in which partial flux penetration occurs. When
the field enters the surface of the superconductor, it induces
a circulating vortex of supercurrent consisting of electron
pairs (Cooper pairs), called a fluxon or Abrikosov vortex. The
trapped flux in a type II SC is also conserved in the form
of a fluxon. As one of the critical parameters increases, so
does the number of vortices and flux lines penetrating the
surface. The regions of the conductor that experience flux
penetration exist in the normal resistive state between the
remaining superconductive regions, which gives the name of
the mixed state [26], [27]. Initially, when the conductors enter
the mixed state, these vortices are located at pinning centers
where they are prevented from moving by a pinning force.
When a transport current is applied to a superconductor, the
current and the magnetic field set a Lorentz force (F = J×B)
acting on the vortices; If the Lorentz force exceeds the pinning
force, the vortices are forced to move from their previously
pinned location, resulting in what is known as flux creep [28].
The motion of the vortices as a result of an applied force
means that work is being done and energy is being released,
resulting in resistive areas in the conductor [22]. At this point,
the Meissner state has broken down and the conductor exists
in the mixed state [22], [26], [29]. When the current or field
increases, the superconductive regions are gradually displaced
until current must pass through a region existing in the resistive
state. As the current in a superconductor carries more energy
than the material is able to dissipate in its resistive state, heat
increases, causing the critical limits to be exceeded in an event
called quenching, in which superconductivity is completely
lost. If the current is large enough, the energy can be released
in a more dramatic fashion with a small explosion.

The real critical values of field (Hc) and current (Ic) for a
superconductor are found at the point of equilibrium between
the Lorentz and pinning forces. The pinning forces preventing
the breakdown of superconductivity are dependent on the
microstructure of the superconducting layer, leading most
producers to optimize for pinning and thereby increasing the
critical limits. Deformations common in windings may lead to
defects in the microstructure, which result in reduced electrical
properties. The critical limits of the conductors are interdepen-
dent, and an increase in temperature, field, or current, leads to
a reduction of the other two. Due to interdependence, a small
defect could dramatically affect the overall performance of the
conductors, and subsequently the machine [22], [29].

A. 3D HTS formulations for FEM

To eventually be able include the full behavior of su-
perconducting windings in rotating machinery, a study was
undertaken to investigate the possibility of implementing a
superconductor formulation in complex 3D geometries. A few
methods of modeling HTS tapes using FEM were investigated

before a choice was made; Among these are the H-formulation,
T-A formulation, and MEMEP (minimum electromagnetic
entropy production), all of which focus solely on the supercon-
ducting layer. The H-formulation, first developed in [?], was
the first of these and has been the method of choice until the T-
A formulation was later developed in [30]. The computational
efficiency varies between the formulations; The H-formulation
is reported to be the most computationally heavy and difficult
to implement of the three; The T-A formulation is found to be
more efficient and easier to implement than the H-formulation
[18], [30]; MEMEP was found to be much more efficient than
the H- and T-A formulations, but is also the most recent of the
three and has yet to be tested on complex geometries, and at
this moment it has only been used to study demagnetization of
trapped fields in superconductors [31]. Due to the efficiency
and proven application to complex 3D geometries, the T-A
formulation was chosen for further study.

Two different ways to model a coil with the T-A formulation
have emerged as candidates for effective 3D modeling of HTS
tapes. One is a full model, where all the conductors and turns
of the coil are represented [30]. Another is a homogenized
model, where the coil is represented as an anisotropic bulk
that can reproduce the magnetic behavior of the coil as a
whole. Due to the number of conductors in the windings of
the SCM described in section II, the approach chosen was
based on the 3D homogenization of the T-A formulation by
Vargas-Llanos et al. in [18], which was developed from the
full 3D T-A formulation first introduced by Zhang et al. in
[30]. The major difference between the full and homogenized
approaches is that the full formulation uses a 2D surface
to model an individual conductor, while the homogenized
formulation uses a 3D domain to model the entire winding.
Both formulations use a thin strip approximation, where only
the superconducting layer is considered, which limits their
ability to model AC losses significantly. AC losses are highly
dependent on the non-superconducting layers, especially in
high-frequency applications such as an SCM for propulsion,
since these are more prone to eddy currents. The homogenized
formulation is even less reliable with respect to AC losses,
since interactions between tapes in a homogenized coil are
ignored [18].

Homogenization does, however, provide an efficient way to
investigate the effect of magnetic fields on the current density
of the coil, especially in the more complex geometries which
are often required in the end windings. The homogenization
significantly simplifies the modeling process, from modeling
and implementing the formulation on each conductor individ-
ually, to all conductors simultaneously [18]. The homogenized
model is also easier to implement for complex geometries in
Comsol; Since Comsol is not able to sweep a 1D curve, a
2D surface must be defined by extruding or revolving the 1D
curve, or by parametric surfaces. Extrusion and revolutions are
simple to use but limit the geometrical complexity to straight
lines or perfectly circular shapes. Parametric surfaces have
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very few limitations, but can be hard and very time-consuming
to define in the shape of windings. The homogenized approach
does not have this problem, and thus the end windings can
simply be swept along a 3D defined curve, as explained in
more detail in section IV.

Many of the descriptions of the T-A formulation and its
implementation in 3D are often ambiguous and take some
of the steps in the process for granted; Most studies have
little or no additions, and are close to exact reiterations of the
descriptions used in the original full 3D formulation of [30]
and homogenization of [18]. An attempt was therefore made to
lay out the equations and information needed to implement the
T-A formulation in 3D from the literature, and explain some of
the steps and reasoning throughout the process by replicating
the 3D homogenization of the T-A formulation implemented
by [18] on a racetrack coil.

At the end of this section, it can be seen that the replication
was not fully successful, most likely due to incorrect boundary
conditions. Initial values were undefined for the current vector
potential within the superconducting domain, and a solution
could not be found when vertical mesh elements were included
in the model, which indicated an error in the formulation. The
model was thus unable to capture the characteristic distribution
of current density expected for the width of the coil, despite
giving a reasonable distibution over the height. However, the
process and method used in this thesis are hoped to be clear
enough for the error to be identified and corrected in the future.

B. The T-A formulation

The T-A formulation is an efficient method used to model
superconductors with FEM tools such as Comsol Multiphysics.
The method applies the T formulation only to the supercon-
ducting regions and the A formulation to all regions to find a
solution to the finite element problem. The formulations are
based on the current and magnetic vector potentials, T and A,
respectively. In general, the current potential T is defined by
the current density as:

J⃗ = ∇× T⃗ (1)

The potentials, T and A, are coupled by using the potential T
to calculate the electric field E, and the potential A to calculate
the magnetic field B in Maxwell-Faraday’s law, which is the
governing equation for the T-formulation:

∇× E⃗ =
∂B⃗

∂t
(2)

where E and B are calculated from the potentials T and A
according to eq 3 and 4, respectively:

E⃗ = ρ(∇× T⃗ ) (3)

B⃗ = ∇× A⃗ (4)

In the T-A formulation, the relationship between the electric
field and current is given by the E-J power law, which is a
model used to simulate the increasing resistivity of the super-
conducting material in the mixed state as the current increases.
This model uses a constant, E0 or Ec, which indicates the
electrical field of the superconductor at the critical current,
this value is often set to 0.1mV/m in models, as well as
by superconductor manufacturers when estimating the critical
limits of the conductor. The E-J power law is defined as:

E⃗ = E0

∣∣∣∣∣ J⃗

Jc(B⃗)

∣∣∣∣∣
(n−1)

J⃗

Jc(B⃗
(5)

where J⃗ is the current density in the conductor, n is a value
that represents the steepness of the curve when plotting the
relationship between J⃗ and E⃗, and Jc(B⃗) is the critical current
density of the conductors as a function of the magnetic field
B⃗, defined by:

Jc(B∥, B⊥) =
Jc0[

1 +

√(
B∥ · k

)2
+

(
B⊥
Bc

)2
]b

(6)

where b and k are curve-fitting coefficients based on the
superconductive characteristics of HTS tapes in magnetic
fields [18], [32], [33]. The equation for Jc(B⃗) is called the
modified Kim-model, which is a model used to determine the
degradation of the critical current density seen in HTS tapes,
due to weakened pinning forces from increased interactions
between vortices in the superconducting ceramic layer when
exposed to magnetic fields from different directions [34]–[36].

The thin-sheet approximation is usually used for the con-
ductors in the T-A formulation; Due to high width-to-thickness
ratio, the thickness of the conductors can be collapsed to a
thin sheet consisting of only the superconducting material. It
then follows that current can only flow in the thin sheet, in
the direction parallel to the surface of the tape, and hence
the current vector potential is only considered in the direction
normal to the surface [18], [30], [37]. T⃗ can then be considered
as a scalar, T , with direction n⃗:

T⃗ = T · n⃗ (7)

In a 2D, or a straight rectangular 3D coil, the normal direc-
tion would be parallel with one of the Cartesian coordinates,
which would simplify the equations significantly, but in order
to model complex 3D geometries, the normal direction must
follow the geometry and all components of the normal vector
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must be included. With T only in the normal direction, the
current density is expressed as:

JxJy
Jz

 =


∂(Tnz)

∂y − ∂(Tny)
∂z

∂(Tnx)
∂z − ∂(Tnz)

∂x
∂(Tny)

∂x − ∂(Tnx)
∂y

 (8)

Since the HTS tapes are approximated to be infinitely thin
sheets, the magnetic flux is only considered in the direction
normal to the surface of the conductor, and the flux density
parallel to the sheet is ignored. Applying this to Faraday’s law
gives:


∂(Ez)
∂y − ∂(Ey)

∂z
∂(Ex)
∂z − ∂(Ez)

∂x
∂(Ey)
∂x − ∂(Ex)

∂y

 ·

nx

ny

nz

+


∂(Bx)
∂t

∂(By)
∂t

∂(Bz)
∂t

 ·

nx

ny

nz

 = 0 (9)

Using the relationships defined by equations 5-9, the formu-
lation can be implemented in Comsol Multiphysics with the
Coefficient Form PDE and the Magnetic Fields modules.

1) Defining a custom coordinate system in Comsol: As
previously mentioned, the T-A formulation requires a normal
vector to be defined along the entire geometry of the coil. For
the full model, this is not an issue; The normal and tangential
directions in Comsol are well defined on the surfaces of an
object, regardless of its geometry. Unfortunately, no definition
of the normal direction exists within the domains of the
object, and the normal direction has to be defined manually.
To achieve this, the Curvilinear Coordinates module (CC) in
Comsol was utilized. This is a separate module that models the
flow in a domain from input to output surfaces. By choosing
a domain, and defining an input and output surfaces, the
direction of flow between the two surfaces is found and stored
as a vector field which can be used as a coordinate system in
other studies. A disadvantage in Comsol is that the curvilinear
is not able to to determine more than one direction at once,
which means that two different CC modules must be used
in Comsol to define a coordinate system. The normal vector
can be found with only one CC module, but a full coordinate
system enables more opportunities. Luckily, a third module
is not needed, since CC has the option of creating a base
vector system, where a user defined vector can be chosen as
the second basis vector. The steps required to define a custom
coordinate system in Comsol are listed here:

• Add two Curvilinear Coordinates modules to the Model
Builder from the Mathematics interface, CC1 and CC2,
and select only the coil domain for both.

• Make sure Normalize vector field is enabled. This creates
a normalized unit vector for the directions.

• Add a Diffusion Method node to both CC1 and CC2 and
select only the coil domain for both.

Fig. 1: Curvilinear coordinate system for twisted and bent coil.

• Add an Inlet and Outlet node to the Diffusion Method
node of CC1.

• Select the coil surface from which the normal direction
should be defined as the Outlet, and the opposing surface
as the Inlet.

• Add an inlet and outlet node is added to the Diffusion
Method node of CC2.

• Select the surface at one end of the coil as Inlet (prefer-
ably the current input), and the other as Outlet.

• Run a Stationary Study with default solver settings.This
is needed the field vectors of CC1 to be an option for
Second basis vector selection in CC2.

• When the study is finished, the normal vector from CC1
should be stored as the vector [cc.Vx, cc.Vy, cc.Vz].

• In CC2, a select user defined for the Second basis vector,
and enter each component of the stored normal vector into
its respective Cartesian coordinate.

• Enable Create base vector system in CC2.
• Rerun the same Stationary Study, including both CC

modules.
• When the study is finished, a coordinate system following

the geometry is stored. The coordinate system can be ac-
cessed in the definitions node in Comsol, and each vector
component should also be accessible as variables with the
names [cc1.eix, cc1.eiy, cc1.eiz], where i indicates the
vector: i = 1 is the tangential to the length, i = 2 is the
normal, i = 3 is the tangential to the width.

After obtaining the curvilinear coordinate system, the in-
dividual components were renamed to fit their respective
directions and simplify the reference. The tangential to the
length was renamed e⃗1, the tangential to the width as e⃗2, and
the normal direction as N⃗ , as seen for N⃗ in eq. (10):

Nx

Ny

Nz

 =

cc1.e2xcc1.e2y
cc1.e2z

 (10)

One of the advantages of CC is that this operation can be
done for several geometries at once, so a custom coordinate
system for a complete machine winding can be defined for all
phases simultaneously by following the steps listed here.

2) T-formulation in Comsol: In this thesis, the physics mod-
ule, Magnetic Fields (MF) was used for the A-formulation, as
the magnetic vector potential is well defined by default. A⃗ is
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also defined in the Rotating Machinery, Magnetic module used
for the SCM in later sections, which can be used implemented
the formulation in the same way. The T-formulation was
implemented by adding a Coefficient Form PDE module from
the Mathematics interface. In the Coefficient Form PDE, T was
defined as a dependent variable, T , with unit [A/m], and the
source term was given the unit [T/s]. The equation defining
the PDE of this module with the dependent variable T is given
as:

ea
∂2T

∂t2
+ da

∂T

∂t
+∇ · (−c∇T − αT + γ)+

β · ∇T + aT = f
(11)

The PDE is used to define the relationship in equation
(9). Using the normal vector, N⃗ , defined by the CC, the
components of the current density were defined as variables
based on equation (8). By omitting the current density vector
J⃗ from the E-J power law in equation (5), a variable resistivity,
independent of direction, ρ, was used to define each compo-
nent of E⃗ independently, to later simplify the curl operation
in eq. (9):

ρ =
E0

Jc(B⃗

∣∣∣∣∣ J⃗

Jc(B⃗)

∣∣∣∣∣
(n−1)

(12)

The parallel and perpendicular magnetic fields needed for
Jc(B⃗) in eq. 6 were found using the dot product of the
magnetic field from the Magnetic Fields module, and the new
unit vectors defined by CC. The variable names have been
altered to some extent for readability. The components of the
magnetic field also include the index ”mf.”, which is ignored
here.

B⊥ = B⃗ · N⃗
B∥ = B⃗ · e⃗1 + B⃗ · e⃗2

(13)

Using resistivity ρ and current density J⃗ , each component
of the field E⃗ was defined as an individual variable:

Ex = ρJx

Ey = ρJy

Ey = ρJz

(14)

From the relationship defined in eq. (9), it can be seen that
when only the field in the normal direction is considered, the
expression becomes the first order partial differential equation:

(
∂(Ez)

∂y
− ∂(Ey)

∂z

)
Nx

(
∂(Ex)

∂z
− ∂(Ez)

∂x

)
Ny+(

∂(Ey)

∂x
− ∂(Ex)

∂y

)
Nz +

∂(Bx)

∂t
Nx+

∂(By)

∂t
Ny +

∂(Bz)

∂t
Nz = 0

(15)

This expression can be manipulated to fit the Coefficient
Form PDE. By setting all coefficients in the PDE to zero,
except the source term, f , and the vector of the conservative
flux source, γ, in eq.(11), the equation becomes:

∇ · γ = f (16)

Since the respective components of N⃗ are not dependent
on the variables derivated for in the divergence of γ, but
the the components of E⃗ are, the components of N⃗ are thus
considered as constants, and hence the left side of the equation
can be used to find the curl of the electric field:

∇ ·

EyNz − EzNy

EzNx − ExNz

ExNy − EyNx

 = −∂Bx

∂t
Nx − ∂By

∂t
Ny −

∂Bz

∂t
Nz

(17)

By writing out the full differential equation and factoring
out the constants in eq.(17), i.e. the components of N⃗ , the
final equation becomes equal to Faraday’s law in eq.(15). The
components of the vector seen on the left side of eq.(17) was
entered into the conservative flux source, γ, to obtain the
relationship defined by Faraday’s law. The final Coefficient
Form PDE was applied to all superconducting domains.

3) Coupling with A-formulation: In the PDE implemented
for the vector potential, A is coupled with T in the T-
formulation, but to properly implement the T-A formulation,
T must also be coupled with A in the A-formulation through
Maxwell-Ampere’s Law (18):

∇×
(
1

µ
∇× A⃗

)
= J⃗ (18)

where J⃗ is the current density defined by the current vector
potential according to eq.(8). With the thin-strip approximation
in the homogenized coil approach, the thickness of the super-
conducting layer, δ, is collapsed, and a unit cell is defined
around the superconductor. This unit cell has the height, Λ,
which is the height of the HTS tape when all layers are
included. The current density in the superconducting layer is
then distributed over the cross section of the HTS tape, by
scaling the current according to eq. (19) [18]:
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Fig. 2: Geometry and constraints of homogenized T-A formulation on the superconducting domain, for replication of Vargas-
Llanos et. al. [18]. Dirichlet on sides of coil; Neumann on top and bottom of coil (inner and outer surface); External Current
Density in whole domain. The same conditions are used around the whole quarter coil section used, and not only the sections
indicated. The exception is the Zero flux Neumann Condition, which is only implemented on the cross section at the symmetry
boundaries.

J⃗s =
δ

Λ
J⃗ (19)

The current density can then be applied either by intro-
ducing the scaled current density J⃗s from eq.(19) to the A-
formulation as an applied external current density J⃗e in the
whole superconducting domain [18], [37], or by introducing
it as an applied surface current density on the sides of the
stack, J⃗se [38]:

Domain: J⃗e = J⃗s

Surface: J⃗s0 = J⃗s · δ
(20)

where the external current density in the domain is directly
applied to the A-formulation through equation (21) with an
External Current Density node, and the surface current density
as the boundary condition seen in equation (22) with the
Surface Current Density node:

J⃗ = σE⃗ + J⃗e (21)

n⃗×
(
H⃗1 − H⃗2

)
=

(
n⃗× J⃗s0

)
× n⃗ (22)

Two separate materials were used for the superconducting
and nonsuperconducting domains. The default Air material
from Comsol was used in both cases, but with zero conductiv-
ity in the superconducting domains and non-zero conductivity
in the non-superconducting domain, which is important since
Ampere’s law node uses the material conductivity to calculate
current density with eq.(21); by setting the material conductiv-
ity, the first term on the right side of eq.(21) disappears, and as
a result, only the current density defined by the T-formulation
is used.

To solve the finite element problem using the T-A formula-
tion, boundary conditions must also be defined. The thin-strip
approximation uses the assumption that the superconducting
sheets in the coil are densely packed with the same current
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flowing in every sheet [18]. Since the same current is flowing
in all sheets, the integral of the current density over any cross
section along the length of the coil should be equal to the
applied current [30]:

I =

∫∫
S

J⃗dS =

∮
L

T⃗ ds = (T1 − T2) · δ (23)

where T1 and T2 is the current vector potential on either
side of the stack, and δ is the height of the conductor [30].
The transport current can then be imposed by defining the
current vector potential with Dirichlet Boundary Conditions
in the boundaries representing the tightly stacked tape edges
on either side of the coil, so that eq.(23) is satisfied. Here,
this was done with T1 = I

2δ and T2 = − I
2δ on either side (the

same sides as the surface current density if J⃗s0 was used).

4) Neumann boundary Condition: In the T-A formula-
tion, Neumann boundary conditions, also called second-order
boundary conditions, are required on particular surfaces of the
coil. A Neumann condition was placed on the input and output
boundaries on the ends of the coil with a Zero Flux node, as
described in [37]. Neumann conditions must also be added
to the top and bottom surfaces of the coil (outer and inner
surfaces in Figure 2) [18], [37]:

∂(Txnx + Txny + Tynz)

∂n
= 0 (24)

However, it is not completely obvious how this condition
should be implemented; During the implementation of the T-A
formulation in this thesis, several variations of the Neumann
conditions were tested with no luck. The initial attempts
focused on the condition on the form seen in eq.(24). Which
is implemented with the Flux/Source node in Comsol:

−n · (−c∇T − αT + γ) = g − qT (25)

where γ is the only non-zero coefficient from the PDE, qT
was set to zero, and the source term was set to g = T ·Nx+T ·
Ny+T ·Nz for the particular solution seen later in this section.
The other variations of g tested for the Neumann Condition
can be seen in Section VII. Due to the lack of success, a
different approach was tested. In [39] it is said that in the
3D T-A model, the tangential components of the electric field
from the A-formulation have contributions to the Neumann
condition:

∫
E⃗ × δT⃗ × (dA) (26)

and that these boundary conditions represent a new coupling
effect for the T-A formulation. It is further said that for the Full
T-A formulation in 3D, this can be implemented in Comsol by
an additional Dirichlet condition on one of the surfaces, with

(a) Geometry with surround-
ing air domain (70x150x30mm).
Symmetry planes of supercon-
ducting domain are flush with
boundary of surrounding air.

(b) Curvilinear coordinates and
mesh. Only horizontal mesh dis-
tribution was possible within do-
main. 10x60 mesh elements SC
domain.

Fig. 3: Geometry of model used to replicate [18].

input T = 0, and a flux condition, with input: Ex · e1x+Ey ·
e1y+Ez · e1z, where the electric field is calculated using the
A-formulation with the Magnetic Fields module, and not from
the T-formulation as previously. The flux condition in question
is assumed to be the Flux/Source node. Although [39] only
specifies that this method can be used for the full formulation,
it was also tested for the homogenized formulation here, but
did not correct the problem. The final method presented here
used equation (24) implemented with equation (25), with g =
T ·Nx + T ·Ny + T ·Nz .

5) Validation: The previously described implementation
was tested by replicating the study conducted by Vargas-
Llanos et al. in [18] on a simple race track coil before moving
on to more complex geometries. The same geometry and
parameters were used, with the exception of the n-value and
mesh distribution, which were not stated in the study. The
value was therefore chosen to be n = 25, and the mesh was
as seen in Figure 3b. Based on The coil consisted of 50 turns
of a REBCO HTS tape, deformed with out-of-plane to form
a racetrack coil (Figure 2).

TABLE III: T-A parameters

Name Value

b 0.6
k 0.275
f 50Hz
n 25
Ic 160A
Ipeak 100A
E0 1 · 10−4 V/m
Jc0 49GA/m2

Bc0 32.5 · 10−3 T
hsc 1 µm
wsc 4mm

where Ipeak is the peak value of the applied current, E0, Jc0,
Bc0 are rated values for a tape with critical current Ic = 160
at 77K self-field, b and k are curve-fitting coefficients based
on experimental data from [33]. All values were found in [18].
hsc and wsc are the height and width of the superconducting
layer, respectively.

From Figure 4 it is clear that the normalized current density
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Fig. 4: Plot of normalized current density J⃗/Jc(B⃗). Only
distribution in height of coil is visible.

distribution is not as expected for the homogenized 3D T-
A formulation for HTS tapes, and the results do not agree
with what is reported in [18]. A major difference can be
seen at t = 0.0 in, where the current is approximately zero,
equally distributed over the volume, while the normalized
current density for the same time-step in [18] ranges from
-1.5 on the edges, to 1.5 approximately 1mm from the edge
in the width direction, before reaching 0 in the center of the
width. The reason the difference is likely the issue previosly
mentioned, where a solution could only be found with vertical
mesh elements. Since there is no information from mesh nodes
within the domain about the current density in the width,
Comsol uses interpolation to represent the volume, which gives
a uniform current density over the width. The distribution in
the height of the coil is more promising for t = 0.008 s and
t = 0.012 s in Figure 4; The current density was found to
be slightly higher toward the outermost tapes on the top and
bottom of the coil, which is a behavior commonly found in
stacks of HTS tapes. The distribution also differs between the
inner and outer edges of the curved part for these timesteps,
which is expected [18], [32]. In [18], however, this behavior
was also found when the current was zero, at t = 0.01 s, after
a half cycle at 50Hz, which was not the case here.

The flux density also differs greatly from [18] and a

(a) |B⃗| at t = 0.010 s, when I =
0 after half cycle.

(b) |B⃗| at t = 0.015 s, when I =
100 A after 3/4 cycle (Ipeak).

Fig. 5: Magnetic flux density norm |B⃗|.

replication of the same study in [40], where the maximum
value was found to be 0.25T in the straight section of the
superconducting domain, and is heavily skewed towards the
inner tapes of the coil. In Figure 5b it can be seen that the
flux density is also skewed towards the inner tapes of the coil
(left edge in Figure 5) but to nowhere near the extent found in
[40], and with a much lower maximum value of approximately
0.14T.

6) Final remarks on the implementation of the homogenized
3D T-A formulation: The method of implementation described
in this section was not successful. As initially stated, many of
the steps involved in the implementation are taken for granted
in the literature, leaving room for the wrong interpretations
to be made, which seems to have occurred in this case. The
author suspects the Neumann boundary condition to be the
main contributor, but errors may also have occurred in other
steps, and corrections must be made in the future.

IV. WINDINGS

The orientation of the windings in slots is an important
design feature for the machine, since it minimizes the flux
leakage penetrating the tapes, thus reducing degradation of
the superconductor properties. This does however create other
challenges. The materials and shape of the conductors also
impose constraints on the deformations, or geometrical trans-
formations, which limits the possible end winding designs.
This section aims to address these issues by a study of some
of the design limitations for the SCM, and the development
of a realistic winding design that is within these limits.

A. HTS winding challenges and limitation

The superconducting layer in REBCO HTS tapes is an ex-
tremely thin ceramic material, making it brittle and susceptible
to damage. The electromagnetic properties of HTS tapes are
highly dependent on the micro structure of its SC layer and a
small damage can reduce and even eliminate superconductivity
[11]. All types of strain experienced by the tape cause a
material stress which can simultaneously compress and stretch
its structure in different parts, altering the micro structure of
the SC layer and its properties. The other layers around the SC
stabilizes and shields it from some of the strain, which enables
the HTS tape as a whole to be more flexible. This allows
for some deformation without damaging it irreversibly. The
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tapes are still, however, very limited compared to conventional
conductors.

When the HTS tapes are shaped into coils they are displaced
and deformed from their natural state, causing tension and
strain which leads to a material stress. The most relevant stress
for the end windings are the hoop stress, axial stress and radial
stress from bending, as well as the shear stress from twisting.
All of these impact and reduce the electromagnetic properties
of the SC to some degree, and too large a stress could cause
a complete loss of superconductivity. Comprehensive reviews
of the electromechanical properties of REBCO HTS tapes,
including of types of strain, and methods for calculating its
effects on critical currents can be found in [10] and [11]. HTS
tapes are also known to be negatively affected by exposure to
magnetic fields. A combination of material stress and magnetic
fields could seriously degrade the windings, leading to a lower
rated machine. In the slots of the SCM, the stacks of HTS tapes
are oriented with the thickness of each tape close to parallel
with the field, in order to reduce exposure to the magnetic
field. In the ends of the machine, however, exposure to the
field is much harder to control since the windings of all phases
must pass around one another in a distributed winding layout.
This combination of stress- and field exposure often occurs in
the end windings of the machine, where all of the deformation
occurs and the windings are exposed to time-varying magnetic
fields from several angles at once.

1) Bending and twisting: There are two relevant modes
of bending for a tape shaped conductor, an in-plane-bend
and out-of-plane bend (axial bend). The in-plane and out-
of-plane bends are also referred to as ”hard” and ”easy”
bends, respectively, based on the mechanical resistance of
the tapes to each mode (Figure 6). The most simple and
common winding design with HTS-tapes is the racetrack coil.
A racetrack coil only requires an out-of-plane bend, which is
unlikely to damage the conductors, and can be achieved by
hand. Out-of-plane bends are the most common deformation
of an HTS tape, being widely used in coil manufacturing
for several applications [41]–[44]. Superconducting machines
have already been produced with some success using racetrack
coils, and more machines are currently in production [44]–
[46]. The minimum bending radius in the in-plane direction
for an HTS tape is often specified from the producer, while no
information on in-plane bending is provided. For the specific
HTS-tapes envisioned for the SCM, a minimum bending radius
of 11−15mm is given for the out-of-plane direction.

Superconducting coils with in-plane bends are currently
not as common for rotating machinery, but are sometimes
used in superconducting coils for particle accelerator magnets,
which require a specific shape [41], [42], [47]. Because of the
tape geometry, the ”hard” bend is the deformation for which
HTS tapes are most susceptible to damage, they therefore and
require larger scales than that of the SCM modeled for here
[48]. Tests of in-plane bends have shown that for REBCO tapes
of 4mm, reversible reduction in critical current of up to 5%

(a) In-plane bend. (b) Out-of-plane bend.

Fig. 6: Bending of a single conductor and a stack of conduc-
tors.

Fig. 7: A 200mm twist pitch for single HTS tape and stack
of tapes of 4mm width (360◦ twist over 200mm).

was measured at a critical bending radius of 250−280mm.
Below this radius, the critical current degraded irreversibly
[49]. An in-plane bend would provide the shortest path for the
end windings, but as the straight-line distance between slots
of the same winding in the machine is 111mm, this type of
bend is out of the question. Bends similar to the in-shape bend
can be made with a combination of twisting and out-of-plane
bending, and minimum bending radius in this direction is well
below what is needed in the machine.

2) Twisting: Since the windings have to enter and exit slots
in the orientation to the field, they must be twisted by at least
the angle corresponding to three slot pitches of a full coil
span (45◦), and likely more than this, since a transposition
is required to complete the bend. In [50], the critical current
was calculated analytically and tested experimentally for HTS
tapes under different torsional strains. Both analytical and
experimental results showed a sharp degradation of critical
current for twist pitches below 130mm, but no significant
reduction above this length. By assuming that the end winding
is shaped in a perfect half circle, its length is found to be
175mm. To return to the same orientation relative to the slot,
a minimum twist of angle (45 + 180 · n)° is required from
one slot to the next. In a regular saddle coil with n = 0,
to avoid the ”hard” bending direction, an overhang is usually
created over the stator in order to obtain the shape through the
”easy” bend. In the initial part of the overhang, the coil often
twists outwards until it reaches the center of the coil, where it
mirrors this transformation and twists back with the opposite
angle. This gives an effective twisting angle greater than 45◦,
but still lower than coils with n = 1. A different solution
is a half-transposed saddle coil (n = 1); Still working with
the assumption that the end windings are perfectly circular, a
twist pitch of 280mm is found for end windings with this coil
type, which is within the limits found in [50]. Following this
reasoning, a full transposition end winding is also possible,
but more than this, n ≥ 3, would lead to degradation of the
tapes and should be avoided.
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(a) Top view of rounded saddle winding. A pattern is visible from
the different radial bend lengths.

(b) Side view of end windings with saddle coils. Ordered counter
clockwise by phase, from A to C and lowest to highest axial length.

Fig. 8: SCM with rounded saddle coil end winding design.

B. End winding design

Two different end windings were designed and implemented
for the SCM in Comsol Multiphysics based on the limitations
found for the conductors. Of the possibilities previously men-
tioned, one design is a common rounded saddle coil, and the
other is a half-transposed and skewed rectangular saddle coil.
The former is simply referred to as a rounded coil in this
thesis, while the latter is referred to as a skewed coil. Here, the
end windings are first presented, along with some discussion
of the implications of each design, before the geometry of
the windings is described, and finally the the end windings
are implemented in Comsol. The end winding designs are
later studied with respect to their impact on the machine in
section VI.

(a) Top view of skewed end winding. Compact and rotationally
symmetric design.

(b) Side view of skewed end winding. End windings of different
phases overlap each other in the same manner.

Fig. 9: SCM with skewed saddle coil end winding design.

1) Rounded saddle Coil: The rounded coil was developed
based on the assumption that the natural bending and twisting
of the conductor is the design with the least negative impact
on the performance of the superconducting tapes. A flexible
material exposed to a strain will, when unconstrained, change
its geometry to minimize the amount of stress. By natural
bending and twisting, the geometrical deformation that occurs
when enforcing the placement only inside the slots is meant,
i.e, the remaining end winding is free to move into position
by itself. Since the material of the HTS tape is quite flexible
to out-of-plane bending and torsion, this natural deformation
can be significant when a high amount of stress is enforced on
the straight part of the windings. The strain in the conductor
causes the stack to both bend and twist outward from start to
the centre of the end winding, and vice versa from the center
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to the other end, to form a saddle coil.

Classical saddle coils do not lend themselves well in a
distributed end winding sequence, since the coils of one phase
would be placed in the path of the other phases. In a physical
coil, this might not be as big an issue, since the coils can be
insulated from each, but for modeling and simulation purposes,
contact between domains of different phases must be avoided.
To avoid direct contact in this formation, the end windings of
different phases must have different lengths. The saddle coils
developed in this thesis are therefore designed to mimic the
natural deformation at different end winding heights. Proof of
the exact geometrical behaviour of a coil of HTS tapes under
stress is not provided in this thesis, and the design is based
purely on practical experience from work with the conductors.

During previous practical and experimental experience with
HTS tapes in [16], it was observed that a lower height in the
axial direction causes a sharper bend with a greater length
in the radial direction and lower degree of twisting; while
a greater height in the axial direction causes a less sharp
bend with a greater radius and larger degree of twisting.
This means that by using different lengths to avoid contact,
will give a unique end winding for each phase. The machine
including end windings that mimic this behaviour can be seen
in Figure 8.

One of the advantages of the saddle coil design is that
it is simpler to manufacture, and easier to implement in the
machine. There are also several disadvantages. The difference
in geometry for the end windings of different phases makes
it harder to create a compact design while avoiding contact
between phases. The pattern of different heights repeats around
the circumference and may lead to increased unwanted har-
monics in the machine that could be avoided with a design
where the coils of all phases are equal. This end winding
design also includes an overhang which requires extra space
at the ends of the machine.

2) Skewed saddle coil: The skewed saddle coil was devel-
oped to create a more compact and symmetrical solution than
was possible with the common saddle coil described in the
previous subsection. For the end windings to be symmetrical
for all phases, the stacks of conductors must be wound around
one another to avoid contact. To achieve this with rectangular
stacks of flat conductors, the stacks must transposed either
by half or full rotations, and bent into a slight S-shape
using out-of-plane bends. The skewed saddle coil end winding
can be seen in Figure 9. The ”skewed” part of the design
comes both from the asymmetry seen from the top of the
end windings (Figure 9a), and the asymmetry in the axial
direction. To avoid contact, the end winding enters and leaves
the slots closer to the stator one side than the other, which
may also cause unwanted harmonics. In an attempt to lower the
interference from the asymmetry, the end windings at opposing
ends of the machine were reversed and oriented in opposite
directions, giving the rhombus-like shape seen in Figure 14a

and Figure 25.

This design may require more complicated holding and
cooling mechanisms required around the end windings, due
to the complex shape. The twisted shape is likely to give a
non-uniform magnetic field density on the surface of the end
windings, which may cause severe current density degradation
and increase of AC losses in specific areas. This could also
produce Lorentz forces that are hard to predict, which could
mean that in depth studies are needed to properly design
holding structures and reinforcement. As there is no difference
between the phases, the design is expected to yield lower
harmonic interference.

C. Coil geometry

Both of the end winding designs described here, are varia-
tions of a saddle coil. Saddle coils are not inherently difficult
to model, and could be easily modeled with parametric or
bezier curves, by sweeping a surface along a defined curve,
as was done for the end windings here. Circular conductors
are not dependent on twisting or bending direction, and these
factors do not require any attention in the design process.
The biggest challenge in the development of the coils was
the rectangular shape of the stack of HTS tapes. Making the
rectangular shaped coils move smoothly between slots while
avoiding contact between phases and ensuring semi-realistic
twisting and curvature proved a time-consuming task. In both
cases, the 3D model of the machine was made including the
conductors of a single slot. This provided the straight length
of the winding, and also two surfaces from which to build
the end windings. The rounded saddle coil was made with
parametric curves, which provided the most customizable but
time-consuming design, while the skewed coil was made with
bezier curves, which was faster and more efficient. In addition
to the two designs modeled here, the design of a general saddle
coil which can be used to model and study windings in greater
detail is also included.

1) General saddle coil: A general formula for a saddle coil
was first made to accommodate modeling of each individual
parallel conductor in all series connected turn and coil in the
windings, but the level of detail was superfluous for the studies
conducted in this thesis, and was not included in the final
models used for analysis. A simplified version of the general
saddle coil was later used for the rounded saddle coil, and
the general could give a good background for the modeling of
the rounded coil. The definition of the general coil could also
be very useful for in depth study of the interaction between
turns in individual sections of the winding or the winding as
a whole.

The design was made by splitting a ellipsoid into 8 sections
to represent the saddle shape seen in Figure 10, and defining a
separate parametric curve for each section. From Table IV-C1,
it can be seen that some of the expressions are the same for
all coordinates; The eight curves could also be represented
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Fig. 10: Saddle coil measurements with parametric curve
intervals for first turn in coil.

by only 3 curves, but splitting into more sections gives better
control of the twisting needed in the ends of the saddle coil.
The choice of curves should be based on the requirements,
and if only three curves are needed, curves 1 and 8, 2 and 3,
as well as 6 and 7, can be combined by simply extending the
interval limits.

The major and minor radii of the ellipsoid, a and b, represent
the center distance between slots and the end winding height
in the axial direction, respectively. The length L is the machine
length, h is the height of the end winding bend in the radial
direction, and s is the parameter defining the curves in the
interval between two points. For the radial bends, an additional
exponent is added to be able to adjust the sharpness of the bend
with the parameter sb. This method was found to good results
for 2 < sb < 4. Two additional terms, s·d

2(π+L) and (d · i), are
also included in the expression for the z-direction to increase
the height of the coil by a distance d so that additional turns
are stacked on top of each other. The parameter i is the current
turn, and the first turn is indicated by i = 0. These two terms
can be ignored for a flat saddle coil. A good value for d would
be the center distance between two turns:

d = (hhts + δhts) · nhts + δturns (27)

where hhts is the height of a single conductor, δhts is
the free distance between conductors in parallel, nhts is the
number of conductors in a single turn, and δturns is the free
distance between two turns. The parametric curves describing
this coil can be seen in Table IV-C1. It should be mentioned
that in order to properly include twisting at the ends of the

Fig. 11: General saddle coil modeled with parametric curves
from Table IV-C1 (two turns, three parallel conductors).

coil, an additional term should be added to the y-coordinate
for each turn, as is done with the z-direction.

2) Rounded saddle coil: As mentioned previously, the
rounded saddle coil (Figure 8) is a simplified version of the
general saddle coil. The rounded coil was intended to be
implemented as a single homogeneous bulk, and the level of
detail given by modeling each individual conductor was not
required. Because of this, the rounded coil was modeled as a
flat coil by setting the terms s·d

2(π+L)+(d·i) equal to zero for all
curves. Since there was no gradual increase in height along the
length of the winding, the coil became symmetric at the center,
making it possible to model the end winding using only half
the coil. The models intended for study of the end winding
design also included only one of the end windings, which
enabled the modeling of the curved part to be done using only
Curve 2 from Table IV-C1. The straight section of three coils
inside their respective slots were modeled through an extrusion
of the machine cross-section which included the placement of
the conductors within the slots. Both the rounded and general
saddle coil are best suited in a concentrated winding layout;
one of the biggest issues with this design was that the SCM
in [14] uses a distributed layout, hence different lengths were
needed for the end windings to avoid contact. To be able to
control the end winding to a larger degree, an extra length
was modeled outside the slot by using Curve 1 (Table IV-C1)
and setting L = Le, where Le is the additional straight length
before bending starts. A set of these 2 curves were made for
all three phases, and each phase was given its own set of
parameters for individual modification. In the earliest models
made with this coil design, a set of curves and parameters was
made for each of the two coils in each slot, and each parameter
had to be adjusted individually for all 6 coils. It was eventually
discovered that that a both coils could be made with a single
set of parametric curves if perfectly centered between the two
coils, which simplified the process significantly. During the
process, it was also found that changing the sign of the twisting
direction in the curved part of the coil gave a sharp and oddly
shaped edge at the center of the end winding. To circumvent
this, a straight curve with length wm was added to center of
the end winding, making up a part of its width.

The major radius, a, was calculated by finding the center
distance between two slots of the same phase, scc and setting
a = scc

2 . Using arbitrary values for the remaining parameters,
the curves were then rotated and displaced so that the straight
section was directed entirely in the axial direction of the
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TABLE IV: Parametric Curve Expressions and Interval Limits

Parametric Curve Expression Interval limits
x y z Min Max

Curve 1 a s s·d
2(π+L)

+ (d · i) 0 L
2

Curve 2 a cos(s− L
2
) b sin(s− L

2
) + L

2
h ·

∣∣∣sin(s− L
2
)
∣∣∣sb+|sin(s−L

2
)|
+

(
s·d

2(π+L)
+ (d · i)

)
L
2

L
2
+ π

2

Curve 3 a cos(s− L
2
) b sin(s− L

2
) + L

2
h ·

∣∣∣sin(s− L
2
)
∣∣∣sb+|sin(s−L

2
)|
+

(
s·d

2(π+L)
+ (d · i)

)
L
2
+ π

2
L
2
+ π

Curve 4 -a L+ π − s s·d
2(π+L)

+ (d · i) L
2
+ π L+ π

Curve 5 -a L+ π − s s·d
2(π+L)

+ (d · i) L+ π L+ π

Curve 6 a cos(s− 3L
2
) b sin(s− 3L

2
)− L

2
h ·

∣∣∣sin(s− 3L
2
)
∣∣∣sb+|sin(s− 3L

2
)|
+

(
s·d

2(π+L)
+ (d · i)

)
3L
2

+ π 3L
2

+ 3π
2

Curve 7 a cos(s− 3L
2
) b sin(s− 3L

2
)− L

2
h ·

∣∣∣sin(s− 3L
2
)
∣∣∣sb+|sin(s− 3L

2
)|
+

(
s·d

2(π+L)
+ (d · i)

)
3L
2

+ 3π
2

3L
2

+ 2π

Curve 8 a s− 2(L+ π) s·d
2(π+L)

+ (d · i) 3L
2

+ 2π 2(L+ π)

machine, before the set of curves belonging to each phase
was finally rotated by the slot pitch θs multiplied with the
integer, into their respective slots. The curve parameters for
each phase were then adjusted manually, before sweeping the
faces of the coil section along the parametric curves. Due to
symmetry, only half the coil was modeled using a sweep, and
the remaining half using using a mirror-operation on with the
face of the half end winding as mirror surface (Figure 12).
During the sweeping process, twisting was enabled in the
settings of the Sweep operation in Comsol for the first and
second sections, which twists the swept surface along the
curve with an angle defined as a function of a parameter,
s. A twist constant, α, was added in order adjust the twist
to mimic the combination of bending and twisting needed,
so that the twist angle was defined as −s · α. The third
section left without twisting for a smooth transition into
the mirrored opposite half. The first section was given a
low value of α for the gradual twist of the coil out of
the slots, and the second was given a higher value for the
twist of the bending part. Finally, the parameters for radius,
bending height, sharpness, and twisting were adjusted until
the geometry was acceptable. All parameters were adjusted
for all end windings simultaneously, since an alteration in one
affected the others. Contact proved difficult to avoid between
phases while maintaining a realistic combination of twisting
and bending, and several readjustments had to be made before
a good result was achieved.

The design was also possible to model with cubic Bezier
curves, which proved a much simpler task than with parametric
curves, but due to reasons currently unknown, Comsol was not
able to solve the FE problem with this geometry. The process
was similar to the one described here, using curves for only
half of the end winding and mirroring the resulting geometry.
The Bezier curves were adjusted by weighing the four points
defining the curve according to the wanted outcome. The
same parameters for the shape of the coil were used, with
the exception of sb, since the sharpness of the curve could be
adjusted with the weights of the Bezier curve. The curve used
with this approach can be seen in Table V.

Fig. 12: Sweeping of end windings along parametric curves.
Mirror surface indicated in blue.

3) Skewed saddle coil: Since the skewed coil was designed
to be equal for all phases only the end winding of one phase
needed to be modeled manually. The shape of a winding that is
equal for all phases without overlapping other coils proved to
be unnecessarily complex to model accurately with parametric
curves, and cubic Bezier curves were therefore chosen for
this winding. Two cubic Bezier curves were used to model
the end winding, and no straight sections were included. The
same parameters as for the rounded saddle coil, b, h, a and
wmid, were used, along with additional parameters for minor
radius, b1 and b2, and height of bend, b1 and b2, for the
respective curves. These were used to skew each curve in
opposing directions. The parameter wm was in this case used
to contribute to the skewing, and indicates the x-coordinate
where the two curves meet, i.e. the offset from the actual center
of the end winding.

The cubic Bezier is defined by four points and four weights;
by using the new radii and bend heights in the third and second
points of the curve, setting a high b1 and low h1 for the first
curve, and a high b2 and low h2 for the second curve, while
using the original radius and height as a common coordinate in
the fourth point for both curves, a skewed curve was achieved.
For this to work properly, the two new parameters for each
curve should be shifted with opposite signs with respect to the
original height and radius, b. So that ∆b1 ≥ 0 and ∆b2 ≤ 0
when ∆bi = b − bi, and the opposite for height, ∆h1 ≥ 0
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Fig. 13: Two dimensional view of Bezier curves with defined
points seen from side and top. Points with star indicate two
points located at different coordinates in 3rd dimension.

and ∆h2 ≥ 0. As seen in Figure 13, only the end points
are actually defined on the curve, while the two points in
the middle are defined outside the curve, affecting the path
between the end points and pulling the curve towards each of
them. Adjusting the weight of a point determines how much
the curve is pulled in the direction of each point.

TABLE V: Bezier curves

Point x y z Weight

R
ou

nd
ed

C
ur

ve

P0 a 0 0 1
P1 a Le 0 1.5
P2 a b h 2
P3 w b h 2.5

Sk
ew

ed C
ur

ve
1 P0 −a 0 0 2

P1 −a b1 0 1
P2 −a b1 h1 1
P3 −w b h 1

C
ur

ve
2 P0 −a 0 0 2

P1 a b2 0 1
P2 a b2 h2 2
P3 −w b h 2

In the start, arbitrary values were used for the initial curves,
and the major radius, a, and placement in slots were found
in the same manner as for the rounded saddle coil. Again,
the face of the coil within the slot was swept along the two
curves with a twist factor. In the skewed winding, however, a
constant twist factor gave an unlikely combination of twisting
and bending. To adjust the twisting to fit the bending of

(a) Reverse end winding design
used for analysis.

(b) Mirrored end winding without
intertwined windings.

Fig. 14: Two possible versions of the skewed end winding.

the winding, a sine and cosine function was combined to
a function, where the frequency of the waves were used to
position the twist. The final twist function used was defined
as −s(0.725−sin(s/600)cos(s/73)), and was found through
trial and error. In the skewed coil, both sections used the same
function as twist factor, and the sweep could be conducted
in a single operation for the two. Finally, the values were
adjusted until the desired end winding design emerged, and
the end winding was copied and rotated into the remaining
slots. The final definition of the Bezier curves used can be
seen in Table V. A full model was also made for this end
winding design. It was decided to reverse the direction of
the end winding for the other end of the machine, in an
attempt to achieve a lower level of harmonics by avoiding
mirroring of the end winding at both ends. This was done
by simply sweeping the same curve in the opposite direction.
This solution may give a lower harmonics, but it also means
that all coils are intertwined, making it harder to produce the
windings. The other solution with the mirrored geometry at
both ends may be more prone to harmonics, but avoids this
problem and would be easier to produce. A full set of windings
of both designs can be seen in Figure 14.

V. 3D FEM MODELING OF ROTATING MACHINERY

FEM modeling of rotating machinery in three dimensions
can be a time-consuming and meticulous task. This section
aims to explain some relevant parts of the process by de-
scribing the methods used in this thesis, with some of the
most common studies for rotating machines and the SCM
described in section II as a reference point. The methods are
based on a combination of experience from trial and error and
advice from the COMSOL Support team. All models using the
machine geometry were implemented with the physics module,
Rotating Machinery, Magnetic, in Comsol Multiphysics.

In most cases, 3D models introduce an increased com-
plexity compared to their 2D counterparts, and the number
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Fig. 15: Model including symmetric end winding.

of degrees of freedom in 3D FEA models can be vastly
greater than that of equivalent 2D models. To mitigate the
increased computational power needed, a mixed formulation
is often used for 3D models of rotating machinery in Comsol,
especially in the airgap where moving and stationary domains
meet. This formulation was used to varying degrees in all
models that includes the machine geometry throughout this
thesis. All models used in the different studies are quite
similar in geometry, materials, and formulations, but with
some variations depending on what is required for the study
in question. A quick overview of some formulations used for
different studies is shown in Table VI. Other differences are
mentioned when relevant.

TABLE VI: Study specific formulations

Machine part Performance Magnet End HTS loss/
Loss Windings behaviour

Windings A A A T−A
Stator iron A A A A
Stator air (slot) A A A A
Stator air (ext.) A A A A
Rotor air (ext.) φm φm φm φm

Rotor air (inner) φm φm φm φm

Magnets φm A φm φm

Air gap φm φm φm φm

The stator and rotor of the machine in this thesis feature the
same cross-sectional geometry as the machine in [14], only
extruded in the axial direction for 3D analysis. The stator of
the machine is the same for all studies, except for variations in
axial length. The names used in this thesis for different parts
of the machine are labeled in Figure 15 for clarification.

A. Simplifications and assumptions

A perfect model of a machine is impossible to create, and
using appropriate simplifications and assumptions is an impor-
tant part of any modeling process. Some of the simplifications
made for the models that were developed are listed here.

• Some machine aspects, such as magnet losses, back emf,
and harmonics, can be modeled fairly accurately without

using the complicated and computationally heavy super-
conductor formulations. Because of this, the windings are
modeled as lossless superconductor coils, as described in
[14].

• For the studies conducted in this thesis, the rotor back-
iron holding is either neglected completely or modeled
as air due to the assumption that a nonmagnetic material
may be used in the final design.

• As in [14], the assumption is made that the machine
is designed so that the BH-behaviour in the magnet
takes place in the second quadrant of the hysteresis
loop, according to [51], so that the hysteresis losses
are negligible, and hence only the resistive losses are
considered for the rotor magnets.

• The magnets are assumed to be electrically insulated
from each other, and the induced current is therefore
constrained within each magnet segment.

• Since there is no axial skewing in the designed machine,
the axial and periodic symmetry of the machine allowed
the model to be simplified to only a fraction of the actual
machine geometry. To take advantage of the symmetry,
only a quarter of the machine cross section is considered.
The symmetry could be used cut down to an eight
of the actual cross section with anti-periodic boundary
conditions, but to include the end windings a quarter
section is required, and using the same geometry makes
comparison easier and allows for reuse of models. If
the model is simplified further to an eight of the cross
section, some effects may also be lost entirely if not
fully symmetrical. Losses, for instance, were found to be
greater for the north pole, as seen later in subsection V-C
(Figure 26).

• To get the formulations to work correctly, all domains
have to have non-zero values. Because of this, air do-
mains were given a conductivity of 100 S/m.

Some simplifications are more accurate than others, as is
the case for the models developed for this thesis. Some of the
assumptions initially made were inaccurate and led to models
that gave unexpected results during studies, which in turn
led to a change of method. Some of the errors made during
the development of the models, along with solutions to the
problems, are discussed in subsubsection V-F1.

B. Mixed formulation

Rotating Machinery, Magnetic in Comsol Multiphysics is
based on a formulation that by default uses a combination
of the magnetic vector potential, A⃗, and the magnetic scalar
potential φm, to solve the 3D finite element problem [52]. In
the context of the mixed formulation in this section, these are
referred to as MVP and MSP, respectively. The formulation
with, A⃗, is often called the A-formulation, which is described
in more detail in the context of the T-A formulation in
section III. A magnetic field with a nonzero curl where current
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densities, or free currents, exist is described by the magnetic
vector potential:

B⃗ = ∇× A⃗ (28)

Using the magnetic scalar potential (MSP) is very effective
for the case of modeling with permanent magnets, and is
recommended in Comsol’s guides for rotating machinery [53].
MSP is analogous to the electric scalar potential, also known
as voltage, in that it is a scalar that can be used to indicate the
amount of energy a magnetic charge would gain depending
on its position in a magnetic field. There is, however, no
magnetic voltage [54]; Unlike an electric charge, magnetic
charges have not been proven beyond doubt to exist, as they
would require a magnetic monopole. Magnetic monopoles are
not considered completely outside of the realm of possibility,
according to Nobel laureate, Paul Dirac, who originally made
this abstraction in one of his famous contributions to quantum
field theory, Quantised Singularities in Electromagnetic Field
[20], earning them the name of ”Dirac monopoles” in later
years. The search for magnetic monopoles is still ongoing and
has apparently been successful [55], but the lack of widespread
attention globally indicates that the matter is not yet settled,
and that if they do exist, they are extremely rare in nature [54].

Acting on the abstraction that magnetic charges do exist
can provide a convenient and mathematically efficient way
to represent the magnetic field. Considering the system as
magnetostatic, by assuming that there are no free currents
wherever the H-field exists, H becomes ”curlless”, ∇×H⃗ = 0.
It then follows that H⃗ should be derivable from the gradient
of a potential, simply as:

H⃗ = −∇Vm (29)

Since there is no curl, there is no change in the field along
its path, and thus the field can be represented as the gradient
of a scalar [54]. This is not unlike what is done for the electric
potential in an electrostatic system, where instead of a current-
free system, the magnetic vector potential is assumed to be
time-invarient, which leads eq. ?? to give only the electric
potential (eq. 31):

E⃗ = −∇V − ∂A⃗

∂t
(30)

∂A⃗

∂t
= 0 ⇒ E⃗ = −∇V (31)

What makes the magnetic scalar potential particularly useful
is that it is defined by a single dependent variable as opposed
to the three variables making up the components of the vector
potential which significantly decreases the degrees of freedom
solved for, and subsequently the computational efforts.

1) Implementation in Comsol: In order to solve the finite
element problem in the boundary between the rotating and
static domain, MSP should be used in the airgap domains
on each side of the boundary. The implementation of the
mixed formulation can vary depending on the problem, and
the studies of interest; MSP is at the very least required in
the domains on either side of the contact boundary between
rotating and static domains, but can also be included in
other domains where the dynamic behavior is less important,
for instance in the magnetization of nonconducting magnets.
Experience has shown that it is good practice to use MSP
for all airgap domains, even if it is split into more than two
radial segments, since there is no practical reason to model
remaining parts of the airgap using vector potential, and a
solution is found much faster. To avoid errors, MSP domains
should preferably be connected within the same region to give
accurate results [53].

For the magnetic scalar potential to be scaled correctly, a
zero MSP point constraint must be placed at an appropriate
point on the domains where MSP is used, as a point of
reference. The constraint should be placed where the scalar
potential can be assumed to be close to zero. Implementing
zero MSP at an inappropriate point will result in large errors,
as seen later in subsection V-C. To properly combine the
formulations, a gauge transformation must be implemented.
This transformation ensures that the scalar potential can be
transformed into a vector field. Helmholtz’s theorem says that
a vector field is uniquely defined up to a constant if both ∇·A⃗
and ∇× A⃗ are given. To transform the scalar potential, both
must be defined for the vector potential domains. ∇ × A⃗ is
defined in comsol by the default Ampere’s Law node in the
MVP domains, whereas the constraint on ∇ · A⃗, has to be
added manually. This constraint can be added with the Gauge
Fixing for A-field node, which is defined as ∇ · A⃗ = 0. This
particular constraint is also called the Coloumb gauge [52].

In some models, it is necessary to use two disconnected
MVP domains, separated, for instance, by the MSP domain
in the airgap. In this case, the same Gauge Fix should be
applied to both MVP domains. The scalar potential is a scalar
and does not contain information about the direction of the
field. Using the same Gauge Fix on both domains enables
information about the change in direction of the field to be
transferred across the airgap, despite crossing into a scalar
domain where this information would otherwise be lost. This
enables the curl of the vector to be maintained, and allows a
current density to be induced on one side of the airgap by a
magnetic field originating from the opposite side.

The relevant nodes used to implement this formulation in
Comsol Multiphysics are as follows:

• Ampere’s law: used by default on all air domains be-
longing to the magnetic vector potential, and added as
an additional node for the stator core to include the BH-
constitutive relation for the magnetization model for this
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specific domain.
• Magnetic Flux Conservation: used to model all air do-

mains belonging to the magnetic scalar potential, this
node does not include currents.

• Coils: A special case of Ampere’s law, which was used
in all the windings of the machine. The conductor model
used was homogenized multiturn with a numeric coil
type. The input and output boundaries are mostly self-
explanatory and rely on the direction of the current,
with the exception of the coil boundaries on the end
windings that intersect the periodic boundaries as seen in
Figure 15, where Connected Boundaries constraints are
used to connect between the two periodic boundaries.

• Conductive Magnet: also a special case of Ampere’s
law, used to model the magnetization of the magnets
with remanent flux. CM includes currents, which enables
calculating resistive losses.

• Nonconductive Magnet: A special case of Magnetic Flux
Conservation which was used to model the magnetization
of the magnets through remanent flux density. Currents
are not included and resistive losses cannot be found.
Hysteresis losses are still possible with the correct mag-
netization model and material parameters. Both magnet
nodes include the possibility of choosing a magnetization
pattern. In the case of the Halbach array included here, it
was implemented by choosing a north and south boundary
for a single magnet and selecting a user-defined circular
pattern. The circular pattern that describes the Halbach
array in this case was −2π/8; one full revolution over 8
magnets.

• Gauge Fixing for A-field: a constraint on all MVP do-
mains, required to couple magnetic vector and scalar
potentials.

C. modeling for magnet losses

The magnet losses referred to here are the resistive heating
losses caused by eddy currents in the magnets. The major
difference for magnet loss analysis is that the magnets must
be modeled as conductive magnets with the A-formulation.
The A-formulation uses the time integral of the product of the
electrical field and current density to calculate the resistive
loss density according to eq. 32 [52]:

Q =
1

T

∫ TEnd

Tend−T

J⃗ · E⃗ dt (32)

The current density J, is found by the curl of the magnetic
field strength :

J⃗ = ∇× H⃗ (33)

In order to calculate the curl, all three directional compo-
nents are needed, so the magnetic vector potential must be

used in place of the scalar potential. Since the scalar potential
was used in the airgap, and vector potential on either side, a
single gauge fix was applied to the A-field for all domains
with MVP. This enabled the current density required to find
the resistive losses to be calculated.

The final method used to study the the magnet losses
was the same as shown in Figure 19b. The same length of
air domain and additional coil length was used, with the
same placement of zero MSP constraint. The only difference
between Figure 19b being the length of the stator segment, and
the number and length of magnet segments included. The three
models studied included 24mm rotor and stator segments,
with an additional 6mm air domain and additional coil length.
The length and number of segments for the different models
used can be seen in Table VII.

TABLE VII: Segmentation of magnet loss models

Length Segments Magnets

6 mm 4 32
4 mm 6 48
2 mm 12 96

D. Modeling for End Winding effects

To study the effects of the end windings, the geometry seen
in Figure 19b was expanded to include the end windings with
a surrounding air domain. The formulation was similar to the
one used for magnet loss, with the exception of the magnets.
Magnet loss was not studied with the end windings, and
nonconductive magnets with MSP were used instead. MVP
and MSP were used in the additional air domains of the stator
and rotor, respectively. The specific formulation used can be
seen in Table VI.

Two different approaches were used for the end windings;
The first using the same 6mm segment as for performance
studies to allow for comparison between the two winding de-
signs and the ”endless model”, and to focus the computational
efforts to the ends of the machine where the effects of end
windings are most prevalent; The second was a full-length
model of the machine, including both ends of the windings.
Due to the difficulty in scaling values appropriately when
studying only the end of the machine, the 6mm segments
were not used to estimate the overall performance. The was
mainly focused on how the end of the machine was affected
by the end windings and how end windings of different phases
are affected by each other. The full-length model was used to
study the distribution of the flux density in the axial length,
and later used to estimate the performance of the machine.
The strain experienced by the conductors was not modeled
in this thesis, but a comprehensive analysis including strain
computation in 3D with Comsol can be found in [56].
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(a) All domains modeled. (b) End winding design.

Fig. 16: Full length machine model.

E. Model for performance

The full-length model including both end windings was used
to investigate the torque and back-EMF in the machine. The
model used the same formulation as previously mentioned
for the end winding effects, and included the same external
air domains in both ends of the machine (Figure 16b). Due
to computational demands by the asymmetrical design, only
the symmetrical winding was implemented in a full machine
model.

The two ends of the windings were modeled in opposing
directions in an attempt to achieve reduced cogging and overall
harmonic interference. The two series connected coils in each
slot were modeled as two separate closed loops to simplify
the process.

To calculate the torque and power of the machine, the built-
in interface for Arkkio’s method in the Rotating Machinery
Magnetic module in Comsol was used. With Arkkio’s method,
the torque of the rotor is found by calculating the surface
integral of Maxwell’s stress tensor over both the circumference
and the length of the air gap, as shown in Equation 34 [57].

τe =
1

µ0(ro − ri)

∫
Sag

rBrBϕdS (34)

where Br and Bϕ are the r- and ϕ-components of the flux
density, and r is the radius of the integration path. For the
machine models used to analyse the performance, the airgap
was split into two domains, one on the rotating side of the
model and one on the static side, with the surface between
the two forming an identity pair for the Moving Mesh module.
The radii of the two surfaces adjacent to the identity pair was
used as the outer and inner radius for the radial integration
path in Arkkio’s method.

Fig. 17: (Torque over the first 2 electrical periods for full
length model, for 1, 10 and 20 axial segments.

F. Investigation of errors

Errors were revealed while working on this thesis. Some of
them have been fixed and others have not. The ones that are
not fixed will be discussed further in section VII.

1) Stator segmentation in 3D models: When modeling the
stator in a single domain, the torque was found to be much
lower than expected. A test was therefore conducted with
different segmentations, where the stator consisted of 10 and
20 axial segments. Due to the computational efforts involved
for the full-length model, only the first two periods were
compared for the test of stator segmentation.

From Figure 17 it can be seen that axial segmentation
greatly influences the results. The average torque over the
second period for the model with one segment was 3004Nm,
while the models with 10 and 20 segments obtained an average
torque of 3714Nm and 3699Nm, respectively. For a number
of 10 axial segments or above, the results are only marginally
different. This indicates that there is minimum number of axial
segments that should be used in the models when studying
performance. This number is likely different for machines
using different geometries, and should be obtained for each
machine individually.

2) Inappropriate Zero MSP point: The mixed formulation
using both MSP and MVP is not a perfect method for all
models. The magnetic scalar potential requires a point of
reference where its value is close to zero. When models do
not include a domain where the potential can realistically be
assumed to be zero during a full electrical period, such as
in the air domain outside the stator or inside the rotor, this
introduces a source of error.

In the early models used for the magnet loss analysis in
this thesis, no outside domains were included, and MSP was
thus only applied to the magnetic domain in the air gap of
the machine, which in turn means that the zero MSP point
must be applied somewhere within the air gap. For these
models there was no point where zero MSP was an appropriate
approximation, and an arbitrary point at the edge of a stator
tooth was chosen. The potential at the stator teeth of a machine
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Fig. 18: Flux Density Norm and loss density around zero MSP
point in airgap.

is far from zero during the greater part of the electrical period.
The error could be seen as a significantly higher flux density
than expected on the MVP domains around the point, which
in turn led to a higher current density and magnet loss in the
same area (Figure 18). The error was confined to a small area
but may impact the overall results.

The impact of the error was investigated by comparing two
models, one where no additional air domains are included
(Figure 19a), and one where external air domains are added
to one end of the machine segment (Figure 19b). In the model
with external air, the coil domains were also extruded with
the same length as the external air. This may impact the loss
slightly, but as no steel surrounds this part of the coil, it is
assumed that the flux density in the air gap remains more or
less the same, and that an error caused by the additional coil
length is much smaller than the error caused by a fault in the
constraints. The placement of the zero MSP point constraint
for the two models can be seen in Figure 19.

A simulation was run over two electrical periods. To elim-
inate the start-up effects of the solver, which often gives
large errors during the first few time-steps, only the second
period was used to evaluate losses. From the simulation, it
was found that the two models had very different results for
magnet losses. The average loss over the period was found
to be 16.5W for the model without external air domains,
approximately 3.5 times the loss of the model with external
air, 4.7W. The former also has a greater amplitude for the
peak losses (Figure 20). The reason for this is likely the
unrealistically high flux density caused by the inappropriate
point constraint. If at all affected, the increase in losses from
the additional stator length were negligible for the model with
external air, compared to the error seen in the one without
external air.

The error was found to be beyond what is acceptable and a
solution in which zero MSP is placed in the airgap should not
be used. To avoid this error in general, external domains, like
the one in seenFigure 19b, can be added to all models where
no point can be accurately estimated to have zero magnetic

(a) Model without ext. air. MSP only in airgap, MVP on
remaining domains, and conducting magnets. Method gave large
magnet loss error, and should not be used.

(b) Model with ext. air. MSP in airgap, ext. airgap and ext. rotor
air.

Fig. 19: Models used to investigate placement of zero magnetic
scalar potential constraint, and impact of external air domains.

Fig. 20: Average heat loss in eight magnet segments of 6mm
(two poles) during one electrical period.

scalar potential.

VI. 3D ANALYSIS OF SCM

This section contains an analysis of some interesting factors
for the machine. The analysis starts with a quick look at torque,
back EMF and flux distribution in the full-length model, before
the end windings are studied with respect to the impact on
the HTS tapes. Finally, a study of the magnet losses with

21



Fig. 21: Back EMF for 3rd electrical period.

respect to axial segmentation length is conducted to conclude
the analysis.

A. Full-length machine

It should be noted that no magnet segmentation or stator
laminations were included in the full-length machine, which
was later found to have a large impact on the mechanical
power of the machine, causing a much lower power output. A
transient behavior was observed for the first periods, leading
to a focusing on the 6th to 8th electrical periods for the
performance parameters, with the exception of Back EMF
which was studied for the 3rd period, due to computation time.
These topics are discussed further in section VII.

From Figure 21 it seems that the winding design provided
a low level of harmonics. A slight perturbation can be seen
approximately 0.4ms before voltage peaks. There was also
a small difference between the three in amplitude, which is
likely a side effect of the aforementioned transient behavior
since the swings are not fully dampened for during the 3rd
period. The RMS values of phase A, B and C, were 217.9V,
214.2V and 216.6 , respectively, and the average RMS value
between the three was E1,ph = 216.2V.

The average torque was found to be 2985Nm after the
model could be said to have reached steady state in the time
period between from the 6th to 8th electrical period, giving a
mechanical power of 1.563 kW for the machine. This is much
lower than what was found in [14]. It was later discovered that
a higher power could be obtained by segmenting the stator,
but the torque was still far lower than in [14] for the same
magnetization and applied current.

A ripple of approximately 4.6% can be seen in the me-
chanical power (Figure 22), the number of peaks in the ripple
corresponds to the number of slots traversed by the poles
during the time period, and it is concluded that this is caused
by the slotting and not the end winding design.

Fig. 22: Mechanical power in 7th and 8th electrical periods.

B. End Windings

Magnetic fields are known to negatively influence HTS
tapes, reducing critical current density and increasing AC
losses [18], [36], [58]. Because of the geometry of the tape,
the field perpendicular to the face of the tapes will affect
the critical limits more than any other direction. In [18], it
was reported that the critical current can be reduced by 30-
45%, depending on the field strength, for a perpendicular
field compared to a field of the same intensity in the parallel
direction. To study the potential impact of the end-winding
designs on HTS tapes, the maximum flux density over time
in the direction perpendicular to the tape face surface was
investigated for all coil surfaces.

From Figure 24 it can be seen that the skewed coil is the
end-winding design which is the least exposed to perpendic-
ular fields. The perpendicular field is concentrated to certain
areas of the coil, but the maximum value is lower than the
rounded for close to the entire volume. The rounded saddle coil
has a more evenly distributed B⃗⊥-penetration, mostly centered
in the width of the coil. The maximum perpendicular flux pen-
etration in the normal directions for the rounded and skewed
coils was 301mT and 259mT, respectively. Experimental
tests have shown that a difference of 42mT in the maximum
perpendicular field seen between the rounded and skewed coil,
can reduce the critical current in tapes of the same type as used
in the SCM here by over 10% [36]. Perpendicular fields are
also the direction which gives the greatest Lorentz forces for a
current carrying conductor. Lorentz forces are known to cause
large damage on windings and the stator if not properly taken
into account. Because of the large Lorentz forces involved in
high current applications, and especially during short-circuit
faults, flux shielding along with strong holding and damping
mechanisms are often needed to deal with the mechanical
stress caused by the extreme electromagnetic forces seen by
the end windings in high speed applications, such as large
turbogenerators [59], [60]. This could also be a challenge for
the SCM in this thesis, since it is designed for the high speeds
required for propulsion in aviation.

To obtain an estimate of the forces to which the end
windings are exposed under normal operation, a calculation
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(a) Rounded saddle coil seen from inside of stator. B⃗⊥ highest on
inner surface closest to stator.

(b) Skewed saddle coil seen from inside of stator. Low overall B⃗⊥,
but more concentrated in center of coil and near slots.

(c) Rounded saddle coil seen from outside of stator. B⃗⊥ highest on
outer surface in center of coils.

(d) Skewed saddle coil seen from outside of stator. High concentra-
tion of B⃗⊥ around sharpest bend.

Fig. 23: Max flux density normal to tape faces, B⃗ ·n⃗ or B⃗⊥, on end windings. Calculated with timemax(Tel, 2∗Tel, rmm.Bx∗
nx+ rmm.By ∗ ny + rmm.Bz ∗ nz) on the top and bottom, and timemax(Tel, 2 ∗ Tel, rmm.Bx ∗ t2x+ rmm.By ∗ t2y +
rmm.Bz ∗ t2z) on sides in Comsol.

of the Lorentz forces was undertaken. Comsol has built-in
multiphysics modules for the calculation of Lorentz forces,
but these require advanced coupling of mechanical and elec-
tromagnetic formulations that are not directly compatible with
the Rotating Machinery Module, and which are not considered
within the scope of this thesis. These modules must also be
included and defined before simulations are run, which was
not done here. Instead, a simple and fast method, specific for
HTS tapes, was developed for the analysis of the end-winding
designs previously presented. The magnetic force density can
be found as the cross-product of the current density and the
magnetic flux density:

F⃗L = J⃗ × B⃗ (35)

The forces were investigated in Comsol by first looking
at a time-step when the flux density normal to the surface
was found to be the highest. Since the rounded coil was
found to experience the greatest perpendicular field saddle
coil, the forces were investigated for this end winding design,
at the time-step t = 52.7ms. The Curvilinear Coordinate
method described in section III was then used to define the
directions in terms of the geometry. Using the same thin strip
approximation as for the T-A formulation, the current density
was assumed to be only in the direction tangential to the flat

surface of the conductors, and the field was only considered
in the normal direction. With these assumptions, the force was
calculated as:

⃗FL,n = (J⃗ · e⃗)× (B⃗ · N⃗) (36)

where e⃗ is the unit vector in the tangential direction, and N⃗
is the unit vector in the normal direction (domain normal, as
required by Comsol). From Figure 24a it can be seen that the
forces in the time-step are concentrated on the inner edge of
the coil, and that the coils of phase C and B (left and center end
winding, respectively) are pushed towards each other, while
the two coils of phase C are forced in opposite directions. If
not constrained properly by a holding mechanism, phase C and
B will come in contact with each other due to the forces. These
forces will also cause additional strains in the superconductors
further reducing the critical values of field and current [17].

1) Flux distribution: From the full-length model with no
axial segmentation, it can be seen that the ends of the machine
have a large effect on the flux density in the stator in the
radial and axial direction. The overall volumetric flux density
is greater towards the ends of the machine than in the center,
which can lead to greater losses in these areas Figure 25.
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(a) Large concentration of ⃗FL,n pushing end winding towards stator,
and the coils of the end winding towards each other.

(b) ⃗FL,n pushing coils of phase C away from each other (left), and
coils of phases B and C towards each other.

Fig. 24: Norm of volumetric force density, | ⃗FL,n|, in rounded saddle coil at t = 52.7ms. Force field, ⃗FL,n, indicated by
arrows. Units in N/m3.

Fig. 25: Volume average of flux density in stator over one
electrical period, and instantaneous current density in the coils.

C. Magnet losses and segmentation length

The magnet losses were found using models developed after
the method described in subsection V-C. The models included
an external air domain and additional coil length of 12mm on
one side of the machine segment. It is thought that this method
also gives the opportunity to study some of the end effects on
the magnets, since the coils are mostly straight immediately
outside the slots. To investigate the effects of segmentation
length, three models, all with a quarter machine section of
24mm, were studied with respect to resistive heating loss.
The three models were made with segments of 6mm, 4mm
and 2mm, giving a total of 4, 6, and 12 axial segments,
respectively (Figure 26).

1) Loss distribution: To find the loss distribution in the
magnets, the average volumetric loss density over time was
evaluated and plotted using built in functions in Comsol
Multiphysics (Figure 26). For all segment lengths, the losses
can be seen to be mostly concentrated in the end of the
magnets facing the air gap, with close to zero losses on the
bottom half, with the exception of the north pole in the 6mm
model. Losses are also higher on the edges of the magnet than
in the center in all cases.

The instantaneous losses for all segments are visualized
in Figure 28. The magnitude of the losses in each segment
oscillates during the period, with a maximum peak near the
end. The oscillations come in pairs with one larger and one
smaller peak. There are 6 of these pairs, coinciding with the
number of stator teeth traversed by the magnetic field during
the period. The peaks of each pair also coincide with the
entering and exiting of the stator teeth. The first peak occurs in
the north pole immediately after its edge passes the previous
tooth (Figure 27), and the second peak in the northwestern and
southwestern magnet in the moment they enter and leave their
respective teeth, which happens at the point when the north
pole is parallel to the tooth. In both cases the loss is highest
in the edges closest to the tooth.

24



Fig. 26: Volumetric loss density averaged over time for quarter machine sections. 6 ,4 and 2mm segment lengths from top to
bottom, respectively. Loss density highest slightly ahead of north and south poles. Magnetization direction indicated by arrows
(north, northwest, etc. from right to left). Rotation in counter clockwise direction, and air domain on side facing away.

Common for all models is that the peak of the oscillations
are high but the midpoint is lower for the first segment, giving
a lower overall loss than the second segment, despite the
appearance. In the 6mm model, the first segment has the
lowest loss of all segments, and the losses in the remaining
segments increase further from the top. For the models with
4mm and 2mm, the loss is greatest for the second segment,
while reaching a stable value after the fourth segment. In the
2mm model, however, a decrease can be seen in the peaks for
the final segment as well. It is thought that the magnet losses
in the machine decreases toward the axial center, as the flux
density is lower in this area than in the ends. It may be that a
higher number of segments included 2mm helps disperse the
eddy currents fast enough to push this effect further towards
the ends of the machine, giving reduced losses closer to the
ends, and that this may be what is seen in Figure 28c. A further
decrease in loss is expected for the next segments outside the
24mm length modeled here, although how rapid a decrease is

unknown. From Figure 25 it can be seen that the average flux
density is lower in the axial center, which should indicate a
lower loss for the magnets in this area. Figure 25 also shows a
lower flux density at the very top of the machine, and a higher
flux density immediately below the top, which coincides well
with the magnet losses found in the top segments. Based on
this reasoning, a clear reduction in losses should be seen for
segments between the 100mm from both ends, which may be
observed if a longer axial length is included in the models.

With respect to the magnetization direction, the same be-
haviour was observed in all three models. The losses were
found to be mostly concentrated around the poles, with the
highest average loss on the north pole, and slightly lower in
the northwest and northeast segments, closest on either side.
The loss in around the south pole was found to be much lower
than the north, and skewed towards the west, giving the highest
loss in the southwestern segment for this area. This could be
the result of an error with the phase shift of the current, where
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Fig. 27: Peak in instantaneous loss density immediately after
north pole has left stator tooth (rotation in counter clockwise
direction). Circulating eddy currents in the north pole magnet
indicated by white arrows.

it has not been 100% lined up in the q-axis direction. A slight
skewing is also seen around the north pole in the opposite
direction. This may also be caused by a dependence on the
rotational direction, and an interaction between the direction
of the flux and velocity vectors in the airgap, leading losses
to be slightly higher as some magnets enter the vicinity of the
stator teeth than when they leave, and vice versa.

The total loss in each segment was found by numerically
integrating the average loss in all time steps over the electrical
period, using the trapezoidal method, and dividing by the
total length of the time period. The resulting losses can be
seen in Table VI-C1. The loss observed over the north pole
segment was 65%, 49%, and 52% higher than the average
loss in all segments of the 2mm, 4mm, and 6mm models,
respectively. A shorter segment length is found to reduce the
losses significantly. For the 24mm length of the machine
studied, the 4mm and 6mm had a loss that was 92 and 180%
greater than the 2mm long segment. The difference between
the lengths also seems to increase further further from the end
of the machine. For the first 12mm of the machine, the losses
in the 4mm and 6mm were 80 and 153% greater, while in the
second the difference increased to 104 and 209%, respectively.

2) Estimation of total magnet loss in machine: The differ-
ence between the segmentation length is far from negligible,
and shorter segments seem preferable to longer with respect
to resistive losses. The final decision is, however, made based
on a wider range of factors, such as cost and practicability.

(a) 6mm segment length.

(b) 4mm segment length.

(c) 2mm segment length.

Fig. 28: Resistive heat loss per segment during one electrical
period. Numbering starts from side of external air domain.
Only one pole pair, or 8 magnet segments are included.

Despite being the most efficient, the sheer number of magnets
required when using 2mm long segments, may prove too
expensive depending on the type of magnet required. To give
some indication of some benefits from which to weigh the cost,
the total losses in the machine was found for each segment
length.

For the first 24mm of each end of the machine, the values
in Table VIII were used directly. The number of segments
included in from the study was too small to make a realistic
prediction of the reduction of loss toward the axial center of
the machine. Because of this, loss in the remaining segments
of the machine was assumed to be equal to the final segment
studied, i.e., the 12th segment for the 2mm model, etc. The
estimated losses found with this method are listed in Table IX,
along with the number of magnets required in each case.

The total estimated magnet losses are very low, in the range
of 0.02 - 0.07 % of the rated power found in 2D analysis by
Mellerud Et Al in [14]. The loss and number of axial segments
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TABLE VIII: Resistive loss in magnet segments and poles

Halbach Segment length
section 2 mm 4 mm 6 mm

N 8.327W 14.458W 21.521W
NE 6.062W 12.209W 17.607W
E 3.222W 6.691W 9.711W

SE 2.797W 5.557W 7.981W
S 5.110W 10.227W 14.881W

SW 5.378W 10.843W 15.778W
W 3.488W 7.374W 10.786W

NW 5.848W 9.976W 14.634W

Segment Segment length
2 mm 4 mm 6 mm

1st 1.067W 3.606W 7.734W
2nd 1.150W 4.049W 9.169W
3rd 1.140W 4.384W 10.138W
4th 1.110W 4.567W 10.648W
5th 1.106W 4.625W
6th 1.121W 4.548W
7th 1.122W
8th 1.143W All segments
9th 1.154W
10th 1.167W 6 mm 37.646W
11th 1.144W 4 mm 25.778W
12th 0.997W 2 mm 13.411W

TABLE IX: Total magnet losses in machine

Segment length 6 mm 4 mm 2 mm
Total magnet loss 1664.5W 1079.4W 490.2W
Number of magnets 1280 1920 3840

in the machine are close to exponentially inversely related.
Following the trend, a further 50% reduction in magnet loss
in the machine would require close to double the amount of
magnets.

VII. DISCUSSION

A. Neumann Condition for T-A formulation

The Neumann Condition was, as mentioned in section III,
suspected to be the main issues in the implementation of the T-
A formulation. Several variations of the Neumann conditions
were tested with different source terms, g, some of which are
listed here:

• T ·Nx + T ·Ny + T ·Nz

• (T ·Nx)nx + (T ·Ny)ny + (T ·Nz)nz

• Ex ·Nx + Ey ·Ny + Ez ·Nz

• Ex · nx + Ey · ny + Ez · nz

• (Ey ·Nz−Ez ·Ny)+(Ez ·Nx−Ex·Nz)+(Ex·Ny−Ey ·Nx)
• (Ey ·Nz −Ez ·Ny)nx + (Ez ·Nx −Ex ·Nz)ny + (Ex ·

Ny − Ey ·Nx)nz

• 0 (Equal to zero flux)

where n⃗ was the surface normal in Comsol and N⃗ is the
domain normal defined by CC. It is believed that TNx should
be able to represent the x component of T⃗ in eq(24), when

Fig. 29: (Torque over the first 8 electrical periods for full
length model (no stator segments). Transient torque considered
dampened after approximately 6 periods.

only the components in the normal direction are considered
Tx = T ·Nx. It should also be mentioned that to use the electric
field at a boundary, the field must be redefined by using the
tangential derivative operator,”dtang”, in comsol instead of the
usual ”d”-operator, i.e. E⃗ = ρ(∇×(T ·N⃗)) had be recalculated
for surfaces.

All of the inputs seemed to give the same outcome: A
solution could not be found when horizontal mesh elements
were included in the model, and internal mesh nodes were
void of equations; When only vertical mesh elements were
included, a solution was found for the external boundaries,
but the same solution was found regardless of the input to
g in the Flux/Source node. The error indicated that the T-
and A-formulations were not correctly coupled since T⃗ was
undefined within the superconducting domain. Due to limited
time, no further attempts were made at solving this issue.

B. Transient behavior in 3D models

A transient behavior was observed for the 3D models using
nonconducting magnets with the magnetic scalar potential.
This transient was in the form of a dampened sine wave
oscillating around the steady state value. The oscillations were
prevalent for the first few electrical periods, before dampened
to a point where the system reached steady state operation.
This was unexpected as it is not observed in 2D models using
the same parameters, [14]. However, when conducting magnets
were included through the magnetic vector potential this was
not the case, and steady state was achieved from the first
period.

The reason for this is not known, but it may be that
there is a low amount of inherent dampening in the system
when nonconducting magnets are used, and that including the
conducting magnets increases the dampening significantly by
removing energy in the form of losses. The swings seemed to
disappear for short segments when air domains were included,
but remained in the full-length model.
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VIII. CONCLUSION

In this thesis, methods and formulations for the devel-
opment of 3D models for the study of rotating machinery
were presented. Models were developed for a superconducting
machine for aviation, which was used as a case study for the
implementation of the methods and formulations presented. To
investigate the potential for implementation of superconductor
formulations to model the electromagnetic behavior of the
HTS tapes in windings, the 3D homogenized T-A formulation
was tested in a replication study of [18] was attempted. A
useful method of defining a custom coordinate system with
curvilinear coordinates was described and implemented for
the purpose of the T-A formulation, this method allowed
normal and tangential components to be defined within a
domain, which is not possible in Comsol by default. This
also simplified post-processing significantly when looking at
fields perpendicular to the tapes. A limited time-frame and
an issue with a Neumann Boundary Condition led to the
prioritization of other aspects, and the replication was finally
abandoned as an unsuccessful attempt. The formulation and
and its implementation was described in detail in order to
enable future correction of errors.

Two end windings were designed and developed for the
machine to address some of the aspects missing from 2D
models. One was a rounded saddle coil, and the other was a
skewed and twisted saddle coil. The skewed coil was compact
and rotationally symmetrical in a distributed winding layout,
while the rounded coil was found to be more fitting for a
concentrated layout. The formulae and method used to develop
the end windings were presented, along with a general formula
for a saddle coil, which provides a good way of modeling the
turns of a coil in great detail. The implementation of the mixed
φm-A formulation in the rmm module in Comsol was studied
with respect to different machine aspects considered. Here, it
was found that the scalar potential φm should be used in all
airgap domains, and that external air domains were needed
on the outer boundaries representing the axial ends of the
machine to achieve a reliable results. The correct placement
of the Zero MSP point and Gauge Fix were also found to be
paramount for models using the mixed formulation. Machines
modeled with non-conducting magnets were found to have
a transient component that was not seen with conducting
magnets. The models and formulations described were then
used for analysis.

An analysis of the impact of the end winding designs
undertaken. A full-length machine model with the skewed
end winding design was used to calculate the torque, back
EMF, and flux distribution in the stator. The skewed end
winding provided a smooth and close to sinusoidal back EMF,
with a relatively low harmonic component. The low visible
component was suspected to stem from a combination of
the more prevalent cogging due to slotting in the stator and
transient behavior, and not from the end windings. A slight

shift in the amplitude of the different phases was seen, which
was concluded to be due to the transient component from the
non-conducting magnets used in the model. The flux density in
the machine showed a higher concentration towards the axial
ends, which indicates a flux leakage from the end windings.
6mm axial machine segments were used to study the impact
of the different winding designs on the HTS tapes in the
coils. The maximum field perpendicular to the tape surface
was found to be highest for the rounded coil which also
had its maximum field evenly distributed along its length,
suggesting that the end windings experience high Lorentz
forces during the whole electrical period. In the skewed saddle
coil, the perpendicular field was concentrated in two areas
for all time steps, suggesting that it experiences lower forces
for a greater part of the electrical period. To investigate the
Lorentz forces in greater detail, a simple and fast method of
calculating the Lorentz forces for HTS tapes was developed
using the Curvilinear Coordinate system implemented for the
T-A formulation, and the thin-strip assumption from the same
formulation. Both end windings were studied for a time-step
when perpendicular B-field was high. Calculations showed that
the norm of the field visible on the surfaces was in fact higher
for the on the skewed end winding was in fact higher than
for the rounded saddle coil, but the vector field, however, was
greater for the saddle coil. The vectors indicated that the coils
are pushed in unfavourable directions in the end windings, and
that there is a need for rigid holding structures for these.

Finally, the magnet losses were studied with respect to axial
segmentation in the Halbach array of the rotor. Three different
segmentation lengths of 2,4 and 6mm were compared for
an axial machine segment of 24mm. The results showed a
close to inversely exponential relationship between the height
of the segments and the losses. The total losses in the whole
machine segment was lowest for the 2mm magnet segments
at 490.2W, while the losses for the 4 and 6mm were 92%
and 180% higher, respectively. In the azimuthal direction,
the losses were found to be heavily skewed towards a few
magnets, with the north pole having the highest losses, at 49-
65% above the average for all magnets, depending on the axial
segment length.

IX. FURTHER WORK

• The magnetic scalar potential caused a transient behavior
when used in the rotor magnets, and the impact of
non-conducting vs. conducting magnets on performance
should be studied in greater detail.

• The steps of the T-A formulation should be reviewed,
corrected, and implemented for the end winding models
developed to include HTS losses.

• A study should be conducted to investigate whether the
end winding designs are realistic in practice. Improve-
ments are possible for the winding designs, and opti-
mization of the design with respect factors like flux leak-
age, harmonics and Lorentz forces should be conducted.
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Lorentz force calculations should also be expanded to
include the skewed end windings, as well as a more in-
depth study of the saddle coil. The forces may create
the need for alterations to the end winding design, which
should be discovered early in the process. Other possible
variations of the designs were also tested, such as the
mirrored skewed coil seen of Figure 14b in section IV,
were also made for the machine and should be tested.

• The minimim number of axial stator segments needed for
a consistent torque should be obtained for the model, to
minimize the computational efforts.

• The magnet segments indicated that the losses are thought
to be decreased further from the top. A decrease could be
seen, but a stable value was not reached, which led to the
conclusion that this decrease would continue if a machine
segment longer than 24mm was studied. A study should
therefore be conducted to investigate how many magnets
and how long a machine segment is necessary to capture
the full behavior in the machine.
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