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Kurzfassung

Die aktuelle Kapazitit von Hochtemperatursupraleitern (HTS) hat verschiedene
Anwendungen in elektrischen Energiesystemen gefordert. Im Bereich der erneuer-
baren Energien haben der weltweit steigende Energieverbrauch und die En-
ergiewende die Forschung zu supraleitenden Generatoren fiir Windturbinen
stark vorangetrieben, wo HTS die Leistungsdichte in Richtung besserer Multi-
Megawatt-Losungen erhohen konnten. Trotz ihres Gleichstromwiderstands von
Null kénnen bei HTS unter zeitlich wechselndem Transportstrom oder Magnetfeld
Verluste eintreten. Diese Verluste konnen bei den meisten HTS-Anwendungen
entscheidend sein, da sie den Bedarf an Kiihlleistung und den Gesamtwirkungs-
grad der Maschine beeinflussen. Daher sind die Modellierung und Charakter-
isierung von Spulen fiir die weitere Entwicklung von supraleitenden Systemen
von zentraler Bedeutung. Aus diesem Grund konzentriert sich diese Arbeit auf
die Untersuchung von HTS-Spulen, um die technologischen Herausforderungen
zukiinftiger elektrischer HT'S-Maschinen zu bewiltigen.

Da die Modellierung und Analyse von supraleitenden Spulen ein entscheiden-
der Teil der Entwurfsphase der meisten HTS-Komponenten ist, wird ein neuer
3D-Modellierungsansatz entwickelt, der auf der Homogenisierung der T-A-
Formulierung basiert. Die Modellierungsmethodik ermdglicht eine einfachere
Implementierung in kommerzieller Software (COMSOL Multiphysics) im Ver-
gleich zu der derzeit verfiigbaren 3D-H-Homogenisierung. Zunichst wird der
Modellierungsansatz mit 2D-Simulationen und AC-Verlustmessungen in ringfor-
migen Spulen validiert. Dann wird er zur Abschitzung der Verluste und zur
Analyse des elektromagnetischen Verhaltens einer Racetrack-, einer Saddle- und
einer Twisted-Spule verwendet.
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Kurzfassung

Es werden mehrere Entwiirfe supraleitender Generatoren fiir Windturbinenanwen-
dungen modelliert und untersucht. Besonderes Interesse gilt der Verringerung der
Wechselstromverluste in der HTS-Statorwicklung, wobei drei Hauptstrategien
untersucht werden: nicht planare Spulen, Reduktion der Bandbreite und Tem-
peraturreduktion. Es wird eine neue Statorwicklungsanordnung vorgeschlagen,
mit der eine 80 prozentige Reduzierung der HT'S-Spulenverluste und eine bessere
Verteilung der Warmeverluste in den Spulen im Vergleich zur Standard-Racetrack-
Spulenanordnung erreicht wird.

Zuletzt werden zwei Racetrack-Spulen fiir elektrische Maschinenanwendungen
hergestellt und charakterisiert. Jede Spule besteht aus 2 mm dickem Band
verschiedener Hersteller, S-Innovations und Fujikura. Als erstes wird die Ab-
hingigkeit des kritischen Stroms der Bédnder von der Amplitude und Richtung
des Magnetfelds gemessen. Danach werden 2D- und 3D-Modelle entwickelt,
um die Induktivitdt, den kritischen Strom und die AC-Transportverluste in den
Spulen abzuschitzen. Diese Charakterisierung wird durch experimentelle Ar-
beiten erginzt, die einen direkten Vergleich von Messungen und Simulation-
sergebnissen ermoglichen. Der Entwurf, die Konstruktion, die Kalibrierung und
der Test eines Aufbaus zur Messung der AC-Transportverluste in supraleiten-
den Hochtemperaturspulen auf der Grundlage eines kalorimetrischen Ansatzes
(Boil-off-Methode) werden vorgestellt. Das verdampfte Kryogen (Stickstoff), das
mit der Energiedissipation zusammenhéngt, wird mit Hilfe eines 3D-gedruckten
Blasensammlers aufgefangen, der das Gas in einen Flusssensor leitet. Ein Box-
inside-a-Box-Ansatz wird verwendet, um die Messkammer mit einer kryogenen
Umgebung zu umgeben. Dieser Ansatz ermoglicht die Umleitung der Wéarmeiiber-
tragung aus der Umgebung in eine Zwischenzone (Raum zwischen duflerer und
innerer Box). Da diese Zwischenzone unter kryogenen Temperaturen arbeitet,
werden das Rauschen und die Warmeitibertragung im inneren Teil des Aufbaus
reduziert. Eine statistische Analyse der Ergebnisse auf der Grundlage eines Stan-
dardlastzyklus, des Mittelwerts und der Berechnung der Standardabweichung
ermoglicht es, die Variabilitdt der Messungen zu bewerten und die Ergebnisse als
Mittelwert und Unsicherheitsbereich auszudriicken. Die Kalibrierung und Re-
produzierbarkeit der Messungen werden mit einer Reihe von Widerstdnden unter
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verschiedenen Bedingungen und wihrend verschiedener Wochen iiberpriift, und
die Wechselstrom-Transportverluste werden gemessen und mit den Ergebnissen
der 3D-Simulation verglichen.






Abstract

The current capacity of high-temperature superconductors (HTS) has encour-
aged several applications in electric power systems. In the renewable energy
sector, the increasing worldwide energy consumption and energy transition have
driven strong research on superconducting generators for wind turbine applica-
tions, where HTS could increase power density towards better multi-megawatt
solutions. Despite their zero direct current (DC) resistance, HTS experience en-
ergy dissipation under time-changing transport current or magnetic field. These
losses can be decisive in most HTS applications since they influence the cooling
power requirements and the overall efficiency of the machine. Therefore, the
modelling and characterization of coils are essential for the further development
of superconducting devices. For this reason, this thesis is focused on the study of
HTS coils to face the technological challenges of future HTS electrical machines.

Since the modelling and analysis of superconducting coils is a crucial part of
the design stage of most HTS devices, a new 3D modelling approach based
on the homogenization of the T-A formulation is developed. The modelling
methodology allows an easier implementation in commercial software (COMSOL
Multiphysics) in comparison with the currently available 3D H homogenization.
First, the modelling approach is validated with 2D simulations and AC loss
measurements in circular coils. Then, it is used to estimate losses and to analyse
the electromagnetic behaviour of racetrack, saddle, and twisted coils.

Several designs of superconducting generators for wind turbine applications are
modelled and studied. Particular attention is given to the reduction of AC losses in
the stator HTS winding, where three main strategies are investigated: non-planar
coils, tape width and temperature reduction. A new stator winding arrangement is

vii
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proposed, which achieves an 80 % reduction in HTS coil losses and a better dis-
tribution of the dissipation in the coils in comparison with the standard racetrack
coil configuration.

Two racetrack coils for electrical machine applications are manufactured and
characterized. Each coil is made with 2 mm tape from different manufacturers,
S-Innovations and Fujikura. The dependence of the critical current of the tapes on
the magnetic field amplitude and direction is measured. Then, 2D and 3D models
are developed to estimate the inductance, critical current, and AC transport losses
in the coils. This characterization is complemented with experimental work,
which allows a comparison between measurements and simulation results.

The design, construction, calibration and test of a setup to measure transport AC
losses in high-temperature superconducting coils based on a calorimetric approach
(boil-off method) are presented. The evaporated cryogen (nitrogen) related to
the dissipation of energy is collected by using a 3D-printed bubble collector that
guides the gas into a flow sensor. A box-inside-a-box approach is used to surround
the measurement chamber with a cryogenic environment. This approach allows
re-directing the heat transfer from the surroundings into an intermediate zone
(space between external and internal box). Since this intermediate zone operates
under cryogenic temperatures, the noise and the heat transfer in the internal part
of the setup are reduced. A statistical analysis of the results based on a standard
load cycle, average value, and standard deviation calculations allows assessing the
variability in the measurements and expressing the results as average value and
uncertainty range. The reproducibility of the measurements is verified with a set
of resistors under different conditions and during different weeks. Finally, the AC
transport losses in the coils are measured and compared with the 3D simulation
results.
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1 Introduction

The continuous increment in the global energy demand, and world ambient tem-
perature, has encouraged the development of sustainable energy sources [1] [2].
As a result, constant technological improvement has arisen in the electric gener-
ation sector based on wind energy, as one of the key technologies in the energy
transition [3], [4], [5]. In particular, the trends in generators for wind turbine
applications are toward more powerful, lighter, and compact designs. This can
positively impact the cost of the mast, foundation, transport, and installation of
the turbine, especially in the offshore area [6], [7], [8], [9].

The current capacity of high-temperature superconductors (HTS) can help to in-
crease the power density of the generators in wind turbine applications to achieve
better multi-megawatt solutions [10], [11], [12], [13]. The electrical properties of
HTS have already inspired several applications in multiple fields such as electri-
cal machines [14], fault current limiters [15], magnets for scientific research [16],
energy storage [17], and transmission [18]. Therefore, different research and
development projects have been carried out to develop new superconducting gen-
erators for wind turbine applications [19], [20], [21], [22]. Despite their zero DC
resistance, HTS experience energy dissipation when they are exposed to changes
in the current or magnetic field [23]. As a consequence, most of these applica-
tions involve only HTS in the rotor (field) winding, which is assumed to carry
DC-current. In recent years, the interest in the development of fully supercon-
ducting generators for wind turbine applications has increased [24], [25]. These
new designs aim to use the high current capacity of HTS further to achieve an
extra size and weight reduction [26], [27]. However, the complex electromagnetic
dynamic in the stator HTS winding can produce significant losses. Moreover, HTS
must be cooled at cryogenic temperatures to take advantage of its superconducting
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properties. Under such operating conditions, the cooling efficiency can increase
the cooling power requirements. Therefore, the losses in the superconductor can
be decisive for the design and construction of HTS based devices [28].

This work is focused on the numerical modelling and characterization of high-
temperature superconducting coils for electrical machines, which allows the de-
velopment of HTS stator coils for wind turbine generator applications. The thesis
starts with the description of a new 3D modelling approach developed to study
coils with complex geometries based on the homogenization of the T-A formula-
tion in 3D. This is a necessary tool that encourages the research and development
of coils with complex shapes to face the technological challenges of different HTS
applications. Then, AC losses are estimated in the stator winding of a generator
for a wind turbine applications by considering different configurations. Particular
attention is given to AC loss reduction in the stator winding, where a new coil
arrangement is proposed. A setup for calorimetric measurements of AC trans-
port losses in HTS coils is designed, constructed, calibrated and tested; which
complements the characterization of HTS coils for AC applications. The main
contributions of this thesis are the conceptual development of innovative stator
HTS windings that allows a major AC loss reduction, as well as the development
of simulation and measurement tools that enable the characterization of coils with
complex geometries. The thesis is organized into chapters as follows.

Chapter 2 introduces a brief review of superconductivity, HTS and losses in
HTS. It also provides a small introduction to superconducting electrical machines
for wind turbine applications. This chapter allows identifying the coils and
superconductors under study and set the basis for the following sections.

Chapter 3 describes the two most popular formulations used to model HT'S, which
are used to model the superconducting coils and stator winding of electrical ma-
chines in this work. This chapter presents the development of the homogenization
of the T-A formulation in 3D, as well as its validation against measurements and
2D simulation results. Different case studies are presented in this section based
on four different geometries: circular, racetrack, saddle and twisted coils.



1 Introduction

Chapter 4 presents the modelling of superconducting electrical generators for
wind turbine applications. The modelling approach is introduced first, and the
properties of the materials are described. Then, the electromagnetic behaviour of
two designs (with and without iron teeth) is analyzed, and AC losses are estimated
in the HTS stator coils. These calculations are complemented with an AC loss
reduction study, where three main methodologies are used: non-planar coils, tape
width and temperature reduction.

Chapter 5 introduces the basic design and construction of test coils. Measurements
of the critical current of the tape that is used in the coils are presented in this
section for different magnetic field amplitudes and directions. Two coils are
fabricated with tape provided by two different manufacturers. The inductance of
the coils is estimated with 3D FEM models and compared with measurements
done with an LCR (inductance (L), capacitance (C) and resistance (R)) meter.

Chapter 6 presents measurements of the critical current of the coils. The resistance
of the soldered point between the tape and the connector is measured. The results
are compared with 2D simulations based on the methodology presented in [29].

Chapter 7 shows the design, construction, calibration and test of a calorimetric
setup to measure AC transport losses. The coils fabricated and characterized in
Chapters 5 and 6 are modelled by using the homogenization of the T-A formulation
in 3D. The transport losses are estimated and compared with 2D modelling results.
Then, the setup to measure AC transport losses in these coils is designed and
constructed. The setup is calibrated and the reproducibility of the results is
verified. Finally, AC transport losses are measured in both coils and compared
with the simulation results.

All the main contributions and conclusions of this thesis are summarized in
Chapter 8.






2 High-temperature
superconductors and AC losses

This chapter introduces a brief review of superconductivity, which allows under-
standing basic concepts and identifying the type of superconductors under study.
It also provides a short explanation of the losses in high-temperature supercon-
ductors and a small review of superconducting electrical machines, which set the
basis and scope of the work presented in the following chapters.

2.1 Introduction to superconductivity

Superconductivity can be described as a property observed in specific materials
to conduct direct current (DC) without resistance or losses. It was discovered by a
Dutch physicist (H.K. Onnes) in 1911. He observed that the resistance of mercury
abruptly decreased to a non-measurable value when the sample was cooled at
4.2 K [30] [31]. However, this is not the only macroscopic behaviour that defines
superconductivity. In 1933, W. Meissner and R. Ochsenfeld discovered that a
superconductor completely expels the magnetic field from its interior by generating
a screening current on its surface that opposed the external magnetic field, which
is called nowadays Meissner effect [32]. The absolute field expulsion happens
regardless the magnetic field is applied before or after the material becomes
superconductor, which represents a clear difference between a superconductor
and a perfect conductor.

The temperature at which the resistance decreased to zero in a superconductor
is known as critical temperature. Two additional concepts must be added to
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describe better the operational limits of the superconducting properties. These
are the critical current density and the critical magnetic field. These three variables
are related to each other and define a critical surface, which is characteristic of
the superconducting material [33]. The superconducting state exists only below
this surface.

In 1957 A. A. Abrikosov predicted the behaviour of a new kind of superconduc-
tors [34]. These type II superconductors have a more complex behaviour in the
presence of magnetic field. Below a first critical magnetic field (named B,;), the
material exhibits the Meissner effect and expels completely the magnetic field.
However, above B very small normal zones (cores) start to appear. The flux
inside the cores is produced by a vortex of current that circulates around the core.
The current around one normal core interacts with the current of the neighboring
cores with repulsion, which results in a regular periodical hexagonal array known
as fluxon lattice [35]. If the magnetic field is further increased above B,,, the
superconductor finally goes into the normal state. The space between B.; and
Be, is known as mixed state.

2.1.1 High-temperature superconductors

Another major discovery in superconductivity happened in 1986 when J. G.
Bednorz and K. A. Miiller discovered superconducting materials with critical
temperatures above 30K [36]. Some of these new type II high-temperature
superconductors have critical temperatures above the boiling point of nitrogen,
which allows liquid nitrogen cooling [37].

The superconducting tapes considered in the next chapters of this thesis are made
of rare-earth barium copper oxide (REBCO), which is an HTS superconductor.
The mathematical models presented in these chapters describe the macroscopic
behaviour of the superconducting material. A good agreement can be found
between these models and experimental results, which allows a good prediction
of the macroscopic behaviour of the REBCO tapes in HTS devices.
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2.1.2 Losses in high-temperature superconductors

The magnetic field in type II superconductors in the mixed state exists through
flux vortices, as mentioned in section 2.1. If there is a transport current through
the sample, there will be a Lorentz force that will cause movement of the flux
vortices. The movement of flux induces an electromotive force that generates a
current in the normal cores, which causes dissipation (losses). However, the flux
vortices are pinned in the defects of the material. These pinning forces avoid
the movement of flux and allow transporting current without dissipation in DC
conditions (current and magnetic field constant in time).

If the type II superconductor in the mixed state is exposed to time changing current
or magnetic field, a movement of the flux inside the superconductor happens to
follow this time-changing excitation. This movement of flux induces a voltage
and creates dissipation in the normal cores.

Analytical solutions have been developed to estimate losses in single tapes [38], [39]
and infinite stacks of superconducting tapes [40], [41], [42], under transport cur-
rent or externally applied magnetic field. Appendix A presents a brief summary
of the development of two applications with user interfaces in Matlab to estimate
losses in infinite stacks of tapes based on analytical solutions. These kinds of
resources allow the user to estimate AC losses quickly and to improve the under-
standing of the AC losses in HTS by modifying basic parameters such as critical
current and separation between tapes. However, these expressions do not fully
represent the real behaviour of the superconducting coils located in the stator
of an electrical machine. For this reason, numerical methods are necessary to
study the AC losses in this kind of application. In this work, the finite element
method (FEM) based on Maxwell equations is used to study the behaviour of
HTS electrical machines and estimate the AC losses in superconducting coils.
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2.2 Superconducting electrical generators for
wind turbine applications

The increasing worldwide energy consumption and renewable generation have
driven strong research on superconducting generators for wind turbine applica-
tions, where HTS can increase power density. This improvement can be seen
in figure 2.1, which shows a comparison of direct drive permanent magnet syn-
chronous generators, partially superconducting generators (HTS rotor winding
and copper stator winding), and fully superconducting generators. In these plots,
the mass and volume of multiple designs are presented as a function of the nom-
inal power. The graphs are built with the data presented in [43], [44] and they
represent the current state of the art of generators for wind turbine applications.

Since the HTS experience losses under a time-changing current or magnetic field,
most of the superconducting generator applications involve only HTS coils in
the rotor (field) winding, which carries DC-current in synchronous machines.
However, the interest in the development of fully superconducting generators for
wind turbine applications has increased [24], [25]. These designs aim to use
the current capacity of HTS in the stator to achieve an extra size and weight
reduction [26], [27]. Nevertheless, the complex and dynamic electromagnetic en-
vironment of the stator of an electrical machine can cause significant losses in the
superconducting windings. Moreover, the HTS coils have to operate under cryo-
genic temperatures to keep the superconducting properties. Under this condition,
the cooling efficiency has a great impact on the refrigeration power required to
handle the energy dissipation. Therefore, the losses in the superconductor can be
decisive for the design and construction of superconducting coils in electrical ma-
chines. This work is focused on the numerical modeling and characterization of
high-temperature superconducting coils for wind turbine applications. Particular
attention is given to the AC loss estimation and reduction in the stator coils.
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Figure 2.1: Mass and volume of direct drive permanent magnet synchronous generators, partially
superconducting generators (HTS rotor winding and copper stator winding), and fully
superconducting generators as a function of the nominal power. The graphs are built with
the data presented in [43], [44], where some of the volumes are estimated based on the
outer diameter and active length of the generators.






3 Modelling of high-temperature
superconducting coils

The modeling and analysis of superconducting coils is an essential task in the
design stage of most devices based on high-temperature superconductors (HTS).
These calculations allow verifying basic estimations and assumptions, proposing
improvements, and computing quantities that are not easy to calculate with an
analytical approach. For instance, the estimation of losses in HTS is fundamental
during the design stage since losses can strongly influence the cooling system
requirements and operating temperature. Several analytical solutions have been
developed to estimate losses in HTS tapes [42]. However, these solutions are only
valid under specific operating conditions such as AC transport current or applied
uniform magnetic field. Therefore, they can not be directly used to estimate losses
in most superconducting machines and equipment. For these reasons, numerical
models are typically used to analyze the electromagnetic behavior and estimate
losses in the HTS tapes and coils. Different methods can be used for this purpose,
for example: finite-element [45], integral equation [46], variational [47] or spec-
tral [48] methods. Among the various finite-element models, two formulations
have become very popular. The first one is based on the magnetic field strength
(ﬁ ) and has been already used to study numerous applications [49]. The second
one was introduced in [50] and is based on the current vector potential (f), used
previously in [45] for AC calculations, and magnetic vector potential (A). This
T-A formulation is mostly used to analyze superconducting layers by applying a
thin strip approximation. The approximation allows a reduction of dimensions
that decreases the number of degrees of freedom and computation time.
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3 Modelling of high-temperature superconducting coils

Most of the FEM-based models used to study superconducting devices are 2D.
They usually represent the cross-section of an infinite long or axisymmetric ar-
rangement. In the case of racetrack coils, the end effects are frequently not
considered. Moreover, complex geometries and operating conditions such as
saddle coils and twisted stacks of tapes under an external magnetic field can not
be analyzed with a 2D model. For these reasons, several efforts were made for
the development of tools and methodologies that allow 3D modeling of HTS
coils [51], [52], [53], [54], [55]. As part of these efforts, in 2014 the 3D H
homogenization was introduced with the model of a racetrack coil [56]. How-
ever, this approach requires the implementation of high resistivity layers in the
homogenized domain. Five years later, the 3D homogenized T-A formulation was
proposed by Huang et al. [57], who used it to calculate the AC transport losses
of HTS racetrack coils. In this chapter, the current knowledge is expanded by
using the homogenization of the T-A formulation for the simulation of complex
3D HTS coils. The new modeling approach is based on normal vectors defined
by a local curvilinear coordinate system that considers the continuous shape and
position of the tape and coil. Therefore, this general definition allows an easy
implementation of the model despite the complexity of the geometry.

The derivation of the governing equations of the T-A and H formulations is briefly
described first in this chapter. Particular emphasis is given to the implementation
of the normal vectors in the T-A formulation, and how they can be defined in
a commercial software (COMSOL Multiphysics). Then, the proposed homog-
enization of the T-A formulation in 3D is described and a set of case studies
is presented. The modelling approach is validated first with transport AC loss
measurements in circular coils, and simulation results from 2D T-A axisymmetric
models. Subsequently, the racetrack coil presented in [56] is modelled with the
proposed homogenization of the T-A formulation in 3D, and a comparison with
the homogenization of the H formulation in 3D is introduced. Finally, the model
and analysis of more complex geometries such as saddle and twisted coils are
presented.
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3.1 T-A Formulation

3.1 T-A Formulation

The first applications of the T-A formulation to study superconducting devices
by using FEM were introduced in [50], [58]. These works presented the T-A
formulation as an efficient approach to model HTS tapes with a high aspect ratio.
This formulation of Maxwell’s equations couples the current vector potential T
and magnetic vector potential A, which are defined by the current density J and
magnetic flux density B:

J=VxT 3.1)

B=VxA. (3.2)

The magnetic vector potential is computed in all the domains under study by using
Maxwell-Ampere’s law (y is the permeability of the material):

—.

1 >
Vx(=VxA)=J. (3.3)
I
The magnetic flux density is computed based on the magnetic vector potential
and equation (3.2). The current vector potential is calculated only in the super-
conducting domain by using Maxwell-Faraday’s law:

o5

VX(pHTSVXf):_@t.

34

The current density in the superconducting domain is computed based on the
current vector potential and equation (3.1). Then, J can be used to calculate /Y,
which couples equation (3.3) and equation (3.4).

The resistivity of the superconducting material is typically modeled with a power-
law E — J relation [59]:

13



3 Modelling of high-temperature superconducting coils

Figure 3.1: T-A formulation in 3D. T is computed only in the superconducting domain (depicted
in blue) while Ais computed everywhere. The thickness of the tape is collapsed into
a superconducting layer and the current is enforced by giving proper values of 7" at the
edges of the tape [60].

- (B)-1
e | 7

—_— pre 35
5(B) | 7(B) )

PHTS =

—

In this work, the magnetic field dependence of n(B) has not been considered.
Therefore, constant values of n have been used in all the simulations.

An approximation is done by considering that in the tapes under study the super-
conducting layer (for instance rare-earth barium copper oxide/REBCO tapes) has
a very large width-to-thickness ratio. Therefore, we can collapse the thickness
of the tape (&) as shown in figure 3.1. As a consequence, the current is able to
flow only in a superconducting sheet and Tis always perpendicular to this sheet.
For this reason, the current vector potential can be expressed as 7" - 7 (77 is a unit
vector perpendicular to the superconducting layer) [50].

The transport current can be imposed by setting the boundary conditions for 7" at
the edges of the tape, as it is shown in equations (3.6) and (3.7):

I://f~d§://(fo)~d§':f T-dl (3.6)
S S as
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3.2 Homogenization of the T-A formulation in 3D

I = (T) — T»)S. (3.7)

Therefore, the transport current can be imposed with a non-unique combination
of values for 77 and T5, such as: 7o = Oand Ty = 1 /6, Ty = % and Ty = —%
or any other values that express the same condition [61].

In all the calculations presented in this chapter, the order of the elements used for
discretization is the one described in [60] (linear elements for T and quadratic
elements for A) to avoid possible spurious oscillations.

3.2 Homogenization of the T-A formulation in
3D

The homogenization technique assumes that the superconducting tapes that are
wound in coils can be represented by an anisotropic bulk that can reproduce the
overall electromagnetic behavior of the coil [62]. This allows reducing the number
of degrees of freedom and the computation time. The technique was implemented
by using the T-A formulation in 2D in [60], [63]. Therefore, we follow a similar
approach to extend the homogenization into the 3D analysis of superconducting
coils.

The procedure is summarized in figure 3.2. We start from the arrangement of
tapes modeled in the T-A 3D formulation as sheets and define a cell unit around
them (with the same height of the superconducting tape and thickness A). The
main characteristics of the tape will be impressed in this cell unit to transform
the stack of tapes into a block. For the A calculation, the scaled current in the
homogenized bulk is defined as:

J. (3.8)
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3 Modelling of high-temperature superconducting coils

Superconducting tapes Homogeneous bulk

o,
0

(Neumann B.C.) T,
(DirichletB.C.) ..,

Figure 3.2: T-A homogenization in 3D. The superconducting sheets are replaced by a homogeneous
block. The scaled current density Js is introduced as a source term and boundary
conditions 71 and T% are applied to the upper and lower boundaries.

In principle, the homogenization makes use of Maxwell’s equations in the same
way as the 3D T-A formulation. Therefore, we keep the thin strip approximation
of the tape that allows reducing the current vector potential into a scalar quantity.
This means that even if the tapes are replaced by a homogeneous bulk, the current
can only flow in the plane parallel to the original superconducting sheets. For
example, if we refer to the straight part of the coil shown in the zoom in the bottom
left corner of figure 3.2, the current has only have J,, and J, components and the
current vector potential only has a T, component. The new homogenized block
can be seen as a highly compressed group of superconducting tapes. In the curve
regions of this example, more general expressions are necessary to compute J and

Ny
T'. Therefore, we can assume 77 = n, | and express equation (3.1) as:
n,
A(Tnz) (T ny)
I 7R
Jy| = B(Yé-znm) _ G(E-an) ) (3.9)
A(T-ny) ANT-ng)
Jz Ox - dy
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3.2 Homogenization of the T-A formulation in 3D

The magnetic vector potential is calculated in all the domains and we solve the
current vector potential only in the superconducting domain by using Maxwell-
Faraday’s law:

o(E.) _ O(Ey) 9(Bx)

oy 0z ot
9(Ex) oE:) | . 7 O(By) | .7 —

(Eo) 0B | 7y |2BD) | 5o, (3.10)
0(Ey) _ 9(Es) 9(B:)

ox oy ot

where 77 can be easily determined in the T-A formulation because it is the vector
perpendicular to the superconducting sheet. Therefore, it is usually defined by
default in commercial software like COMSOL Multiphysics. However, once
the homogenization technique is applied and the stack of tapes is replaced by the
homogenized domain, it is not easy to define 77 inside the bulk. We have no longer a
reference surface from which we can define the normal vector. A similar issue can
be found in the 2D T-A homogenization when complex (rotated or curved) cross-
sections are modeled in 2D. In this work, we present two alternatives to address
this issue. First, we can analytically calculate 77 by following the geometrical path
of the tape before homogenization. If the tape is parallel to the y — 2 plane then:

1
i=i=|o0]. (3.11)
0

If the tape is wound in a circular shape with the center in the origin, then 77 will
be parallel to the radial vector in cylindrical coordinates p:

i=p= y . (3.12)
0
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3 Modelling of high-temperature superconducting coils

Curvilinear coordinate
system

Figure 3.3: Curvilinear coordinate (CC) system example for the geometry shown in figure 3.2. The
CC system is defined based on the surface/boundaries of the 3D domain, which allows the
definition of the base (unit) vectors of the system. These vectors can be used as references
of the directions perpendicular to the wide face of the tape (e | ), parallel to the wide face
of the tape (e ), and tangential to the winding direction (e¢).

The normal vector can also be analytically defined by domains to represent more
complex geometries as the one shown in the right corner of figure 3.2. In this case,
i = 7inthe straight section and 77 = p in the circular one. However, these analytic
expressions can become very complex if we change the geometry of the coil, for
example by introducing twisted or curved non-circular sections. Therefore, a
second and more general solution is a curvilinear coordinate system defined in the
superconducting domain. This approach creates a local coordinate system with
curved lines that follow the shape of the superconducting domain [64], as it can be
observed in figure 3.3 for the geometry described in figure 3.2. The unit vectors
of this local coordinate system can be defined for all possible geometries and used
as normal, parallel and tangential vectors. This approach can be implemented in
COMSOL Multiphysics by using the curvilinear coordinate module.

Finally, the boundary conditions need to be established to solve our problem. The
homogenized bulk represents a densely packed group of HTS sheets. Each one
of these sheets should transport the same current as its original counterpart [60].
Therefore, Dirichlet boundary conditions are applied to the boundaries that corre-
spond to the edges of the tape, as expressed in equation (3.7). Neumann boundary
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3.3 H Formulation

conditions are applied to the boundaries that correspond to the flat side of the
tape:

aT,,
5 =0, (3.13)

as it is explained in the diagram presented in figure 3.2. In this equation, 7}, is
the normal component of T at the boundary calculated as T}, = ng « T}, + 1y «
T,+n..T..

It is worth pointing out that this modelling approach is valid under low-frequency
(transport current and magnetic field) conditions. Since the methodology is based
on homogenization and thin strip approximation, the detailed structure of the
HTS tape is not modelled. For high-frequency conditions, the different layers and
materials of the tape play a key role in the estimation of AC losses [65], [66], [67].
Therefore, the homogenization of the T-A formulation in 3D might no longer be
accurate for AC loss estimations.

3.3 H Formulation

This formulation of the Maxwell equations is based on the magnetic field strength
(1-7 ). The first applications of the H formulation for modelling superconductors
were introduced by Kajikawa et al [68] and Pecher ef al [69]. Then, Brambilla et
al [70] and Hong et al [71] independently implemented it in commercial software
(Comsol Multiphysics). The H formulation has been used to study numerous
HTS applications in 2D and 3D [49], [72]. Therefore, it represents one of the
most popular options to model HTS by using FEM.

In this formulation, Maxwell-Faraday equation is solved by considering the mag-
netic field strength components as state variables:

g OuH)

VxE=-—5 (3.14)
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3 Modelling of high-temperature superconducting coils

The electric field (E) can be substituted by E = pj (p is the resistivity of
the material and .J is the current density). Finally, the current density can also
be replaced by Maxwell-Ampere equation (V x H=J ), which results in the
governing equation of the formulation:

— 0
V% (p¥ x A) = ~2WH) (3.15)
ot
The r651st1v1ty of the superconducting material can be modelled with a power-law
E — J relation as shown in equation (3.5) [59]. The current in each conductor
can be imposed with integral constraints [70] [73]

Ik(t):/ Ji(t) dS, (3.16)
Sk

and appropriate boundary conditions allow imposing an external magnetic field
with or without transport current. In equation (3.16), I (t) represents the current,
Ji(t) is the current density, and .Sy, is the cross-section of the kth conductor.

The homogenization technique can be applied in this formulation for 2D [62]
and 3D [56] simulations too. Since the H formulation has already been used
and validated in multiple applications, it is used in this chapter to validate the
racetrack coil simulation results presented in the following section.

3.4 Case studies

This section introduces a group of case studies modelled and analyzed with the
proposed homogenization of the T-A formulation in 3D. The complexity of the
geometry is increasing in each case by starting with circular coils and finishing
with a geometry that has no straight sections, only curved and twisted parts.
The first simulations validate the modelling approach, and the last ones represent
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3.4 Case studies

4 s, 24 turns
4 .
~ .

Figure 3.4: Geometry and dimensions of the circular coils under study [74]. The circular coils are
made with 24 turns of a 4 mm HTS tape. Four arrangements of coils are analyzed, one
individual coil and groups of two, three and four coils stacked one on top of each other.
The separation between the coils is 0.3 mm. All the dimensions are in millimeters.

some of the most complex 3D HTS coils modelled with time dependent 3D FEM
simulations.

3.4.1 Circular coils

The first analyzed cases with the homogenization of the T-A formulation in 3D
are the circular coils presented in [47]. This geometry can be studied with
an axisymmetric model. Therefore, the losses and the overall electromagnetic
behavior can be compared between the homogenization of the T-A formulation in
3D and the 2D T-A formulation. In addition to this comparison, we can validate
the model with the AC losses measurements shown in [47].

The geometry and dimensions of the coils are presented in figure 3.4. Four
configurations of coils are studied, one individual coil and groups of two, three,
and four coils stacked one on top of each other. They are built with a 4 mm
REBCO tape that has a 1 pm superconducting layer. The critical current of
the tape at 77 K and self-field is 128 A. More information about the coils and
measurements can be found in [47].

The critical current density dependence on the magnetic field magnitude and
direction is modeled as [75]:
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3 Modelling of high-temperature superconducting coils

-"
251 P
g

o

Critical current density (A/mz)

0 50 100 150 200 250 300 350

Angle (°)
[0~ 50mT —0- 100mT —O- 150 mT 200 mT]

Figure 3.5: Critical current density behavior of the HTS tape used to model the circular coils for
an external magnetic field magnitude of 50 mT, 100 mT, 150 mT and 200 mT. An
angle of 0° represents a field perpendicular to the wide face of the tape; an angle of 90°
represents a parallel one.

Jeo
.
1+ \/(Byk)? + B2 /B.]

J(By,BL) = (3.17)

In this equation, B and B are the parallel and perpendicular components (to
the wide face of the tape) of the magnetic flux density. The parameters J.o, k, b,
and B, are equal to 3.2 X 1019 A m~—2,0.25, 1, and 150 mT. The behavior of the
critical current density can be better appreciated in figure 3.5, where J. (B, B1)
is plotted by considering four different magnetic field magnitudes with different
directions.

Since the resistivity of the superconductor is several orders of magnitude lower
than the resistivity of other materials in the tape, the HTS tape is modelled in
2D by considering only the superconducting layer surrounded by a homogeneous
medium with a resistivity of 1 {2 m and vacuum permeability. This approximation
is valid for low-frequency applications [66]. The resistivity of the superconducting
material is modeled with a power-law E — J relation (equation (3.5)) and n = 25.
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Figure 3.6: Normalized current density (.J/.J¢) in four circular coils stacked one on top of each other
for transport current (55 A peak) when the current is equal to zero and after the first half
period of the sinusoidal cycle. A comparison between the T-A 3D homogenization and
a T-A 2D axisymmetric solution is presented when the current is equal to zero and after
half cycle.

Figure 3.6 shows the behavior of the normalized current density (.J/.J;) for the four
coils configuration and peak transport current of 55 A. The current distribution
inside the coils is very similar between the 3D T-A homogenization and the 2D
T-A axisymmetric model when the current is equal to zero and after the first half
period of the sinusoidal cycle. A similar behavior was observed for other instants
in time and circular coil arrangements.

Figure 3.7 presents a comparison of the losses measured in [47] and estimated
with the 3D T-A homogenization and 2D T-A axisymmetric models for all the
configurations shown in figure 3.4. The results of the homogenization of the
T-A formulation in 3D are in good agreement with the 2D axisymmetric model
(maximum error lower than 6.23 % for all the configurations) and measurement
results (maximum error lower than 35 % for all the configurations) for all the
studied current ranges. These results validate the modelling approach and allow
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AC loss per cycle per unit length (J/m)

Bt e ]
7 N
o &
2 e -2 =
10 o 10 o
= ’.J
,o." “"
10° 107 »
I’f
o
w0t o 1074 0
® L oA
3 ;
20 40 60 80 100 20 40 60 80 100
I o
e =
102 }.,-"')' 107 g
= -
- I
o _/"', 10° ?
p P
104 o 107 ¢ .‘.
10 20 30 40 50 60 70 80 10 20 30 40 50 60

‘ ® Measurements **-H---T-A 2D axisymmetric model = %= T-A 3D homogenization modcl‘

Current amplitude (A)

Figure 3.7: Comparison of the estimation of losses due to AC transport current in the circular coils by

using the T-A 2D axisymmetric, the homogenization of the T-A formulation in 3D, and
measurements. The calculation was done for a single coil and groups of two, three, and
four coils stacked one on top of each other.

moving forward to model more complex geometries that can not be investigated
in 2D.

3.4.2 Racetrack coil

The racetrack coil presented in [56] is studied in this subsection. This kind of

coil is used for example in the rotor of superconducting electrical machines for

wind turbine applications [76]. It has two straight and two round parts as shown

in figure 3.8, where the dimensions of the racetrack coil under analysis are also

given.
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3.4 Case studies

Figure 3.8: Geometry and dimensions of the racetrack coil under study [56]. The coil is made
with 50 turns of HTS tape, which creates a stack 4 mm wide and 20 mm height in the
cross-section of the coil. All the dimensions are in millimeters.
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Figure 3.9: Critical current density behavior of the HTS tape used to model the racetrack, saddle and
twisted coils for an external magnetic field magnitude of 50 mT, 100 mT, 150 mT and
200mT. An angle of 0° represents a field perpendicular to the wide face of the tape; an
angle of 90° represents a parallel one.

In this study, the tape is modelled by considering the same parameters presented
in [56]. This allows a direct comparison with the well-established 3D H homoge-
nization. The critical current density dependence on the magnetic field amplitude
and direction is described by equation 3.17, where the parameters J., k, B,
and b have the following values 49 GA m~2, 0.275, 32.5mT and 0.6. This is
a tape with a critical current of 160 A at 77 K self-field. The behavior of the
critical current density of the tape can be better appreciated in figure 3.9, where
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3 Modelling of high-temperature superconducting coils

Je(B), BL) was plotted by considering four different magnetic field magnitudes
with different directions. The HTS resistivity is modeled with a power-law E-J
relation (equation (3.5)) and n = 21.

The critical current of the coil was estimated by using the methodology described
in [29], in a 2D model that represents the cross-section of the middle of the straight
part of the coil. This technique has been applied before to estimate the critical
current of HTS coils [77], and it presents two criteria to calculate the critical
current. The maximum criterion indicates that I is the current that produces a
voltage drop per unit length equal to the critical electric field (£, = 1 pV cm™!)in
at least one turn of the coil. On the other hand, the average criterion indicates that
1. is the current that produces an average voltage drop in the coil (all turns) equal
to E. [29]. The critical current of the coil is 98.3 A and 99.9 A, by considering
the maximum and average criteria respectively.

The parallel (B)) and perpendicular (B ) components of the magnetic flux density
were calculated by domain. In the circular section, they were computed as
B = B, and B, = B,, by assuming that the circular region is centered at the
origin. In the straight section, they were computed as B| = B, and B, = B,,
by considering that the straight region is parallel to the y axis. Similar to what
was done in [56], one-eighth of the coil was modelled by taking advantage of the
symmetries.

The normal vector (77) can be defined in this case by domain by following the
original path of the superconducting tape or by using a curvilinear coordinate
system, as it was mentioned in section 3.2. Both approaches were used in this
case study and identical results were obtained. For this reason, the results of the
model that uses the curvilinear coordinate system are the only ones presented in
this subsection.

The normalized current density in the cross-sections of the racetrack coil for AC
transport current (f = 50 Hz and I,e.x = 100 A) without external magnetic field,
when the current is equal to zero (after the first half period of the sinusoidal
cycle), is shown in figure 3.10. In this figure, a comparison of the normalized
current density distribution obtained with the 3D H homogenization and 3D T-A
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Figure 3.10: Normalized current density (.//.J¢) in one-fourth of the racetrack coil for AC transport
current (f = 50 Hz and I peqx = 100 A) when the current is equal to zero, after the first
half period of the sinusoidal cycle. A zoom in the middle of the circular section and the
straight section of the racetrack coil is shown on the right, where a comparison between
the 3D H and T-A homogenization results is presented.

homogenization is presented at the middle of the straight and circular sections.
The current density distribution obtained by using the 3D T-A homogenization
is in good agreement with the one computed with the 3D H homogenization.
The small differences close to the edges can be related to the considerations and
assumptions made in the implementation of the homogenization of the T-A and
H formulations in 3D. The implemented T-A formulation is based on a thin strip
approximation that constraints the current to flow only in the plane parallel to the
flat face of the tape (it does not allow current sharing between tapes or subdomains
of the homogenized coil) and allows reducing the current vector potential Tta
scalar quantity. However, it can not properly consider the influence of the magnetic
field parallel to the superconducting tape [50]. Moreover, the currently available
3D homogenization of the H formulation [56] can not prevent current sharing
between tapes or subdomains of the homogenized coil. The current inside the
homogenized domain can move freely in any direction, which does not represent
the behavior of a coil with turn-to-turn insulation. For this reason, it requires
the implementation of high resistivity layers, which discretize the homogenized
domain to minimize current sharing between tapes (subdomains). This approach
requires as many divisions as necessary to reflect the real behavior of the coil.
Therefore, it does not represent an optimal solution. Moreover, these necessary
separations in the geometry constrain the mesh in the 3D homogenization of the
H formulation. For instance, no coarser mesh is feasible because a discretization
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Figure 3.11: Estimation of losses in the racetrack coil due to AC transport current (f = 50 Hz) as
a function of the current amplitude by using the T-A 3D homogenization and the H 3D
homogenization.

with high resistivity layers is necessary to match the behavior of the model with
the behavior of the coil with turn-to-turn insulation.

The current density distribution is similar along the coil. There is only a small
difference between the middle of the straight and circular sections when the cur-
rent is close to its maximum value, as it was reported in [56]. Figure 3.11 shows
the losses due to AC transport current estimated with the 3D T-A homogenization
model. The results are in good agreement with the 3D H homogenization calcu-
lation for all the studied current values, with a maximum relative error lower than

2%.

The homogenization of the T-A formulation in 3D has two main benefits. First,
the computation time is lower in comparison with the homogenization of the H
formulation in 3D. In the case of the racetrack coil, the calculation is three to four
times faster with the T-A formulation. However, a direct comparison between
these two models is not easy. Since the mesh in the 3D H homogenization is con-
strained by the geometrical discretization with high resistivity layers to minimize
current sharing between subdomains, the mesh of the 3D H homogenization is
finer than the mesh of the 3D T-A homogenization. If the same mesh is used in
both cases, the degrees of freedom and computation time of the T-A formulation
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model are much higher than the H model. This behavior can be related to the
number of state variables to be solved (H formulation H,, H,, H. and T-A for-
mulation A, A,, A., and T') and type of elements used in each case (linear curl
elements in the H formulation and quadratic elements for A and linear elements
for T in the T-A formulation) [73], [60]. Nevertheless, the mesh of the H formu-
lation is not an optimal solution for the T-A model, since the same results can be
achieved with the homogenization of the T-A formulation in 3D with a coarser
mesh. Therefore, a fair comparison between the T-A and H homogenization in
3D is not trivial and is still missing. The second advantage of the 3D T-A homog-
enization is that it is relatively easy to implement. In particular, it does not require
2D integral constraints or high resistivity zones to prevent current sharing between
subdomains of different groups of tapes. This restriction, which is quite tricky
to implement in the 3D H homogenization [56], is included in the essence of the
T-A homogenization by applying the thin strip approximation which constraints
the current to flow in the plane parallel to the tape and allows reducing the cur-
rent vector potential to a scalar quantity. Moreover, the proposed normal vector
approach (based on a curvilinear coordinate system definition) allows simulating
any geometrical arrangement. Therefore, it represents an effective and practical
tool for the analysis of coils with complex geometries.

3.4.3 Saddle coil

Since the modeling technique was already validated in the previous section, we
can proceed with the analysis of more complicated geometries that are currently
being investigated for the development of superconducting devices.

The third case of study is a saddle coil. This is a non-planar coil with two straight
and two curved parts, which allow a 90° rotation of the cross-section between the
middle of the circular and the straight region. The geometry and dimensions of
the coil are presented in figure 3.12. Only one-fourth of the coil was modeled
by taking advantage of the symmetries. As it was done in the previous section,
the critical current was estimated with a 2D model by following the procedure
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oyl

Figure 3.12: Geometry and dimensions of the saddle coil under study. The coil is made with 50 turns
of HTS tape, which creates a stack 4 mm wide and 20 mm height in the cross-section
of the coil. All the dimensions are in millimeters.

described in [29]. The critical current of the coil is 99.8 A by considering the
average criterion.

The geometry of the saddle coil is more complex than the racetrack coil. Moreover,
the ratio of the coil dimension to the HTS conductor generates a problem with
a large number of degrees of freedom. Therefore, a compromise between mesh
density (which influences the computation time) and accuracy must be found. In
the simulations presented in this section, a quadrilateral mesh with 36 elements
along the tape width and 10 elements along the stack height is used in the cross-
section of the coil. Free tetrahedral mesh is used in the surrounding air domain
and the whole geometry has 16322 elements in total, which results in 230898
degrees of freedom.

This type of coil is used in the magnet sector and was proposed for the rotor and
stator of superconducting electrical machines, where a proper inclination of the
straight section can lead to a significant reduction in AC losses [78], [79], [80].
Two operating conditions are analyzed in this section, AC transport current with
and without AC externally applied magnetic field.

e AC transport current without magnetic field
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Figure 3.13: Distribution of the current components inside the saddle coil when the current reaches
the maximum value. On the top of the figure and from left to right: x-component (J),
y-component (Jy) and z-component (J»). The total current is depicted in light blue
arrows at the bottom.

The AC transport current operating condition is easier to analyze for this
complex geometry. Therefore, it was chosen as the first step in the anal-
ysis of the coil. Since this is a non-planar coil, the current vector has
x-component, y-component and z-component (figure 3.13). In the middle
of the straight section, the current flows parallel to the x-axis. The curved
section works as a transition zone for the current vector from the x-direction
to the y-direction, by following the winding and position of the tapes. Due
to the complex behavior of the current density (J) in 3D geometries, the
cartesian components (J, J,, J.) are not suitable for representation pur-
poses. A possible way to overcome this problem is to use the norm of J.
However, it would not be possible to appreciate the two fronts of currents in
opposite directions during the AC cycle. Therefore, the dot product between
the current density vector and the tangential vector parallel to the winding
direction (€;) is used in this case:

J . é

_ 3.18
7:(B,. B.) G189

The dot product between this unit vector, parallel to the longitudinal di-
rection of the tape, and the current density keeps the same module and
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Figure 3.14: Normalized current density in the saddle coil computed with the 3D T-A homogenization
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model, for AC transport current (f = 50 Hz and Ipex = 100 A) when the current is
equal to zero, and after the first half period of the sinusoidal cycle. The current density
is normalized with the critical current density by using equation (3.18) to reflect the two
fronts of current (positive and negative) in the direction tangential to the winding.

direction of .7, by having a positive/negative value when the current density
is in the same/opposite direction of €;. The parallel and perpendicular
(to the wide face of the tape) components of the magnetic field required
for the local computation of J.(B), B, ) can also be calculated in a more
general expression with the dot product between the magnetic field and the
other two unit (base) vectors associated to the definition of the curvilinear
coordinate system:

By =B.¢ (3.19)

B, =B.é,. (3.20)

Figure 3.14 presents the current density behavior in the coil for an AC
transport current with a peak value of 100 A and frequency f = 50 Hz,
when the current is equal to zero, and after the first half period of the
sinusoidal cycle. The current density penetration and behavior are very
similar in the middle of the straight and circular sections. There is only
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Figure 3.15: Normalized current density in the middle of the straight section of the saddle coil
computed with the 2D T-A homogenization model, for AC transport current (f = 50 Hz
and Ijeax = 100 A) when the current is equal to zero, and after the first half period of
the sinusoidal cycle.

a very small difference between the inner and the outer part of the curved
section, indicated with green arrows as A and B in figure 3.14. This small
difference is an effect of the self-field of the coil, which tends to be higher
inside the coil than outside. According to these results, a 2D model that
represents the middle of the straight section of the saddle coil can provide
a good approximation of the current density behavior and a first estimation
of the AC losses. This bi-dimensional model is simpler, faster, and easier
to implement; and is commonly used to have first estimations of important
parameters such as AC losses and magnetic field. Therefore, a 2D model
was built to verify whether this assumption is valid for the proposed case
study.

Figure 3.15 shows the current density behavior obtained with the 2D model
that represents the middle of the straight section of the coil, for the same
operating point and condition used in figure 3.14. The current density
behavior is similar between the 2D and 3D models for the straight part of
the coil. In the curved section, there is a small difference. As mentioned
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Figure 3.16: AC transport losses comparison in the saddle coil between the 3D T-A homogenization
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and the 2D T-A homogenization model that considers the cross-section of the middle of
the straight part of the coil.

before, this difference is related to the self-field in 3D, which is a result of
the interaction of the different parts (straight and curved) of the coil and
can not be taken into account by a 2D model.

Figure 3.16 presents the behavior of the AC transport losses calculated
with the T-A 3D and 2D homogenized models. The losses estimated with
both models are in good agreement for all the range of current amplitudes
under analysis, with a maximum relative difference of 8.4 %. The small
differences in the current density in the curved section do not have a mean-
ingful impact on the AC transport losses. These differences vanish in the
behavior of the whole coil, where the straight part behavior is dominant
in the AC transport losses. This effect can be related to the length of the
straight section in comparison with the curved one. For this reason, the 2D
approximation can not be directly extrapolated to more curved and complex
geometries. These results confirm the aforementioned hypothesis. The 2D
model can be used as a first estimation of important parameters such as AC
transport current losses for this specific case. However, the magnetic field
around the coils in most of the practical applications is a combination of
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self-field and interaction with the environment. This yields a more complex
operating condition that a 2D model can not fully predict.

e AC transport current and AC external magnetic field

In this sub-section, the behavior of the saddle coil in the case of AC transport
current (with a peak value of 100 A and frequency f = 50 Hz) and AC
external magnetic field is analyzed. The external magnetic field is uniform,
sinusoidal (100 mT in magnitude and frequency f = 50 Hz) and applied
in the z-direction, in phase with the magnetic field produced by the coil.
This can be seen as the magnetic field produced by the rotor of an electrical
machine that reaches one of the stator superconducting coils. However, the
magnetic field in the stator of a superconducting electrical machine is more
complex than the presented operating condition. In an electrical machine,
the magnetic field changes around the stator and is not necessarily sinusoidal
in time (it depends on the properties of the materials, the machine and the
coil design) [80]. Therefore, the case presented in this subsection is a
simplified version of a more complex operating condition, which allows us
to study the behavior of the coil with AC transport current and AC external
magnetic field. The analysis is not intended to predict the behavior of the
coil in an electrical machine environment.

Figure 3.17 presents a diagram of the applied magnetic field in the coil.
The external magnetic field is depicted with dashed blue arrows and the
self field of the coil with black continuous arrows. The transport current
direction inside the coil is represented with red arrows. Since the external
magnetic field is in the z-direction and in phase with the self-field of the coil,
we can expect a higher magnetic field magnitude in the inner part (where
the external and self field are in the same direction) and lower in the outer
part of the coil (where the external and self field are in opposite direction).
Moreover, the external magnetic field will be perpendicular to the tape in
the straight section and parallel in the curved one. This will create a more
complex behavior than in the transport current operating condition.
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Figure 3.17: Diagram of the applied magnetic field in the saddle coil. The external magnetic field
is depicted with dashed blue arrows and the self field of the coil with black continuous
arrows. The transport current direction inside the coil is represented with continuous
red arrows.

Figure 3.18: Normalized current density in one-fourth of the saddle coil for AC transport current
(f = 50 Hz and I,k = 100 A) and external magnetic field (f = 50 Hz and Bext =
100 mT) in z-direction and in phase with the coil self-field, when the current is equal to
zero and after the first half period of the sinusoidal cycle. A Zoom in the curved section
of the coil is presented on the right to show the transition between a full and partially
penetrated area.

Figure 3.18 shows the current density behavior when the transport current
is equal to zero, and after the first half period of the sinusoidal cycle. As
can be observed, the straight section is fully penetrated with critical current
density. We can notice one front of current coming from the inner side of
the homogenized stack, and a very thin current front in the outer part of
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the middle of the straight section (where the external and self field are in
opposite directions). The curved section shows a transit behavior in space
from a fully penetrated zone (straight part) to a partially penetrated one.
In the middle, we can notice two fronts of current penetrating the stack at
the top and bottom. The inner part is fully penetrated, but the outer part
has gray areas that show a partial penetration of the current in the coil. In
comparison with the transport current operating condition (figure 3.14), this
behavior indicates that the external magnetic field has a stronger influence
in the straight section of the coil than in the curved one, due to the torsion
of the stack in the geometry of the coil from the straight part (where the
external magnetic field is perpendicular to the tape) into the curved part
(where the external magnetic field is parallel to the tape).

The total AC losses in the coil for this operating condition are 3.62J per
cycle, which represents more than three times the AC losses of the transport
current case with the same current amplitude (0.95 J per cycle).

As it was done in the transport current simulation, a 2D model of the middle
of the straight section was built with transport current and an external mag-
netic field applied in the z-direction. An average turn length is considered
to extrapolate the results and estimate the losses of the whole coil with the
2D model. The total AC losses estimated with the 2D model are 4.03 J per
cycle. The 2D model overestimates then the losses by 10.17 % in this case.
This difference can be related to the previously explained behaviour in the
curved part of the coil and can be more significant if the ratio between the
straight part length and the curved part length is lower.

The complex current density behavior and the big increase in the AC losses
observed in this sub-section (compared with the transport losses case)
suggest that a 3D approach is better suited for the analysis of this operating
condition. This 3D approach provides a more accurate estimation of losses
and allows an electromagnetic analysis that can not be done with a 2D
approximation.
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Figure 3.19: Geometry and dimensions of the twisted coil under study. The coil is made with
100 turns of HTS tape, which creates a stack 4 mm wide and 4.65 mm height in the
cross-section of the coil. All the dimensions are in millimeters.

3.4.4 Twisted coil

In this case, a more complex geometry without straight parts is studied. The
twisted coil has only curved sections with a continuous twist along the length of
the coil. The model and development of coils with this kind of geometry can be
beneficial for the fusion sector [81], [82]. However, the case under analysis is
not part of any specific application. As it was shown in the saddle coil case, the
detailed geometry and electromagnetic environment are necessary for any analysis
of superconducting devices and applications, since they can strongly influence the
losses and electromagnetic behavior of the coils. Therefore, this case of study can
be seen as a complete curved and twisted coil analysis that shows the potential
application of the modeling approach in a coil similar to the one used in the fusion
sector.
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Figure 3.20: Current ramp-up/down process (load cycle) and instantaneous power dissipation behavior
in the twisted coil computed with the 3D and 2D T-A homogenization models.

The geometry and dimensions of the coil are presented in figure 3.19. Due to

the presence of one symmetry plane, only one-half of the coil was modeled. The
critical current of this coil is 60 A.

Due to the complex shape and general dimensions of the coil, the mesh of this
geometry must be done carefully to keep the problem within a manageable number
of degrees of freedom that provides a good compromise between accuracy and
computation time. In the simulations presented in this section, a quadrilateral
mesh with 16 elements along the tape width and 5 elements along the stack height
is used in the cross-section of the coil. The number of elements along the length
of half of the coil is 36 and a free tetrahedral mesh is used in the surrounding air
domain. The whole mesh has 25828 elements, which results in 327891 degrees
of freedom. The model has a computation time of 57 h with an Intel Xeon Gold

6242 2.80GHz - 2 processors - computer with 64 logical processors and 384 GB
of RAM.

The operating condition considered for this coil is DC transport current. For
this reason, the current ramp-up/down process is simulated as one possible test
or operating cycle. The ramp-up process of the current is simulated first. The
current is increased from 0 A to 50 A (83.33 % of the critical current) in one
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Figure 3.21: Normalized current density in one half of the twisted coil at ¢ = 5.5s (during the
relaxation time after the ramp-down process). A zoom in the cross-section of the coil
at three different locations is presented on the left together with the behavior of the
normalized current density in the 2D model at the same instant in time.

second. Then, the current is kept constant for 2 s as relaxation time. Afterwards,
the ramp-down process is simulated. Therefore, the current is decreased from
50 A to 0 A in one second and kept constant for 2 s as relaxation time. The overall
load cycle and instantaneous power dissipation can be observed in figure 3.20.
There are two peaks in the losses of the coil related to the ramp-up/down periods
of the current. These losses were estimated by using the aforementioned 3D
approach and a simplified 2D T-A homogenized model of the cross-section of
the coil. The 3D model estimates a peak in the instantaneous power dissipation
due to the first ramp of 1.61 W and the 2D model estimates a peak of 1.40 W.
This difference can be related to the fact that the 2D model can not consider the
continuous twist and curves along the length of the coil. Similarly, the 3D model
also estimates a slightly higher value for the second peak in the instantaneous
power dissipation due to the second ramp (0.24 W), in comparison with the 2D
model (0.16 W). The losses estimated in the whole load cycle are 0.70J and
0.61 J, for the 3D and 2D models respectively. The 2D model underestimates the
total losses by 13.29 %.

Figure 3.21 shows the behavior of the current density in half of the coil at t=5.5s
(during the relaxation time after the ramp-down). In this figure, the red line
highlights the position of the same side of the coil cross-section along the twist.
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The current penetration is sometimes higher on one side of the homogenized stack,
sometimes higher on the other side, and in some cases it looks symmetrical. This
behavior is related to the interaction of the current density with the self-field
produced by different parts of the curved and twisted geometry, which can cause
local higher penetration and saturation of current. This behavior can not be
reproduced by a 2D model. Figure 3.21 also shows the current penetration in the
2D T-A homogenized model at the same time instant. As it can be observed, the
current penetration is more symmetrical in the 2D model. This can cause the
discrepancies in the estimation of losses presented before. These discrepancies
can be higher depending on the geometry, local effects, and operating conditions.

In this case of study, the 2D T-A homogenized model can provide a first estimation
of the losses due to the current ramp-up/down process (without external magnetic
field). However, a 3D model can provide a better electromagnetic analysis of local
effects (current saturation and high penetration zones) that can cause higher losses
in different operating conditions or electromagnetic environments.
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4 Modelling of HTS stator winding
and AC loss estimation

This chapter introduces the methodology used to study the electromagnetic be-
haviour of HTS stator winding of a superconducting generator. The modelling
approach is based on the T-A formulation of the Maxwell equations. This formu-
lation requires the current as a function of time in each superconducting tape as
an input. A methodology to calculate this current distribution is presented in this
chapter. The procedure introduces a previous step in the building model process
and allows a better connection of the machine design with the estimation of losses
in the superconductor in order to get a more efficient machine. The approach
is applied to a 10 MW superconducting generator design, where over one thou-
sand tapes cross-sections are modelled in 2D. The superconductor’s non-linear
behaviour and critical current density anisotropy are considered. Losses are esti-
mated for different designs and several improvements to reduce the losses in the
superconducting winding are shown. In this chapter, the modelling approach is
presented first with a brief description of the materials and symmetries considered
in the models. Then, two main design proposals are analysed, an air gap winding
design and a design with iron teeth. Finally, three approaches to reduce AC losses
in the superconducting coils are analysed: tape width reduction, use of non-planar
coils and temperature reduction.
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4.1 Modelling approach

The models presented in this chapter are a 2D representation of the cross-section of
an electrical machine. Therefore, the end-effects (winding heads) in the machine
are not considered. We estimate the total losses by multiplying the 2D results by
the effective length of the electrical machine.

The T-A formulation is used to study the electromagnetic behaviour and estimate
the losses in the superconducting tapes. This formulation has already been used in
previous studies to model cross-sections of superconducting electrical machines
with a few hundred tapes [83], [84], [85], [86]. This methodology requires the
current as a function of time in each superconducting tape. For problems in-
volving electrical machines, this input is traditionally computed with an external
software/model. Therefore, a direct connection of the estimation of losses with
the basic machine design is not easy to achieve. Here, an approach that estimates
the required current distribution as a step to build the numerical model is followed.
This allows estimating losses, calculating torque and proposing design improve-
ments with the same program (Comsol Multiphysics). Since the cross-sections of
the electrical machines under study involve thousands of superconducting tapes,
symmetries are considered to reduce the size of the problem.

4.1.1 Symmetries

The cross-sections of the 10 MW superconducting generators under analysis have
several thousands of tapes, permanent magnets and magnetic materials with non-
linear B — H relation. Moreover, the resistivity of the HTS tapes is modelled by
using a non-linear £/ — J power-law relation, where the critical current density
depends on temperature and magnetic field amplitude and direction. The number
of degrees of freedom (DOF) arising from modelling the whole cross-section
of these electrical machines is very large. Therefore, the simulated models are
reduced to one pole pair as illustrated in Figure 4.1, where the whole cross-section
of a 20 pole pairs electrical machine is shown. A zoom in one pole pair is depicted
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Figure 4.1: Zoom-in one pole pair of an electrical machine.

in blue (north and south poles are in black and gray colors). Continuity periodic
conditions are taken in the upper and lower boundaries of this pole pair. Hence
the whole cross-section can be re-built in the post-processing through rotation of
the computed solution.

4.1.2 Materials

The magnetic material used in the design of the electrical machine is M330-50A.
Measurements of the magnetic and electrical properties are presented in [87] and
the relative permeability uploaded in the model is shown in figure 4.2. We assume
that the magnetic material will be at room temperature, by taking into account
that only the superconductor is operating under cryogenic temperatures in the
proposed designs.

The stator coils are wound with a 4 mm HTS REBCO tape manufactured by
SuperPower Inc, more detailed information about it can be found in [88]. This
tape is modelled by considering only the superconducting layer surrounded by a
homogeneous medium with a resistivity of 1 {2 m and vacuum permeability (1o =
4710~ "Hm™1), by taking into account that the resistivity of the superconducting
material is several orders of magnitude lower than the resistivity of other materials
forming the tape.
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Figure 4.2: B-H curve of M330-50A at room temperature.

A critical current density of 3 MA cm ™2 at 77 K and an average temperature of
65 K is considered in the presented simulations. Since the tape’s critical current
density depends on temperature (7') and magnetic field (é), we use a lift factor
that models the anisotropic dependence on the local magnetic field [89]:

B JC(B,T) B LO(T)
L= = ' neay 4.1)
c /(D)2 B2+ B2
L+ 5 m

In this equation, J, (E , T') is the critical current density for a given temperature and
magnetic field, L is the lift factor and the parameters: Lo(T"), k(T"), Bqo(T') and
b(T') express the temperature dependence according to table 4.1 [89]. B and B
are the parallel and perpendicular (to the wide face of the tape) components of the
magnetic flux density. We compute these parallel and perpendicular components
by employing the dot product between the magnetic flux density and unitary
vectors defining normal and tangential directions to each tape.
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Table 4.1: Lift factor parameters for different temperatures [89].

T(K) Ly k Beg b
30 6.2 0.07 323 141
40 529 0.10 1.86 1.12
50 4.12 0.17 1.26 0.96
65 244 0.61 059 0.77

Resistive model with star
connected resistive load:
current distribution
calculation.

Resistive model with
calculated current
distribution: Torque
density calculation and
design improvements.

Superconducting model:
electromagne
behaviour a
be directly analys
each HTS tape.

imated for all the
coils. The computation
time is reduced.

Figure 4.3: Diagram of the building model process.

4.1.3 Models

Since the current in each HTS tape is needed as an input for the T-A formulation,
in this section an approach is proposed where the stator coils current distribution
is computed in a basic model by connecting a load to the generator. Once we
have the current distribution, the load is disconnected (resistive model) and super-
conducting coils details are added (superconducting model). As a consequence,
we built one model to make design improvements and one to estimate losses in

47



4 Modelling of HTS stator winding and AC loss estimation

a single process. A schematic description of the building model procedure is

presented in figure 4.3. An additional superconducting model is considered in

this section, which allows reducing the computation time by modelling only one

coil group cross-section as HT'S material.
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* Resistive model: the geometry of the cross-section of the coils is typically

homogenized when modelling conventional machines. Each coil cross-
section is represented by a homogeneous block with approximately the same
electromagnetic behaviour as a fully detailed cross-section [90], [91], [92].
Therefore, a simplified resistive model (without the superconducting mate-
rial) is developed first based on this approach. Initially, a resistive load is
connected to the model and the current flows as a result of induced voltage
in the coils. These induced currents are the necessary input for the T-A
formulation. In the following step, the induced current distribution is fed
into the same model, the load is disconnected and the amplitude of the
current is adjusted to the nominal power of the machine if necessary.

The induced currents, arising from the connected resistive load, can include
several harmonics that can be analysed by using Fourier Transform. How-
ever, we assume that the amplitude of the harmonics is too low to generate
an important impact on the estimation of losses as they could be signifi-
cantly reduced in this or previous stages of the design. Moreover, the main
objective of our study is not related to harmonic content analysis or mitiga-
tion, but to electromagnetic modelling and loss estimation. Therefore, we
only consider the fundamental signal.

In this model, the torque density and the general electromagnetic behaviour
can be analysed. Since the computation time is within the range of minutes,
several improvements and re-runs can be quickly done.

Superconducting model: once the current distribution is available, it can be
imported into a model that considers the HTS material. The homogenized
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coils cross-sections are replaced by detailed stacks of tapes, the T-A for-
mulation is used and the current distribution is imposed through boundary
conditions as described in chapter 3.

The electromagnetic behaviour and loss estimation can be directly analysed
in each HTS tape of the machine by using this model. However, the
computation time is still too high (in the range of days) with conventional
commercially available computers.

e Model with only one coil group considered as HTS tapes: as it will be shown
in the following sections, the electromagnetic behaviour in each group of
phase coils cross-section is very similar (shifted in time and/or space). As
a consequence, we can model only one group of coils with details. This
model allows estimating losses in all the superconducting tapes within a
reasonable time (in the range of hours) with conventional commercially
available computers.

4.2 Design with iron teeth

This machine design is based on distributed coils located in a stator with iron
teeth. Each coil has a racetrack form, and four racetrack coils are stacked on top
of each other inside a slot to conform one phase in one pole pair. Each of these
coils are connected in series. The whole machine has an effective length of 2.4 m
and an external radius of 2.7m. A brief summary of the characteristics of this
machine is presented in table 4.2. The geometry of one pole pair cross-section is
shown on the left side of figure 4.4.

The electric frequency of the generator depends on the rotation speed of the rotor
and the number of pole pairs of the generator. In wind turbine applications, the
speed is usually between 8 min ! and 18 min~" and it depends on the design of
the system [93]. A nominal speed of 10 min~" and 20 pole pairs are considered
in this case. Therefore, the nominal frequency of the generator is 3.33 Hz.
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Table 4.2: Main parameters of the superconducting generator, design with iron teeth.

Number of slots 120
Number of pole pairs 20
Number of slots per pole pair 6
Remanent induction of permanent magnets 1.28T
Number of coils per phase per pole pair 4
Number of turns per coil 50
Peak current in each coil 141.4 A
Nominal electrical frequency 3.33Hz
Target nominal power 10 MW

Figure 4.4: One pole pair cross-section of the machine design with iron teeth. The geometry is
presented on the left. Phase A is depicted in blue, B in red and C in green. The direction
of the current is indicated in a circle close to the coils. The magnetic flux density norm
in T is shown on the right, when phase A current is maximum (time = 0.375s).

The resistive model approach is followed to get the appropriated current distribu-
tion in the coils of the machine, which is then imported into the T-A formulation
in order to compute losses in the HTS tapes. The fully superconducting model is
built first. The right side of figure 4.4 presents the magnetic flux density norm
in one pole pair when phase A current is maximum. The main advantage of the
fully superconducting model is that losses can be estimated and electromagnetic
behaviour can be analysed in each superconducting tape cross-section of the gen-
erator. However, a similar electromagnetic behaviour (shifted in space and time)
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Figure 4.5: Behaviour of the normalized current density (J/.J.(B)) and magnetic field (black arrows)
in the cross-section of each phase coil when the current of each phase is maximum (top)
and zero (bottom) for the superconducting model of the electrical machine design with
iron teeth.

can be expected for the different coils cross-section of all the phases, by taking
into consideration the aforementioned characteristics and geometry. In order to
verify this hypothesis, the normalized current density and magnetic field distri-
butions were compared in the different coils cross-section for different instants
in time. As it can be seen in figure 4.5, the current penetration and magnetic
field behaviour are similar in the different phase coils cross sections (rotated in
space for the different phases) when the current in each one of them reaches its
maximum and zero values (shifted in time for each phase).

The instantaneous power dissipation can be estimated in all the stator coils by
using this model. In figure 4.6 losses in the first coil (from left to right in figure 4.4)
for the different phases are plotted. They have the same periodic shape in the
different phases, which can be expected given the behaviour mentioned above.
From these results, it can be concluded that the electromagnetic behaviour and
losses can be analysed with the same accuracy when the calculations of one phase
coil group are extrapolated into the other phases. Therefore, the computation
time can be reduced (with the same general electromagnetic behaviour) if only
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Figure 4.6: Instantaneous power dissipation in the first racetrack coil, from left to right in figure 4.4,
for each phase of the design with iron teeth.
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Figure 4.7: Instantaneous power dissipation in the coils of phase A for the design with iron teeth, in
figure 4.4 the first coils from bottom to top numbered from left to right as A1, A2, A3
and A4.

one group of coils is modeled as superconducting material, and all the other coils
are homogenized.

Figure 4.7 shows the instantaneous power dissipation in the four coils cross-section
of phase A, where the coils have been numbered from left (closer to rotor) to right
(closer to stator). The first coil experiences higher losses compared to coils 3 and
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4.2 Design with iron teeth

Figure 4.8: Basic schematic behaviour of the self field in the coils cross-section for the design with
iron teeth.

4. The tapes in this coil also experience a higher current penetration and a higher
perpendicular (to the wide face of the tape) magnetic field.

In order to better understand the behaviour of the losses and magnetic field in one
coil group, a short review of the field produced by the current flowing through
the coils is presented in figure 4.8. If only the interaction between two coils is
considered, the perpendicular magnetic field between the coils is reduced since
both carry the same current. However, when we consider 3 or more coils, the
perpendicular magnetic field increases in the first and last coils of the array. The
magnetic field norm may further increase in the first coil, since this is closer to
the rotor. However, coils 3 and 4 are closer to stator iron, which could provide
a low reluctance path for the magnetic field to turn not so close to the stack, and
they are also partially shielded by coils 1 and 2.

The overall behaviour of the losses can be better appreciated in figure 4.9, where
the average power density dissipation (calculated as the dot product between
current density and electric field) is shown in the cross-section of phase A coil
group. It can be noticed from this picture that coil 1 will have a higher dissipation,
hence it may be under higher thermal stress.

The losses in phase A coil group can be calculated by integrating the dissipation,
and the losses in all the coils of the machine in W can be estimated by multiplying
this value by the number of coil groups (6), number of pole-pairs (20), active
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Figure 4.9: Average in time power density dissipation (W m~3) of the phase A coil group for the
machine design with iron teeth.

-

Figure 4.10: One pole pair cross-section of the machine design without iron teeth. The geometry is
presented on the left. Phase A is depicted in blue, B in red and C in green. The direction
of the current is indicated in a circle close to the coils. The magnetic flux density norm
in T is shown on the right, when phase A current is maximum (time = 0.375s).

lIength of the machine (2.4 m) and nominal frequency (3.33 Hz). This results into
a total loss in the stator superconductive coils of 46.85 kW.
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Figure 4.11: Instantaneous power dissipation in the coils of phase A for the design without iron teeth,
in figure 4.4 the first coils from bottom to top numbered from left to right as A1, A2, A3
and A4.

4.3 Air gap winding design

The air gap winding design is very similar to the previous one. It uses the same
coils, number of turns, number of pole pairs and magnets. However, the stator has
no teeth, the racetrack coils are distributed in the stator in groups of two, it has
an effective length of 3.7 m and external radius of 2.62m. The geometry of one
pole pair cross-section of this design is presented on the left side of figure 4.10.

The model of this design is built by following the same approach. The fully
superconducting model gives the same behaviour per coil group in this design too,
shifted in space and/or time. For this reason, the analysis is focused only on one
phase coil group. The coil group under study is integrated by the first four coils
cross-section (from bottom to top) depicted in blue on the left side of figure 4.10.

The magnetic flux density norm in the cross-section of one pole pair can be seen
on the right side of figure 4.10, and instantaneous power dissipation in the four
coils cross-section are shown in figure 4.11, where the coils have been numbered
from left (closer to rotor) to right (closer to stator), and from bottom to top.
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Figure 4.12: Behaviour of the normalized current density (J/J.(B)) and magnetic field (black
arrows) in the cross-section of the coils of phase A for the machine design without iron
teeth, when the current in the coil group is zero.

In this design, the current penetration is more similar in all the four coils cross-
section, as shown in figure 4.12. Moreover, the average power density dissipation,
shown in figure 4.13, is better distributed compared to the previous design. Only
coil number four seems to experience slightly higher losses compared to the others.
This behaviour supports the aforementioned analysis regarding the interaction
between only two coils.

As it was done in the previous design, the losses in phase A coil group can be
calculated by integrating the dissipation and the losses in all the coils of the
machine in W can be estimated by multiplying this value by the number of coil
groups (6), the number of pole-pairs (20), the active length of the machine (3.7 m)
and the nominal frequency (3.33 Hz). This results into a total loss in the stator
superconductive coils of 39.81 kW.
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Figure 4.13: Average power density dissipation (W m~3) of the phase A coil group for the machine
design without iron teeth.

4.4 AC loss reduction

The reduction of the AC losses in the stator superconducting winding is beneficial
for the development of superconducting electrical machines. However, this AC
loss reduction is not easy to achieve. The coils are exposed to time changing
transport current and magnetic field. The horizontal array of coils presented in
the first design yields a higher dissipation that is concentrated in the coils closer
to the rotor. The second design achieves a 15 % reduction in losses. However,
the active length of the machine increases by 54 %. This section explores how
to obtain a stator coil design optimized for low AC losses by considering a
design with iron teeth. Three main approaches to reduce AC losses in the stator
superconducting winding are presented: use of non-planar coils, tape width and
temperature reduction. A detailed analysis of the current penetration and the
behaviour of the magnetic field around the coils is introduced in this section.
Particular attention is given to the position of the coils inside a slot and several
coil configurations are presented. It is shown that certain coil arrangements lead
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25

Figure 4.14: One pole pair cross-section of the machine design used to analyse the AC loss reduction
in the stator superconductive winding. The geometry is presented on the left. Phase A
is depicted in blue, B in red and C in green. The direction of the current is indicated in
a circle close to the coils. The magnetic flux density norm in T is shown on the right,
when phase A current is maximum (time = 0.375s).

to a significantly lower total loss, and a more uniform loss distribution, which
ultimately leads to the possibility of increasing the operating temperature.

The basic design of the machine used in this section is very similar to the one
described in section 4.2. It uses the same magnetic material (M330-50A), super-
conducting tape, number of slots, pole pairs, and magnets. The main difference
is that the number of coils per phase per pole pair was reduced from 4 to 3, to
minimize the horizontal effect shown in the design with iron teeth. This machine
has an external radius of 3.29 m and an active length of 2.4 m to achieve a rated
torque of 10 MN m. The geometry of one pole pair cross-section of this design
is presented on the left side of figure 4.14, and the magnetic flux density norm in
the cross-section of one pole pair can be seen on the right side by assuming coils
with a racetrack shape.
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4.4 AC loss reduction

4.4.1 Non-planar coils

In this subsection, different shapes of the stator coils are studied to verify whether
changes in the orientation of the cross-section of the coils can reduce the AC
losses in the stator winding.

e Typical arrangement: The first configuration under analysis uses coils with
a racetrack form. This shape is considered typical in superconducting
electrical machines. Three coil layers are stacked one on top of the other in
rectangular slots for one phase in one pole pair. These coils are wound with
a 4 mm tape for an initial calculation. Figure 4.15-A shows the behaviour
of the normalized current density (left), average power density dissipation
(center) and AC loss per tape (right). There is a high current penetration in
the first coil from left to right (closer to the rotor). This coil experiences
a higher perpendicular component (to the wide face of the tape) of the
magnetic field in comparison with the other two. It can also be noticed
that most of the dissipation is located in the same coil. Losses are higher
on the left side, where the magnetic field is higher. The total losses in the
superconducting stator winding are 28 kW.

e 90-degree inclined coils: In this arrangement, we have rotated the cross-
section of the coils 90 degrees in comparison with the previous solution.
Therefore, the tapes closer to the rotor are better aligned with the magnetic
field. Figure 4.15-B shows the behaviour of the normalized current density
(left), average power density dissipation (center) and AC loss per tape
(right). The first coil from top to bottom has now a high current penetration
and it is exposed to a high perpendicular component of the magnetic field.
Therefore, the highest average dissipation is located now in this coil. The
total losses for this alternative are 22.85kW, which represents a 18 %
reduction in comparison with the typical arrangement.

 Top and bottom inclined coils: In the previous configuration there is still
an uneven distribution of the losses that can be related to the orientation
of the coils cross-section with respect to the magnetic field. Therefore,
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A - Typical arrangement
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Figure 4.15: Current density and AC loss behaviour in the machine design used to analyse the AC
loss reduction in the stator coils with non-planar coils. From left to right: Behavior
of the normalized current density (J/.J.(B)) and magnetic field (black arrows) in the
coils of phase A when the current in the coil group is maximum, average power density
dissipation (W m™2) in the coils of phase A, and AC loss per tape (numbered in the
direction of the arrow) per coil.
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the top and bottom coils are further inclined in this arrangement. This
approach allows reducing the perpendicular component of the magnetic
field around the coils, which further reduces the losses. In figure 4.15-C
we can appreciate the behaviour of the normalized current density (left),
average power density dissipation (center) and AC loss per tape (right) for
this configuration. As it can be seen, the current penetration and average
power density dissipation have decreased in comparison with the previous
arrangement. Moreover, the losses per unit length in the tapes of coil
number 3 are also lower. The total losses in the superconducting coils for
this configuration are 14.73 kW. This means a 47.4 % reduction of losses
in comparison with the typical arrangement.

Star Configuration: It was shown in the previous configuration analysis
that the orientation of the tape can play a key role in the average power
density dissipation. For this reason, we propose a new arrangement of
the cross-section of the coils by trying to better align the tapes with the
magnetic field. This approach allows reducing further the perpendicular
component of the magnetic field. Figure 4.15-D shows the behaviour of the
normalized current density (left), average power density dissipation (center)
and AC loss per tape (right) of this new star configuration. We can observe
in this figure that the current penetration is now similar between coils, and
the dissipation is better distributed. Furthermore, the total losses in the
superconducting winding are 5.57 kW, which represents a 80 % reduction
in comparison with the typical arrangement.

4.4.2 Tape width reduction

The AC losses can also be reduced by decreasing the width of the tape. This

approach can bring a reduction in the magnetization losses of single tapes under a

uniform perpendicular magnetic field [39]. For this reason, in this subsection the

AC losses in the four previous configurations are estimated again by considering

a 2mm tape instead of 4 mm. In these calculations, the same parameters of the
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A - Typical arrangement
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Figure 4.16: Current density and AC loss behaviour in the machine design used to analyse the AC
loss reduction in the stator coils with non-planar coils and tape width reduction. From
left to right: Behavior of the normalized current density (.J/J:(B)) and magnetic field
(black arrows) in the coils of phase A when the current in the coil group is maximum,
average power density dissipation (W m™32) in the coils of phase A, and AC loss per
tape (numbered in the direction of the arrow) per coil.

4 mm HTS tape have been used (only the transport and critical current are reduced
to half). The number of coils per phase per pole pair are doubled to keep the same
amount of current per slot and the same basic design.
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4.4 AC loss reduction

* Typical arrangement with 2 mm tape: Figure 4.16-A presents the behaviour
of the normalized current density (left), average power density dissipation
(center) and AC loss per tape (right) of the typical arrangement with a 2 mm
tape. There are now six layers stacked one on top of the other for each phase
in one pole pair. This figure shows a similar behaviour between 2 mm and
4 mm alternatives. There is a higher current penetration and dissipation in
the first coils from left to right (closer to the rotor). This uneven distribution
of losses can be related to the high perpendicular component of the magnetic
field in these coils. However, the total losses in the superconducting coils
are 15.42 kW, which represents a 45 % reduction in comparison with the
4 mm tape typical arrangement.

* 90-degree inclined coils with 2 mm tape: The behaviour of the normalized
current density (left), average power density dissipation (center) and AC
loss per tape (right) of the 90-degree inclined coils with a 2 mm tape are
shown in figure 4.16-B. In this case, the last coils from bottom to top are
still experiencing a higher current penetration in comparison with coils
number 3, 2 and 1. At the same time, coils 5 and 6 have a higher dissipation
and losses per unit length, which shows a strong relation between the
perpendicular component of the magnetic field and the dissipation. The
total losses in the superconducting coils for this 2 mm tape alternative are
13.21 kW. This means a 42 % reduction in the losses in comparison with
the 90-degree inclined coils arrangement with 4 mm tape coil, and 14 %
reduction in comparison with the typical arrangement with 2 mm tape.

e Top and bottom inclined coils with 2 mm tape: The behaviour of the
normalized current density (left), average power density dissipation (center)
and AC loss per tape (right) of the top and bottom inclined coils arrangement
with a 2mm tape is presented in figure 4.16-C. It can be noticed from a
direct comparison between figure 4.16-C and figure 4.16-B that the average
power density dissipation and overall losses per tape in coils 5 and 6 have
decreased as a result of the alignment of the tapes with the magnetic field.
The total losses in the superconducting coils are 10.3 kW. This represents a
30 % reduction in the losses in comparison with the top and bottom inclined
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Figure 4.17: One pole pair cross-section of the machine design used to analyse the AC loss reduction

64

in the stator superconductive winding with the star configuration and 2 mm tape. The
geometry is presented on the left. Phase A is depicted in blue, B in red and C in green.
The direction of the current is indicated in a circle close to the coils. The magnetic flux
density norm in T is shown on the right, when phase A current is maximum (time =
0.365).

coils arrangement with 4 mm tape, and a 33.2 % reduction in comparison
with the typical arrangement with 2 mm tape.

o Star Configuration with 2 mm tape: The rectangular shape of the slot is

modified in this final arrangement to distribute the coils with a star configu-
ration inside the slots and reduce losses. Figure 4.17 presents the geometry
of the cross-section of one pole pair on the left side, and the behaviour of
the magnetic flux density norm on the right side. An angular separation was
kept between each star arrangement inside the slot. This introduces a high
reluctance that can decouple the magnetic field between sub-group of coils.
Moreover, the shape of the slot was modified by trimming the corners to
provide a better path for the magnetic field to turn in the magnetic material.

The behaviour of the normalized current density (left), average power den-
sity dissipation (center) and AC loss per tape (right) of the star configuration
with a 2 mm tape are shown in figure 4.18. These results are similar to the
4 mm tape alternative. The star configuration achieves lower losses per unit
length and a better distribution of the dissipation in the cross-section of the
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Figure 4.18: Current density and AC loss behaviour in the machine design used to analyse the AC
loss reduction in the stator coils with the star configuration and 2 mm tape. From left
to right: Behavior of the normalized current density (.J/Jc(B)) and magnetic field
(black arrows) in the coils of phase A when the current in the coil group is maximum,
average power density dissipation (W m™2) in the coils of phase A, and AC loss per
tape (numbered from outside to inside) per coil (numbered from bottom to top).

coils. The total losses in the superconducting winding for this configuration
are 4.15 kW, which represents a 26 % reduction in comparison with the star
configuration with 4 mm tape, and a 73 % reduction in comparison with
the typical arrangement with 2 mm tape. If the AC losses in the supercon-
ducting stator winding of this design are compared with the original typical
arrangement with 4 mm tape, the total reduction is equal to 85 %.

4.4.3 Temperature reduction

The AC losses in the stator superconducting winding can also be reduced by
increasing the critical current of the tape, for instance, by decreasing the average
operating temperature. A parametric study over a wider range of temperatures
in the typical arrangement with 2 mm tape was conducted. The critical current
of the tape at self-field has been calculated for each temperature. As it can be
seen in figure 4.19, the AC losses in the stator winding of the typical arrengement
with 2mm tape can decrease down to 6.16 kW at 5 K. This corresponds with
an increase of the critical current of the tape up to 420.8 A. However, it means
operating at much lower temperatures where the efficiency of the cooling system
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Figure 4.19: Comparison of the AC loss reduction in the typical arrangement with a 2 mm tape by
decreasing the average temperature with the losses of the Star configuration with a 2 mm
tape. AC losses in the typical arrangement are depicted in blue, AC losses in the Star
configuration are depicted in red and the critical current of the tape at self field in green.

will decrease. It can be concluded from these calculations that the level of losses
of the star configuration at 65 K can not be achieved with the typical arrangement
even if the critical current of the tape is doubled, or the operating temperature
of the coils is decreased down to 5 K. Furthermore, there are potential hot spots
in the coil’s cross-section in the typical arrangement that could be avoided in the
design stage with the star configuration.

Since the reduction in the operating temperature can have a strong influence
on the efficiency of the cooling system, the study presented in figure 4.19 is
complemented by considering the Carnot efficiency (7.) [94] and an ambient
temperature of 298 K:

Top

S 4.2)
Tamb - Top

Tle =

The inverse of equation (4.2) is called Carnot specific power, and it represents the
power required at ambient temperature to provide 1 W of refrigeration at the given
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Figure 4.20: Estimation of the cooling power requirements for the typical arrangement and the star
configuration with a 2 mm tape, based on the Carnot efficiency [reference]. The AC
losses are depicted in light blue (square symbol) and the cooling power requirements are
in dark blue (diamond symbol) for the typical arrangement. For the star configuration,
light red (x symbol) represents the AC losses and dark red (star symbol) represents the
cooling power requirements.

lower operating temperature [95]. Based on this equation, a first estimation of the
required cooling power is done. Figure 4.20 shows the comparison of the tempera-
ture behavior of the AC loss in the typical arrangement and star configuration with
a 2mm tape, and it also shows how the cooling power requirement increases if we
consider the Carnot efficiency. At 5 K the cooling power requirement increases
up to 361.2 kW for the typical arrangement. Therefore, the temperature reduction
results in a decrease in the AC losses but a significant increase in the cooling
power requirement. In the case of the star configuration, the cooling power re-
quirements are significantly lower in comparison with the typical arrangement for
all the studied ranges of temperatures. Moreover, the behaviour indicates that a
possible optimum operating temperature can be selected. If the minimum cooling
power requirements presented in Figure 4.20 are compared, the minimum power
required by the typical arrangement (55.28 kW at 65 K) is more than five times
higher than the minimum power required by the star configuration (10.29 kW at
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Figure 4.21: Behavior of the losses in the HTS coils in the machine design used to analyse the AC
loss reduction for different temperatures and rated frequency of 3.33 Hz.

45 K). These estimations of the cooling power requirements may further increase
around 10 to 50 times more depending on the cryocooler efficiency and cooling
system design [96].

Figure 4.21 shows the results of a parametric study to investigate the behaviour of
total losses in all the presented configurations for different average temperatures.
It can be noticed in this plot that a decrease in the tape’s width can allow increas-
ing the operating temperature, by keeping the same level of losses. A further
increase in temperature is feasible in the star configuration. This advantage can
be related not only to the decrease in the losses but also to the better distribution
of the dissipation. Therefore, this arrangement offers a more secure and efficient
operation of the superconducting coils.
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A

Figure 4.22: Feasibility review of the coils. From left to right: three-dimensional rendering of a coil
with a typical racetrack shape, three-dimensional sketch proposal of the 90° inclined
and top and bottom inclined configurations.

4.4.4 Feasibility review

The design and construction of non-planar and inclined coils is an area under
strong development. There are several configurations under research. However,
these coils are not easy to build and have been implemented mostly in the magnet
technology sector [97], [98], [99], [78]. The introduction of this approach in the
stator of a superconducting electrical machine by considering the anisotropy of
the critical current is new.

The detailed design and construction of all the presented configurations are not
within the scope of this research, since it is necessary to closely study the bending
and torsional limits of the tape to wind the coil [100]. These studies can be done
based on a specific application or shape [101].

3D renderings and sketches have been made to help the reader understand how the
configurations could look like. These drawings are just representations of possible
winding and will require detailed calculations and analysis before construction.
For simplicity, only the 4 mm tape solutions are represented. However, the same
approach can be followed for the 2 mm tape alternatives. The first arrangement
that was introduced is based on coils with a classic racetrack shape, like the one
shown on the left side of figure 4.22. The winding heads can be bent in this
typical configuration to arrange all the coils in the stator of an electrical machine
[102], [103].
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Star configuration
(non-planar coil)

Figure 4.23: Three-dimensional sketch proposal of the star configuration.

The next configuration is based on a 90-degree rotation of the typical racetrack
coil cross-section. This can be achieved by following a similar approach to the
one presented in [79]. This methodology can also handle the winding heads in
the stator if different bending formers are used for each coil [104]. A more visual
representation is given in the center of figure 4.22, where the three coils have been
integrated into a single drawing.

The next two configurations require a more controlled and specific inclination
of the cross-section of the coils. For that reason, it is necessary to rotate the
tape along its longitudinal axis. The torsion and rotation of superconducting
tapes has already been considered and applied for the development of super-
conducting cables [105], [106] and it has been proposed on coils for magnet
applications [78], [107].

The top and bottom inclined coils configuration can be built by considering a
small torsion in two coils of the second arrangement. This proposal is shown in
the 3D rendering presented on the right side of figure 4.22.

Finally, the star configuration can be realized by further exploring the torsion of
the tapes, as shown in the sketch of figure 4.23. In this drawing, the three coils
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with different inclinations are mounted one on top of the other to build the 4 mm
star arrangement in the straight section.

The findings of this research encourage the further development of non-planar
and inclined coils based on the current state of the art in the magnet sector.
Therefore, this investigation provides a solid base for further research activities
that will enable these and more complex coils arrangements to face the technical
challenges of superconducting renewable generators and magnet development.
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5 Basic design of the coil and tape
description

The previous chapters have introduced different tools to model and design coils
for superconducting electrical machines. The developed tools set a base for
electrical machine studies and provide approaches for AC loss reduction and 3D
modelling of HTS coils. This development is complemented from the practical
perspective in this and the consecutive chapters with the design, construction,
and characterization of coils for electrical machine applications. This work is
related to the SupraGenSys project, which aims to develop a new superconducting
generator for a wind turbine application. The most beneficial configuration of
stator coils from the AC losses point of view presented in the previous chapter is
the star configuration. However, the construction of this stator winding requires
a more complex analysis of the mechanical bending and torsion limits of the tape
in the coil. Therefore, a coil with 2 mm tape was designed and constructed. The
manufacturing of coils with such a small tape is still a challenge. For this reason,
this represents the first step necessary to address more complex arrangements.

In this chapter, the HTS tape that is used in the coils is described first and
measurements of the critical current of the tape are presented. This basic data
is essential to build the models that allow estimating the critical current and AC
losses as part of the characterization of the coil. The tape was supplied by two
different manufacturers, S-Innovations LLC and Fujikura Europe Ltd. Then, the
design of a coil is introduced as a scaled-down version of a stator coil of an
electrical machine. A small test coil is built first to verify the manufacturing
process. Afterwards, two versions of the scaled-down coil are manufactured, one
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Table 5.1: Main characteristics of the HTS tape manufactured by S-Innovations LLC [108].

. . Width 2 mm
Dimensions
Thickness 0.12mm
Copper stabilizer 20 pm per side
Silver layer HTS side 2 pm
Structure Silver layer substrate side 1pm

Superconducting layer (YBCO) 2.5 pm
Substrate (Hastelloy C-276) 40 pm
Nominal I, (77 K self-field) 60 A

I, measured by manufacturer Temin = 80A

Electrical properties

(77.3 K self-field) Ieae =83A
Ic—max =88A
Mechanical properties Minimum bending radius 10 mm

with the tape from S-Innovations LLC and one with the tape from Fujikura Europe
Ltd.

5.1 Tape description and characterization

The first tape was manufactured by S-Innovations LLC. It is an YBCO tape 2 mm
width 0.12 mm thickness with copper stabilizer on both sides [108]. The main
characteristics of the tape are summarized in table 5.1, which also shows basic
critical current measurements of the production batch and a brief description of
the structure of the tape.

One of the most important parameters of the tape is the critical current (/..) since it
provides the maximum current capacity of the individual tape. Moreover, a proper
characterisation of the /.. of the tape for different applied magnetic field amplitudes
and directions is necessary to estimate the critical current of the coil, and to build
models that allow studying the electromagnetic behaviour and estimate losses. For
these reasons, a sample of the tape is taken for further characterisation. Figure 5.1
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Figure 5.1: Measurements of the critical current of the HTS tape manufactured by S-Innovations
LLC. An angle of 0° represents a field perpendicular to the wide face of the tape; an angle

of 90° represents a parallel one.

Table 5.2: Main characteristics of the HTS tape manufactured by Fujikura Europe Ltd. [109].

Dimensions Width 2 mm
Thickness 0.11 mm
Copper stabilizer 20 pm per side
Silver layer 2pm
Structure Superconducting 2 m
(GdBCO)
Buffer layer 0.7 pm
Substrate (Hastelloy C-276) 50 pm
Nominal I, (77 K self-field) 50 A
Electrical properties  I. measured by manufacturer Tein =75 A
(77.5 K self-field) Ieavg =95A
Mechanical properties Minimum bending radius 10 mm

shows the I. measurement results of the sample. As it was shown in chapter 4,
a reduction in temperature can have a positive impact on the AC losses of the
HTS generator coils. Therefore, the critical current is measured at 77 K (liquid
nitrogen) and lower temperatures. For simplicity, figure 5.1 shows only the I,
measurement results at 77 K and 65 K. These measurements were conducted in
New Zealand by Robinson Research Institute, Victoria University of Wellington.
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Figure 5.2: Measurements of the critical current of the HTS tape manufactured by Fujikura Europe
Ltd. An angle of 0° represents a field perpendicular to the wide face of the tape; an angle
of 90° represents a parallel one.

The second tape was produced by Fujikura Europe Ltd. It is an GdBCO tape
2mm width 0.11 mm thickness with copper stabilizer on both sides [109]. The
main characteristics of this tape are summarized in table 5.2. A sample is also
taken in this case for /. measurements under different magnetic field amplitudes
and directions. Figure 5.2 shows the I, measurement results at 77 K and 65 K.
These measurements were also conducted by Robinson Research Institute, Victo-
ria University of Wellington.

5.2 Coil description

The basic design of the coil is presented in figure 5.3 and it is based on a scaled-
down version (1:3) of the stator coil of an electrical machine. Chapter 4 shows that
the most effective way to reduce the AC losses in the stator superconducting coils
is by using an inclination of the coils that follows the behaviour of the magnetic
field in the slot. This approach leads to the star configuration. However, this
arrangement of the coils requires not only a mechanical analysis of the torsion and
bending limits of the tape, but also a more complex manufacturing procedure. For
these reasons, the coil presented in this work has a racetrack shape and represents
one of the three types of coils necessary to build the star configuration.
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Scaled-down coil

(1:3)
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Figure 5.3: Geometry and basic design of the coil. The basic design is a scaled-down (1:3) version of
the stator coils of an electrical machine. Since the construction of the star configuration
requires a more detailed mechanical analysis, only planar coils are considered in this
study. This planar coil represents one of the coils of the star configuration.

The geometry of the coil is shown on the right side of figure 5.3. The number of
turns is 50, the same number of turns as the original coil of the electrical machine.
The dimensions of the scaled-down coil are: r; = 36mm, ro = 42mm and
2. yo = 500 mm.

5.3 Coil construction and inductance

This subsection introduces the construction and estimation of the inductance in
the scaled-down coils. Since the construction of a coil with a 2mm tape can
be a challenging task, a small test coil with 20 turns is manufactured first. The
main objective is to verify whether the winding procedure is adequate, and does
not produce a major degradation in the critical current. A picture of this first
coil is presented on the left side of figure 5.4. A metallic former is used in this
case to wind the HTS tape delivered by S-Innovations LLC. Copper connectors
soldered to the tape allow a standard connection with cables to energize the coil.
Voltage taps are added to each copper connector to measure the critical current.
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Figure 5.4: The small test coil (fabricated to verify the manufacturing process). A picture of the test
coil is shown on the left, with a zoom on the voltage taps used to measure the critical
current. The results of the critical current measurements are shown on the right.

The measurement results are presented on the right side of figure 5.4. The critical
current of the coil is 46.5 A by considering a 1 pV cm ™! criterion.

Once the winding procedure is verified with the small test coil, the construction
of the scaled-down coil starts with the tape provided by S-Innovations LLC. For
simplicity, this coil is named A. In this case, the metallic former is replaced with
G-10 to avoid induced currents that can increase the overall AC losses. Voltage
taps are soldered to the tape and added to the copper connectors for critical current
and connector resistance measurements (chapter 6). Due to instabilities during
the winding process, the coil has only 48 turns (two turns less than expected). A
picture of this coil is presented on the top side of figure 5.5. The second scaled-
down coil is made with the tape delivered by Fujikura Europe Ltd. and uses the
same type of former as in coil A. For simplicity, this coil is named B. Two small
pieces of G-10 are added at both circular ends of this coil to improve the winding
procedure. This approach allowed achieving the 50 turns. As it was done in coil
A, voltage taps are added to the tape and in the copper connectors. A picture of
this coil is presented on the bottom side of figure 5.5.

The inductance of coils A and B is first estimated with a stationary 3D finite ele-
ment model developed in Comsol Multiphysics. The inductances estimated with
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Coil A

Figure 5.5: Coil A (top), made with 48 turns of 2 mm tape manufactured by S-Innovations LLC. Coil
B (bottom), made with 50 turns of 2 mm tape manufactured by Fujikura Europe Ltd.

these simulations are 2.13 mH for coil A and 2.30 mH for coil B. These estima-
tions are verified with measurements done with a LCR meter (Agilent U1733C) in
cold (covered by liquid nitrogen) and warm (ambient temperature) conditions. The
measured inductance of coil A is Leog = 1.97mH (Lyam = 2.01 mH), which
represents a deviation of 8.12 % in cold conditions (5.97 % in warm conditions).
The measured inductance of coil B is Leog = 2.18 mH (Lyam = 2.26 mH),
which represents a deviation of 5.50 % in cold conditions (1.77 % in warm con-
ditions).
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6 Critical current estimation and
measurements

The estimations and measurements of the critical current of coils A and B are
summarized in this chapter. The critical current of the coils is estimated first
by using a 2D model that considers the middle of the straight section of the
coil. Then, a brief description of the setup used to measure the critical current is
presented, followed by the results of the measurements. The voltage in the coil
is measured at four points (at the internal and external copper connectors, and
voltage taps soldered on the tape close to the connectors). This approach allows
measuring the voltage drop and resistance between the connector and the voltage
tap in the tape, which includes the resistance of the soldered point between tape
and connector.

6.1 Simulations

The critical current (I.) in the coils is estimated with simulations based on the
methodology presented in [29]. This approach was already used to estimate the
critical current of HTS coils [77], [110], [111]. The methodology establishes two
criteria to estimate the critical current in the coil, the maximum and the average.
The maximum criterion indicates that I. is the current that produces a voltage
drop per unit length equal to the critical electric field (F, = 1pVcm™!)in at
least one turn of the coil. On the other hand, the average criterion indicates that
1. is the current that produces an average voltage drop in the coil (all turns) equal
to E; [29].
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Critical current

MAX criterion Coil A Coil B
T e

AVG criterion

46.89 A 56.26 A

Figure 6.1: Summary of the 2D simulations to estimate the critical current in coils A and B.

A 2D model is used to calculate I, by following a similar approach to [77], [93].
This model considers only the middle of the straight section of the coil. The
critical current is estimated with the maximum criterion by monitoring the ratio
between voltage drop per unit length and E, in each turn. The voltage drop per
unit length in each turn is multiplied by the length of the turn. The sum of this
quantity divided by the total length of the coil is compared with E, to estimate
1. according to the average criterion [29]. The modelling approach and results
are summarized in figure 6.1. Both criteria give similar results with a maximum
deviation lower than 3 % for coil A, and lower than 7 % for coil B.

6.2 Measurements

Since the critical current was already estimated with simulations, it can be mea-
sured in both coils and compared with the results of the 2D models. This section
presents first a brief description of the measurement setup and location of the
voltage taps. Then, the measurement results are introduced and compared with
the simulations.

6.2.1 Setup and measurement procedure
The four point measurement technique is used to measure the critical current of
the coil [112]. Before the measurements, the total length of the tape in the coil is

calculated and multiplied by the critical electric field (B, = 1pVcem™!). This
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-
Power supply

HTS Coil

Nanovoltmeter

Figure 6.2: Sketch of the measurement system of the critical current of the coils.

provides the voltage drop in the coil at which I, is reached. Then, the coil is
placed in a cryostat and filled with liquid nitrogen. A direct current is injected
into the coil, the voltage drop in the coil is measured with a nanovoltmeter and
the current is measured with a series resistor and a voltmeter. A sketch of the
measurement setup is shown in figure 6.2.

The current injected in the coil is increased slowly (0.1 A s~! ramp-rate) every
5 minutes. The transient behaviour due to the current ramp lasts usually less than
1 minute. However, the first 3 minutes of each measurement step are discarded to
avoid any possible transient behaviour. The last 2 minutes are averaged in time
and saved as the measurement result of each current step.

In the beginning, the voltage in the coil is close to zero. For this reason, the
current is increased in 5 A steps. The voltage increases with a sharp behaviour
once the injected current is close to the critical one. Therefore, the current steps
are reduced to 0.5 A when the measured voltage is different than zero. This
approach protects the coil from possible damage and provides a better resolution
for the graphs and measurements. The current is increased until the voltage is
close or equal to the 1 1V cm ! criterion. Finally, the critical current is calculated
as the linear interpolation of the last measurement points.

The voltage in the coil is measured at four different points, which are indicated in
figure 6.3. There are two voltage taps soldered to the tape, named Al and D2 in
figure 6.3. The voltage between these two points is used to measure the critical

83



6 Critical current estimation and measurements

Figure 6.3: Diagram of the voltage taps connections in the coil to measure the critical current and
terminal resistance.

current of the coil, since they do not consider the voltage drop in the copper
(resistive) connectors. There are also voltage taps in each copper connector. The
voltage tap located in the internal part is named C2 and the one located in the
external part is named B1. The voltage between the internal copper connector
(C2) and the internal voltage tap in the tape (D2) is used to measure the resistance
between these two points, which includes the soldered point between the tape and
the connector. The same approach is followed for the voltage taps located in the
external part of the coil.

6.2.2 Results and comparison with simulations

The results of the critical current measurements in coil A are summarized in
figure 6.4. As it was mentioned in the previous sub-section, the current is increased
with 5 A steps at the beginning of the measurements (depicted in light red color)
and with 0.5 A steps during the sharp increase of the voltage (depicted in dark
red color). The 1pVem™! criterion indicates that the critical current in coil
A is reached once a voltage of 597411V is measured in the coil. The black
dashed arrow in figure 6.4 shows this point in the graph, which indicates a critical
current of 44.27 A. This result is in good agreement with the simulations. It
has a deviation of 3.77 % and 5.92 % with respect to the maximum and average
criterion respectively, by considering the measurement result as the reference.
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Figure 6.4: Result of the critical current measurement in coil A.
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Figure 6.5: Result of the terminal resistance measurement in coil A.
Figure 6.5 shows the behavior of the voltage in the internal and external connectors
of coil A during the critical current measurements. The voltage drop in the external

connector (green triangles) exhibits a linear increase with the current during the
first measurements, when the voltage in the coil (between the soldered taps) is close
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Figure 6.6: Result of the critical current measurement in coil B.

to zero. This linear increase in the voltage suggests a resistive behaviour that can
be estimated with the linear fit presented in the graph. According to this approach,
the resistance between the two external voltage taps is 71.45n{2. However, the
voltage in the internal connector (orange squares) exhibits a random behaviour
during the first measurements. This behaviour suggests that the resistance between
the two internal voltage taps is so low that it can not be properly measured with
this approach.

The results of the critical current measurements in coil B are presented in fig-
ure 6.6. In this case, the 1 pV cm ! criterion indicates that the critical current
in coil B is reached once a voltage of 6226.5 1V is measured in the coil. The
black dashed arrow in figure 6.6 shows this point in the graph, which indicates a
critical current of 47.9 A. This result has a deviation of 10.44 % and 17.45 % with
respect to the simulations and the maximum and average criterion respectively, by
considering the measurement result as the reference.

The differences between the simulations and the critical current measurements in
the coils can have several causes. First, the models are not a perfect representation
of reality. They do not consider the non-uniformities of the critical current along
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Figure 6.7: Result of the terminal resistance measurement in coil B.

length of the tape. Moreover, they are only a representation of the middle of the
straight section of the coil. Therefore, an acceptable level of deviation is expected
between the simulations and the measurement results.

The resistance in the internal and external copper connectors is also measured
in coil B. Figure 6.7 presents the voltage drop in the internal connector (orange
squares) and external connector (green triangles). In this case, the resistance
between the two internal voltage taps is 9 1€2. The voltage in the external connector
exhibits a random behaviour, which indicates that the resistance between the two
external voltage taps is so low that it can not be measured with this approach.
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7 AC transport losses estimation
and measurements

This chapter summarizes the AC transport losses estimations and measurements
of coils A and B. First, the losses are estimated by using the homogenization of
the T-A formulation in 3D and compared with its 2D counterpart. This provides
an estimation of the level of the losses to be measured, and allows analyzing the
electromagnetic behaviour of the coil. Then, the design and construction of a
setup to measure AC transport losses with a calorimetric approach are presented.
This setup is calibrated by using a set of resistors and the reproducibility is verified
with multiple measurements. Finally, the AC transport losses are measured in
coils A and B, and compared with the 3D simulation results.

7.1 Simulations

The first estimations of the AC transport losses in coils A and B are based on finite
element models. These simulations provide an estimation of the levels of losses to
be measured and represent a reference to compare with the measurement results.
Moreover, the study of coils through simulations provides an electromagnetic
analysis that is only feasible with numerical models.

Coils A and B have a racetrack shape. This geometry has two straight and two
circular parts. Therefore, it can not be directly reduced into a 2D arrangement
without a careful review. Moreover, the magnetic field tends to be higher in the
inner part of the circular section [56], which can cause a higher current penetration
in this zone. For these reasons, a 3D model was initially developed to analyze the
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3D simulation | 2D simulation

Figure 7.1: Normalized current density (J/J¢) in coil A for transport current (f = 18 Hz and
Tpeak = 40 A) when the current is equal to zero, after the first half period of the sinusoidal
cycle. The results of the 3D simulation approach are shown on the left side, with a zoom in
the middle of the straight and circular sections. The results of the 2D simulation approach
are shown on the right.

coils. These simulations are based on the homogenization of the T-A formulation
in 3D, described in detail in the previous chapters. As it was done in [56], only
one-eighth of the coil is modelled by taking advantage of the symmetries.

The left side of figure 7.1 shows the behaviour of the normalized current pen-
etration (J/.J;) obtained with the 3D simulation. The behaviour of the current
penetration is very similar along the length of the coil. Based on these results,
it can be assumed that a 2D simulation can also provide a good approximation,
even if the geometry is not suitable for a 2D representation. For this reason, a 2D
model based on the homogenization of the T-A formulation in 2D was built [60].
This model considers only the middle of the straight section of the coil as an in-
finite long arrangement. The normalized current penetration behaviour obtained
with this 2D simulation is presented on the right side of figure 7.1. It is in good
agreement with the 3D simulation, which confirms the previous hypothesis. A
2D simulation can provide a good approximation in this case.

The AC transport losses estimated for coil A with the 2D and the 3D simulations
are summarized in figure 7.2. The results of the 3D model are presented in blue
(triangle symbol) and the 2D model in red (square symbol). The relative error
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Figure 7.2: Results of the estimation of AC transport losses in coil A made with 3D and 2D models
based on the homogenization of the T-A formulation. The green circles represent the
relative error calculated by considering the 3D simulation as the reference.

calculated by considering the 3D simulation as the reference is depicted in green
(circle symbol). In the 2D simulation case, the results are extended by considering
an average turn length to estimate the total losses in the coil. The estimation of the
losses done with the 2D and 3D models are in good agreement, with a maximum
relative error lower than 7 %.

The same modelling approach is followed to analyze coil B. The behaviour of
the normalized current penetration (.J/J,) is presented in figure 7.3. The current
penetration is also very similar along the length of the coil, and it is in good
agreement with the 2D model. The estimations of the transport losses in coil B
are summarized in figure 7.4. The 2D simulation results are similar to the results of
the 3D models, with a maximum relative error lower than 4 %. As a consequence,
it can be concluded that the 2D simulation offers a good approximation of the
transport losses and electromagnetic behaviour for coils A and B, despite the 3D
geometry. Moreover, the 3D models have a computation time between one and
two days for one and a half cycles of a sinusoidal transport current of a given
amplitude, and the computation time of the 2D counterpart is lower than 30 min.
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3D simulation : 2D simulation
I

Figure 7.3: Normalized current density (J/Jc) in coil B for transport current (f = 18 Hz and
Tpeak = 48 A) when the current is equal to zero, after the first half period of the sinusoidal
cycle. The results of the 3D simulation approach are shown on the left side, with a zoom in
the middle of the straight and circular sections. The results of the 2D simulation approach
are shown on the right.
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Figure 7.4: Results of the estimation of AC transport losses in coil B made with 3D and 2D models
based on the homogenization of the T-A formulation. The green circles represent the
relative error calculated by considering the 3D simulation as the reference.
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7.2 Design and construction of a setup for
calorimetric measurements of AC
transport losses

There are two main methodologies commonly used to measure AC transport
losses in HTS coils, the electric method and the calorimetric method [113], [114].
The electric method is based on the measurement of the current and the volt-
age in the coil. The voltage can be separated in two parts, a pure inductive
component (90° shifted with respect to the current) and a loss component (in
phase with the current) [115], [116]. The inductive component is usually larger
than the loss component. Therefore, the efficiency of the method relies on can-
celling the inductive component of the voltage to measure accurately the real
component. For this purpose, a compensation circuit (pick-up coil or variable
transformer) and a lock-in amplifier are generally used. However, the induc-
tive component of the voltage in HTS coils can be several orders of magnitude
larger than the AC loss component [117], [118]. Therefore, it can be difficult to
cancel the inductive component. Moreover, the measurement approach can be
strongly influenced by the electromagnetic conditions of the environment (metal-
lic and ferromagnetic parts, energized magnets, experiments, or cranes close to
the setup) [113], [119]. For these reasons, the calorimetric method was adopted in
this case. This approach does not require a compensation circuit, it is not strongly
influenced by the electromagnetic conditions of the environment and is faster to
implement [119], [120], [121]. In the implemented calorimetric approach, the
evaporation of the cryogen (nitrogen) due to the AC losses in the coil is collected
and measured. The flow of evaporated nitrogen is translated into dissipated power
by using a previously measured calibration curve. This approach is known as the
boil-off method and has been applied to measure the AC losses in superconducting
samples [122]; cables [123], [124], [125] and HTS coils under different operating
conditions [121], [126], [127], [128], [129], [130].

The design, construction, and calibration of the calorimetric setup to measure
the AC transport losses are presented in this section. Finally, the AC transport
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losses are measured in coils A and B, and compared with the simulation results
presented in the previous section.

7.2.1 Components

The design and construction of the calorimetric setup to measure AC transport
losses was divided into five main parts: cryostat and bubble collector, power
supply, current measurement, flow measurement and data and acquisition system.
Figure 7.5 shows a schematic of the setup with all its components. The coil is
located inside a rectangular box that represents the cryostat and bubble collector,
and it is energized through an AC voltage source and a current transformer. The
current through the coil is measured with a Rogowski coil and the evaporation
of the cryogen is directed into a flow sensor. The main variables are collected
and recorded with the data acquisition system (indicated with dashed lines) and
plotted in real-time on the computer. In this subsection, we will focus on the
description, design, and selection of each of these components.

Figure 7.5 shows also a DC voltage source and a resistance that is used for
calibration. This part of the setup will be explained in subsection 7.2.2, which
describes the calibration of the setup and the reproducibility of the results.

7.2.1.1 Cryostat and bubble collector

One of the main sources of noise that can affect the flow of evaporated nitrogen is
the interaction with the environment. Since the coil is at cryogenic temperature,
there is a continuous heat transfer from the surroundings into the internal part of
the cryostat. This phenomenon causes an additional evaporation of the cryogen
that can influence the measurements. Moreover, the heat transfer depends on
ambient conditions. It changes through the day and between different days and
weeks (it can not be fully predicted or controlled). Therefore, the design of the
cryostat and bubble collector plays a key role in the accuracy of the measurement
setup.
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Figure 7.5: Diagram of the setup to measure AC transport losses in HTS coils through a calorimetric
approach.

A possible way to minimize the influence of the environment on the measurements
is to improve the thermal insulation of the cryostat. For this reason, an estimation
of the heat transfer from the environment was done. For this estimation, we
considered G-10 as a possible cryostat material due to its good thermal resistiv-
ity [131], and used the following equation which represents a 1D approximation
that considers only the conduction heat transfer [132], [133], [134].

Q=G0 —02) (7.1)
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Figure 7.6: Results of the parametric study to estimate the conduction heat transfer from the envi-
ronment done with a 1D approximation (equation (7.1)) by considering a G-10 0.45 m?
slab, which represents the bottom part of the cryostat. The arrow indicates the direction
in which the thickness of the cryostat increases.

In this equation, Q is the heat flow through a G-10 slab of area A, and thickness

L, 0 is the integral of the temperature-dependent thermal conductivity, and G' =
A,/L.

A parametric study was done by considering different thicknesses of the cryostat
and ambient temperatures to estimate the conduction heat transfer through an area
of 0.45m?, which represents only the bottom part of the cryostat. Figure 7.6
summarizes the results of these estimations. The heat transfer is higher than
100 W for ambient temperatures higher than 250 K, even if the thickness of the
cryostat is increased up to 21 cm. For this reason, a box inside a box approach was
implemented to minimize the heat transfer and avoid a thick cryostat. During the
experiments, the internal box is completely filled and the external box is partially
filled with liquid nitrogen. This approach allows re-directing the heat transfer from
the surroundings into an intermediate zone (space between external and internal
box). Since this intermediate zone operates at cryogenic temperatures, the heat
transfer to the internal part of the setup is reduced despite the thickness or material
of the cryostat. Therefore, two commercial EPP (expanded polypropylene) boxes
were used for this application.
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-

Figure 7.7: Assembly of the cryostat and bubble collector of the setup to measure AC transport losses
in HTS coils through a calorimetric approach.

Figure 7.7 shows a 3D rendering of the assembly of the setup. The bubble collector
has a semi-cylindrical shape that allows gathering the evaporated cryogen. It is
raised 5 cm to avoid any additional heat transfer from the bottom of the setup.
The bubbles are collected on half of the coil to avoid the evaporation coming
from the connectors and to measure the losses only in the superconducting turns.
These parts of the setup were 3D printed by using PA 12 GF (glass-filled fine
polyamide), which withstands thermal stress and provides good sealing.

There are four small slots between the top and bottom parts of the bubble collector
that allow the refilling of the cryogen. A basic estimation of the hydrostatic
pressure was done and compared with the drop of pressure in the flow meter to
ensure a proper flow of the gas. As a result, a minimum level of 25 cm of liquid
nitrogen was kept in the inner box during all the measurements.
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Figure 7.8: Schematic of the AC power supply used in the setup to measure AC transport losses in
HTS coils through a calorimetric approach.

7.2.1.2 Power supply

The power supply consists of a lock-in amplifier (model 7265 manufactured by
AMETEK®) that generates a reference sinusoidal signal (with variable amplitude
and frequency) and measures the voltage in a Rogowski coil used to measure
the transport current in the superconductive coil. The reference output from the
lock-in amplifier is connected with a power amplifier (HERO®- power, model
PA2033A) which provides the power to energize the coil. Finally, the output of
the power amplifier is connected with the superconducting coil through a current
transformer that provides insulation and adjusts the voltage and current capacity
of the power supply to the requirements of the coil. A basic schematic of the
power supply assembly is shown in figure 7.8.
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7.2.1.3 Current measurement

The current that flows through the HTS coil is measured by using two approaches.
The first one is represented in the power supply schematic (figure 7.8) and is
based on a Rogowski coil that works as a current transducer. This coil captures
the magnetic field around the cable that feeds the current into the coil. Therefore,
the voltage at the terminals of the Rogowski coil is directly related to the current
flowing through the cable. This voltage is measured with the lock-in amplifier and
itis translated into current in ampere with a previously measured calibration curve.
The current is also measured with a commercially available clamp meter (model
U1212A manufactured by Agilent), which provides a local visual measurement
of the current.

7.2.1.4 Flow measurement

The evaporated nitrogen is measured with a flowmeter manufactured by Teledyne
Hastings Instruments, which consists of a power supply with a local indication
of flow (model ENALL-5KPG) and a transducer (model HS-5KS) calibrated for
nitrogen with a measurement range of 5 standard litres per minute [135]. The
power supply also has an analog output of 0 to 5V DC linearly related to the
measured flow (0 to 5 standard litres per minute). This analog output is used by
the data and acquisition system to plot and record the measurements.

The measurement principle of the flow sensor is described in figure 7.9. There is
one heat sink and one temperature sensor on each side of the transducer. If there
is no flow, the temperature measured at both points will be equal. If there is flow
through the transducer, the temperature will be different. Therefore, the flow is
measured based on this difference in temperature [135].
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Figure 7.9: Diagram of the operating principle of the flow meter [135].

7.2.1.5 Data acquisition system

The main variables are collected in a small circuit board manufactured internally,
which consists of a set of voltage dividers used to adapt the range of the voltage
to be measured to the maximum analog voltage input of an Arduino Uno. This
small board also incorporates one green LED that indicates the system is ON, one
yellow LED that indicates the system is recording, and three red LEDs that provide
warnings in over-voltage conditions. The board is connected to an Arduino Uno,
which communicates with a computer to plot and record the signals (figure 7.10).

A graphical user interface (GUI) was created in MATLAB® to plot and record
the collected data, as shown in the top right corner of figure 7.10. In this GUI,
the user can give a name to the output file and select a possible delay between
measurements. It also shows the current values of the flow in standard litre per
minute, current in ampere, and DC voltage (used for calibrations) together with a
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Figure 7.10: Data acquisition system of the setup to measure AC transport losses.

visual representation of the LEDs included in the small circuit board. A plot of
the recorded values is shown while the program is recording, and when it stops a
file (in Microsoft Excel format) is created with all the recorded data.

7.2.2 Calibration and reproducibility

Before measuring the AC transport losses in the coil, it is necessary to build a
calibration curve that allows translating the evaporation of nitrogen (in standard
litre per minute) into dissipation (in watt). Moreover, it is important to check
the reproducibility of the measurements by repeating and comparing different
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Figure 7.11: Schematic of the calibration circuit of the setup to measure AC transport losses.

measurements under different conditions. This verifies the influence of the envi-
ronment on the measurements and the reliability of the measurement setup. In
this subsection, the construction of the calibration curve and the verification of
the reproducibility are presented. Since these are the first measurements with
the setup, the post-processing procedure and load cycles of the measurements are
described.

7.2.2.1 Calibration resistor

The calibration curve of the setup is built by producing a controlled dissipation of
energy inside the bubble collector. For this reason, an arrangement of three 25 W
39 Q resistors connected in parallel is used. The resistance of the arrangement
is measured previously in cold (covered by liquid nitrogen) and warm (ambient
temperature) conditions multiple times with variations lower than 0.3€2. This
configuration of resistors is energized with a DC power supply (model QL355P
manufactured by Aim and Thurlby Thandar Instruments). Since the value of the
equivalent resistance is known, the dissipation of energy can be controlled by
changing the DC voltage in the power supply. A picture of the resistors and a
schematic of the calibration circuit are shown in figure 7.11.
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Figure 7.12: Measurement of the evaporation of nitrogen due to the dissipation in the calibration
resistance.

7.2.2.2 Load cycle and post-processing technique

The measurements are structured in load cycles, by following a similar approach
to the one introduced in [124]. Each load cycle represents one value of dissipated
energy and lasts 60 min. During the first 30 minutes, the DC voltage (or AC
current in the coil) remains constant at a specific value and the evaporation of
the cryogen related to the dissipated energy in the resistor (coil) is measured.
Then the DC voltage (AC current in the coil) is reduced to zero. During the next
30 min, the background flow is measured. This approach creates a clear distinction
between load cycles, allows re-filling of liquid nitrogen between measurements
and studying the background flow during the whole measurement time.

Figure 7.12 presents the behaviour of the flow of evaporated cryogen in one set
of measurements done with the calibration resistors. The active power (purple
line and right axis) in the resistors was changed from 1 W up to 7W. The flow
of evaporated nitrogen (light green and left axis) shows a continuous fluctuation
during the whole measurement range. Similar variations were reported in other
application that followed the same measurement principle [124], [125]. This
behaviour can be related to how the bubbles are created and collected in the
measurement chamber. The dark green plot in figure 7.12 shows the behaviour
of the average per minute flow of evaporated cryogen. There is still a significant
fluctuation even if we take the average per minute. Therefore, a more complex
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Figure 7.13: Post-processing of one load cycle of the evaporation of nitrogen due to the dissipation in
the calibration resistance.

post-processing technique must be implemented to properly asses the uncertainty
in the measurements.

For the post-processing of the data, each 30 min section of the load cycle was
subdivided into 10 time slots of 3 minutes each. The average value of the
evaporated nitrogen was calculated in each time slot, as shown on the left side of
figure 7.13, where the instantaneous flow is in light green and the average values
in dark green bars. In this plot, we can see a transient behaviour that starts once
the arrangement of resistors is energized. The percentage variation of the average
flow between time slots was calculated to establish the beginning and end of the
transient behaviour. For this purpose, a 5 % criterion is used. If the percentage
variation is lower than 5%, we can say that a steady state was reached. If the
percentage variation is higher than 5 %, we can say that we still have a transient
behaviour.

The standard deviation (o) is also calculated in each time slot to assess the uncer-
tainty in the measurements. As shown in the bottom right corner of figure 7.13,
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the standard deviation also exhibits a transient behavior that ends once the per-
centage variation of the average flow is below 5 %. After this point, it only has
very small fluctuations. Finally, the measurements can be written as an average
value plus and minus two times the standard deviation, which represents an un-
certainty range that includes 95.4 % percent of the data in the last time slots if we
assume a normal distribution [136].

7.2.2.3 Reproducibility

The measurements of evaporated nitrogen related to 1 W and 2 W of dissipation
in the calibration resistors were repeated to verify the reproducibility of the results
under different ambient conditions and resistors arrangements. Figure 7.14 shows
the arrangements of resistors used to verify the reproducibility. The resistance
of each arrangement is measured in cold (covered by liquid nitrogen) and warm
(ambient temperature) conditions. For simplicity, the configuration of resistors
shown in figure 7.11, and used in the set of measurements presented in figure 7.12,
is named configuration A. This arrangement is modified by adding two small
blocks of styrodur in configuration B. The main objective of this change is to
raise the three resistors by 1.5 cm to allow liquid nitrogen at the bottom of the
arrangement and test a different position of the resistors in the measurement
chamber. Finally, configuration C is made with only one single resistor. This
allows verifying whether changes in the number of resistors have an impact on the
measurements. Each configuration is measured on different weeks. After each
measurement, the whole setup is disassembled, dried, cleaned, and re-assembled.

Table 7.1 presents the results of the measurements of evaporation of cryogen
due to the dissipation of energy in the configurations of resistors used to verify
the reproducibility. All the measurements are in good agreement with each other.
The differences between measurements are small and within the uncertainty range.
These results confirm the reliability of the measurement setup by reproducing the
same results under different ambient conditions, different weeks and with different
configurations of calibration resistors.
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Figure 7.14: Configuration of resistors used to verify the reproducibility of the measurements.

Table 7.1: Evaporation of cryogen due to the dissipation of energy in the configurations of resistors
used to verify the reproducibility.

Configuration Power Average flow Uncertainty - 2 - o

(W) (SLPM) (SLPM)
A 1 0.31 0.02
2 0.51 0.02
B 1 0.32 0.02
2 0.52 0.02
C 1 0.31 0.02
2 0.52 0.04

7.2.2.4 Calibration curve

After the reproducibility of the measurements is verified, we can proceed and build
the calibration curve. For this purpose, the post-processing procedure described
previously is followed to analyze the data shown in figure 7.12. The background
flow was stable around an average value of 0.12 with an uncertainty of 0.02
standard litre per minute.
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Figure 7.15: Calibration curve of the setup to measure AC transport losses.

Figure 7.15 presents a plot of the calibration curve once the background flow is
subtracted from the measurements. The black dots represent the average values,
and the dashed red lines and light red zone represent the uncertainty in the
measurements. The dashed black line presents a linear fit to the experimental
data with a coefficient of determination of 0.9985. This linear fit provides a
practical relation between the dissipated energy in the measurement chamber and
the average flow of evaporated nitrogen, which means that 1 W of dissipation
inside the measurement chamber produces a flow of 0.2235 standard litres per
minute of evaporated nitrogen.
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Figure 7.16: Setup to measure AC transport losses with an HTS racetrack coil inside. From left
to right, we have the flow transducer, internal and external cryostat (black boxes), and
bubble collector (white 3D printed parts).

7.2.3 Measurement of AC transport losses in HTS coils
and comparison with simulations

Since the setup was already designed, built, and calibrated, the following step is
to measure the AC transport losses in a coil. Figure 7.16 shows the setup layout
with a HTS coil inside. The black boxes are the internal and external cryostats,
and the white part is the 3D-printed bubble collector.

The first measured coil was coil A. It was energized with an AC sinusoidal
transport current of variable amplitude and a frequency of 18 Hz. The evaporation
of the cryogen was measured and the data was post-processed by following the
procedure described in the previous sub-sections.

The AC transport loss measurements in coil A are summarized in figure 7.17,
which presents the AC losses as a function of the normalized current density
(J/J.). The measurement data was normalized by considering the measured
critical current with a 1 pV em™? criterion (44.27 A) and the simulation results
were normalized by considering the critical current calculated with the 2D model
and average criterion (46.89 A). In this graph, the losses estimated with 3D

108



7.2 Design and construction of a setup for calorimetric measurements of AC transport losses

0.28 T T : 25
¥ AClosses measurements - 18 Hz
0.26 [ |- Simulation
O Error (%)
0.24 - 120
o

~0.22F
2
o
2 021 115 <
S S
2 0.18 1 A 5
2 =1
So.16t {10 ®
> o
<04t

0.12 o 45

0.1+ °
A
0.08 | . I I I 0
0.6 0.65 0.7 0.75 0.8 0.85 0.9

Normalized current (I/Ic)
Figure 7.17: AC transport losses measurements in the coil A, and comparison with simulation results

calculated with the homogenization of the T-A formulation in 3D.

simulations are presented in blue and the measurements in red. Each average flow
measurement (F') was translated into watt by using the following equation,

2
- SLPM
0.2235>%

P(W)

- F(SLPM). (7.2)
The propagation of the uncertainty (6 P) was calculated as described in [136]:
0P =——-0F (7.3)

4

= W . UﬂoW(SLPM). (74)
: w

In these equations, ¢ F' represents the uncertainty in the flow measurements cal-
culated as two times the standard deviation (2 - oqow)-
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Figure 7.18: AC transport losses measurements in the coil B, and comparison with simulation results
calculated with the homogenization of the T-A formulation in 3D.

Figure 7.17 also shows the relative error in the measurements by considering the
3D simulation results as the reference. The measurements are in good agreement
with the simulations with a maximum error lower than 19 %.

Figure 7.18 presents the results of the transport loss measurements in coil B. As
it was done for coil A, the measurement data was normalized by considering the
measured critical current with a 1 1V cm ™! criterion (47.9 A) and the simulation
results were normalized by considering the critical current calculated with the
2D model and the average criterion (56.26 A). The measurements are in good
agreement with the simulations with a maximum error lower than 19 %. These
differences between simulations and experimental results can have several causes,
from the uncertainty in the measurements to the non-uniformities along the length
of the tape, which is not considered in the simulations.
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The 3D T-A homogenization modelling technique was developed for the analysis
of coils with complex geometries. This modelling approach was used to study
the behaviour of superconducting coils under different operating conditions. The
proposed normal vector approach based on a curvilinear coordinate system defini-
tion allowed an easier implementation (in comparison with the currently available
3D H homogenization) despite the complexity of the geometry. Therefore, it
represents a practical tool for the analysis of HTS devices with complex shapes
at low frequencies. The modelling technique was validated first with the circular
coils presented in [47]. In this first case study, the estimation of transport losses
obtained with the homogenization of the T-A formulation in 3D was compared
with 2D simulations (maximum error lower than 6.23 %) and measurement results
(maximum error lower than 35 %). Then, the racetrack coil studied in [56] was
modelled with the developed technique, and the results were compared with the
3D H homogenization. Subsequently, a saddle coil was analysed, which repre-
sented a case study with potential applications in the magnet and superconducting
electrical machine sectors. The operating conditions under study were AC trans-
port current and AC transport current with AC externally applied magnetic field.
The results were compared with a 2D T-A homogenized model, which gave a
good approximation of the losses for the first operating condition but cannot be
used for the electromagnetic analysis of the second one. The validity of this 2D
approximation can be affected by the length of the straight section of the coil,
in comparison with the curved one. Therefore, 2D simulation results cannot be
directly extrapolated to more complex geometries. Finally, the 3D simulation
studies were complemented with the analyses of a twisted coil, a geometry with-
out straight parts. This case has potential applications in the fusion energy sector.
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The operating condition considered was DC transport current. For this reason,
the ramp-up/down process was simulated.

For most of the coils considered in this work, the losses due to AC or the ramp-
up/down process can be estimated with a 2D model. This approach provides a
good approximation and offers a great reduction of degrees of freedom due to
the reduction of dimension. Therefore, it represents a good compromise between
accuracy and computation time. However, the behaviour of the coils due to
transport current and external magnetic field can be more complex. For this
operating condition, the 3D model can provide a better estimation of losses
and detect zones with local saturation of current, as was seen in the saddle coil
simulations. The operating conditions of HTS coils in the majority of applications
(such as electrical machines and fusion experiments) involve transport current
and magnetic field. In these cases, the study of the interaction with other coils,
magnets, and materials in intricate 3D geometries is only feasible with a 3D
model. The presented analyses show the versatility of the modelling approach
and its efficiency for AC loss estimation in coils. Moreover, the studies support and
encourage the modelling and development of HTS coils with complex geometries,
necessary to overcome the technological challenges of superconducting devices
in multiple fields and applications.

The electromagnetic behaviour of synchronous superconducting machines was
analysed by using FEM models based on the T-A formulation. The current distri-
bution in the stator winding was calculated by following a proposed methodology
based on the building model process. This allows us to improve superconducting
machine designs by reducing the losses in superconducting coils with a detailed
analysis.

The modelling approach was implemented for a 10 MW generator with permanent
magnets in the rotor and superconducting coils in the stator. Two designs were
considered at the beginning of the study. First, a design with iron teeth and four
coil layers per slot was analyzed. Then, a slotless solution was modelled and a
small reduction in losses was achieved. Based on these two results, a new design
was proposed with iron teeth and three coil layers per slot. Then, an AC loss
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reduction study in the stator HTS winding was done based on a comprehensive
analysis of the electromagnetic behaviour of the coils. The AC loss reduction was
classified into three main strategies: non-planar coils, tape width reduction, and
temperature reduction. The first approach can provide up to an 80 % reduction
in losses and a better average power density dissipation in the HTS coils of the
synchronous machine under study. A reduction in the width of the tape from 4 mm
to 2mm can reduce the losses by 45 % for the typical arrangement. However,
it can not improve the power density dissipation distribution. The analysis was
complemented with a sensitivity study over lower temperatures as a strategy to
increase the critical current and reduce AC losses in the coils. Particular interest
was given to the typical arrangement and star configuration with 2 mm tape. From
these calculations, it can be concluded that even if the critical current of the tape
is doubled, or the operating temperature of the coils is decreased down to 5 K,
with the typical arrangement we still will not be able to reach the level of losses
that were achieved with the star configuration at 65 K. Moreover, we will keep
potential hot spots in the cross-section of the coil, which could be avoided in
the design stage with the uniform distribution of losses achieved with the star
arrangement. This configuration allows better usage of the superconducting tape
capacity by achieving a more uniform current penetration in tapes and avoiding
saturation of individual coils. If the efficiency of the cooling system is considered,
the level of losses in the typical arrangement can compromise the feasibility of the
design by decreasing the efficiency and increasing the cost of the cooling system.

These findings encourage the development of non-planar and inclined coils for
generators and can be used as a base for further research and development that will
enable these and more complex coils arrangements to face the technical challenges
of superconducting generators for wind turbine applications.

In the last part of this work, the design, construction, and test of a setup for
the calorimetric measurement of AC transport losses were presented. The mea-
surement approach is based on the boil-off method. A bubble collector was
designed and 3D printed to guide the evaporation of the cryogen into a flow meter.
A box-inside-a-box solution was implemented to minimize the influence of the
environment, and a statistical analysis of the results was done. This statistical
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treatment of the fluctuations in the evaporated cryogen is new for this type of
measurement, and it allows expressing the variability in the flow as uncertainty
in the measurements.

The reproducibility of the measurements was verified with different arrangements
of resistors during the calibration stage. The measurements were in good agree-
ment with a maximum deviation of 0.01 SLPM. Each set of measurements was
done in a different week after the whole setup was dissembled, dried, cleaned,
and re-assembled. The reported deviations are within the uncertainty range of the
measurements. The excellent reproducibility of the results under different con-
ditions represents an exceptional outcome in the field of AC loss measurements
based on a calorimetric approach (boil-off method) since the strong influence of
the environment can cause fluctuations that are not easy to reproduce. These
results can be related to the implemented creative solutions, such as the box-
inside-a-box approach and the statistical analysis. The first reduces the influence
of the environment and the second allows assessing the maximum level of devi-
ation that can be accepted in the measurements to agree that the results are the
same. Moreover, the 3D-printed bubble collector solution introduces flexibility in
the measurement approach. Therefore, it can be easily extended to more complex
geometries and applications.

The construction and characterisation of two HTS racetrack coils were introduced
as the first measurement cases. The inductance and critical current of the coils
were first estimated with finite-element models and compared with measurements.
A good agreement between simulations and measurements was found in both
cases. The critical current had a maximum deviation of 5.92 % in the case of coil
A, and 17.45 % in the case of coil B. The inductance had a maximum deviation
of 8.12% in coil A, and 5.50 % in coil B. The coils were modelled by using the
homogenization of the T-A formulation in 2D and 3D to estimate AC transport
losses. The normalized current penetration and loss estimations were shown
and compared between both models, where a maximum relative error lower than
7% was found for the 2D AC loss approximation in coil A, and 4 % in coil B.
Finally, the AC transport losses were measured in the coils and a good agreement
with the simulations was found (maximum error lower than 19 %). These results
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confirm the reliability and accuracy of the measurement setup. Moreover, the
results of this thesis expand the current knowledge of HTS coils for electrical
machines with the development of new simulation approaches, stator winding
configurations with a substantial reduction of losses, and creative measurement
methods, which will enable more compact and efficient solutions to face future
technological challenges.

Based on the results presented in this work, the research can be extended in mul-
tiple directions to improve the current state of the art of HTS coils for electrical
machine applications. The star configuration has great potential to achieve a
significant reduction in AC losses, which can enable the future fully supercon-
ducting electrical machines with innovative stator winding. However, mechanical
and thermal studies are necessary to ensure proper manufacturing and operation
of this coil configuration. The developed homogenization of the T-A formulation
in 3D can be combined with additional modeling strategies, such as multiscale
approach, to analyze larger and more complex problems. This methodology may
allow analyzing end-effects in small superconducting electrical machines and im-
prove the overall electromagnetic study of superconducting devices in multiple
fields. Finally, the calorimetric measurement technique of AC losses in HTS coils
can be extended or improved in two main directions. The first one is based on the
upgrading of the current setup either by improvements of individual components
or incorporation of sensors and instrumentation that allows having more data,
which will eventually lead to more detailed analysis and possible improvements.
The second alternative is tied to the measurement of coils with different geome-
tries, different operating conditions, or applications. In this case, the flexibility
added by the 3D-printed bubble collector plays a key role, since it can be easily
adapted for each geometry or application. Therefore, it can be concluded that this
thesis not only improves the current state of the art but also provide the tools for
further research and development of HTS coils.
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A Applications for the estimation
of losses in an infinite stack of
tapes based on analytical
solutions

Two applications were developed in MATLAB to estimate AC transport losses and
AC losses due to uniform perpendicular applied magnetic field in infinite stacks
of superconducting tapes. The calculations are based on analytical equations
presented in [42]. The operating conditions considered for the AC loss estimations
do not reflect the complex electromagnetic environment of the superconducting
stator winding of an electrical machine. However, the implementation of these
analytical equations in MATLAB applications provides practical tools to compute
basic estimations and to understand the behaviour of the losses in infinite stacks of
tapes. This appendix presents a brief summary of the applications, considerations
of the calculations and main functions included in the MATLAB code.

A.1 Application for the estimation of AC losses
in an infinite stack of superconducting
tapes carrying AC transport current

This application solves the following equation developed by Y. Mawatari [40] to
estimate the hysteretic AC loss in Joule per cycle per Meter in a superconducting
strip in an infinite stack arrangement,
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Figure A.1: Graphical User Interface (GUI) of the application made to estimate AC losses in an
infinite stack of superconducting tapes carrying AC transport current based on analytical

solutions.
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The superconducting strips in the stack carry a transport current ; that oscillates
quasi-statically between 41y and — I, with Q. = uo[f/ﬂ and i, = Iy/1. < 1.
In these equations, 2w is the width of the strip, L, the separation between strips
and /. the critical current.

Figure A.1 shows the Graphical User Interface (GUI) of the application, which
is subdivided from left to right in two parts. First, a data file that contains the
behaviour of the critical current as a function of the magnetic flux density can be
uploaded to estimate the critical current of the tape, based on the magnetic field
and an interpolation of the data. Then, a vector containing the normalized values
of the transport current amplitudes and general dimensions of the arrangements
can be uploaded on the top right side of the GUI. Finally, the computation of the
losses can be done when the calculate bottom is pressed.
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A.2 Application for the estimation of AC losses in an infinite stack of superconducting tapes under
perpendicular magnetic field

The MATLAB code of the function used to solve equation (A.1) is

function [Qi] = Q_YM(ic,ip,tape_w,separation)

w=tape_w/2;
Ic=ic;

io=ip;
Ly=separation;

mu0=4*pi*(10~-7) ;
Qc=mu0*(Ic~2)/pi;

fun = @(x) x;
Q = integral(fun,0,1);

fun = @(s) (1-2*s).*log(((cosh(pi*w/Ly)."2).
/(cosh(pi*io*s*w/Ly)."2))-1);

Qi = Qcx(io~2)*integral (funQ,0,1);

end .

A.2 Application for the estimation of AC losses
in an infinite stack of superconducting
tapes under perpendicular magnetic field

The development of this application and its user interface is very similar to the
previous one. Figure A.2 presents the GUI. The left side is used to estimate the
critical current of the tape based on measurement data, and the right side for AC
loss calculation. The main difference is that the vector to be uploaded on the right
side represents now perpendicular external magnetic field.

The equation used in this case was developed also by Y. Mawatari [41],
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Figure A.2: Graphical User Interface (GUI) of the application made to estimate AC losses in an infinite

stack of superconducting tapes under perpendicular magnetic field based on analytical
solutions.

2 1 . 2
@ (Ly> hg/ (1—23)1n{1+M} ds.  (A2)
0

Q. \mw cosh?(mhos)

The equation allows computing the hysteretic AC loss in Joule per cycle per Meter
in a superconducting strip in an infinite stack arrangement under perpendicular
magnetic field, when the applied field H, quasi-statically oscillate between +H
and —Hy, with Q. = pol2/m and hg = wHy/j.d. In these equations, j. is the
critical current density, . is the critical current, d is thickness of the strip, 2w is
the width of the strip and L, the separation between strips.

The MATLAB code of the function used to solve equation (A.2) is

function [Qi] = Q_YM_M_Fi(ic,HO,tape_w,thickness,separation)

w=tape_w/2;

Ic=ic;
Ho=HO;
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A.2 Application for the estimation of AC losses in an infinite stack of superconducting tapes under
perpendicular magnetic field

Ly=separation;

d=thickness;

mu0=4*pi*(10~-7) ;
Qc=mu0* (Ic~2) /pi;

je=Ic/(2xuxd) ;

ho=(pi*Ho)/(jc*d);

funQ = @(s) (1-2xs).*xlog(((sinh(pi*w/Ly)~2).
/(cosh(hoxs) .~2))+1);

Qi = Qe*x((Ly/(pi*w))~2)*(ho~2)*integral (funQ,0,1);

end .
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