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Abstract

This thesis investigates the modelling and performance estimation of high-
temperature superconductors in rotating electrical machines. Conventional fer-
romagnetic and superconducting materials are characterized, and methodologies are
developed for accurate and time-efficient finite element modelling. These calibrated
models are then used to evaluate the performance of HTS coils in armature windings
of electrical machines.

This work uses finite element models employing the T −A formulation with the
thin sheet approximation to predict the performance of coated superconductors (Rare
Earth Barium Copper Oxide tapes) in different operating conditions. Experimental
activities were conducted on a 2nd generation coated superconductor to calibrate and
validate the electromagnetic models. The experimental setups for AC and DC supply
measurements (77 K) were investigated and constructed.

Tests with DC supply were performed to measure the non-linear resistivity char-
acteristic of the superconductors and their transition from the superconducting to the
resistive state. Under AC supply, the hysteretic behaviour and AC loss characteris-
tics of HTS materials were observed. Material parameters from these experiments
were integrated into the models to represent superconducting behaviour accurately.
The experimental and simulation results were used to develop an analytical method
for transport loss estimation for superconducting tapes operating in the overcriti-
cal regime (I>Ic) when the superconducting layer manifests resistivity and losses
in the copper stabilizing layers become impactful. A 2D T −A electromagnetic
multi-layered tape model was also proposed to estimate the coated conductor losses.
Simulation results were compared to homogenized models, as well as analytical
results and experimental data, showing good agreement for transport current and
magnetization loss calculations. To better describe materials in electrical machine
simulations, experiments were performed in different ferromagnetic samples at



iv

ambient and cryogenic temperatures to accurately characterize the properties of
ferromagnetic materials in alternate operating conditions. The results were applied to
calibrate multiphysics models of ferromagnetic cores in rotating electrical machines.

The measured material characteristics were applied to the 3D model of a case-
study axial flux permanent magnet machine to estimate superconductor losses. Due to
the different dimensional scales and non-linearities that have to be considered when
modelling superconductors in complex electromagnetic devices, the simulations
are highly demanding and, therefore, incompatible with electrical machine design
methodologies. Hence, the synchronous machine 3D model was used to construct
a 2D model of a machine slot for faster analyses in the superconducting tapes.
The model is based on replicating the machine armature slot magnetic field in a
2D environment, where the superconductor formulations are added, significantly
reducing model computation time and complexity. The proposed methodology
was validated through comparison with a 3D model and analytical results available
in the literature. The 2D model was used to estimate losses for spiral copper-
plated striated coated conductor cables, which, due to their low AC losses, high
current carrying capacity and mechanical flexibility, show promise for application
in electrical machines. The losses in the SCSC cables are compared to those for
REBCO tapes, and their applicability in electrical machine armature windings was
demonstrated by the reduced impact of external field direction on cable losses.
A complementary thermal slot model was developed to estimate superconducting
armature windings’ cooling requirements and efficiency. An experimental setup
was designed to calibrate and validate the thermal model, showing good agreement
between experimental and simulation results.



Contents

List of Figures ix

List of Tables xv

List of Acronyms xvi

1 Introduction 1

1.1 Research Background . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Research Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Contributions of the Thesis . . . . . . . . . . . . . . . . . . . . . . 6

1.4 Outline of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.5 List of Publications . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2 Superconductors and Their Application to Electrical Machines 11

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2 Superconductivity . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2.1 Superconductors and Their Main Characteristics . . . . . . 12

2.2.2 Dissipative Processes in Type II Superconductors . . . . . . 14

2.3 HTS for Electrical Machine Applications . . . . . . . . . . . . . . 17

2.3.1 HTS Materials . . . . . . . . . . . . . . . . . . . . . . . . 17

2.3.2 SC Coil manufacturing . . . . . . . . . . . . . . . . . . . . 21



vi Contents

2.3.3 Conducting and Ferromagnetic Materials in Cryogenic Con-
ditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.4 Superconducting Machine Prototypes . . . . . . . . . . . . . . . . 24

2.4.1 Partial Superconducting Synchronous Machines: Supercon-
ducting Field Excitation . . . . . . . . . . . . . . . . . . . 25

2.4.2 Partial Superconducting Synchronous Machines: Supercon-
ducting Armature Excitation . . . . . . . . . . . . . . . . . 28

2.4.3 Fully Superconducting Prototypes . . . . . . . . . . . . . . 30

2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3 Superconducting Modelling and Characterization 35

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.2 Numerical Models for HTS materials . . . . . . . . . . . . . . . . . 36

3.2.1 Superconducting electromagnetic properties . . . . . . . . . 37

3.3 The T −A Formulation . . . . . . . . . . . . . . . . . . . . . . . . 39

3.3.1 2D Single Tape Model . . . . . . . . . . . . . . . . . . . . 42

3.3.2 Experimental Calibration of the Tape Models . . . . . . . . 43

3.4 Electromagnetic Modelling of the Copper Layers Influence for AC
Losses in ReBCO . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.5 Analytical Models . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.5.1 Norris Model . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.5.2 Extended Norris and Sigmoid model . . . . . . . . . . . . . 53

3.5.3 Brandt Model . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.6 Numerical and Experimental Results . . . . . . . . . . . . . . . . . 57

3.6.1 DC Current . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.6.2 Transport Current AC Losses . . . . . . . . . . . . . . . . . 58

3.6.3 Magnetization Losses . . . . . . . . . . . . . . . . . . . . . 60

3.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61



Contents vii

4 Superconducting Windings for Rotating Electrical Machines 63

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.2 Case-study Axial Flux Permanent Magnet Machine . . . . . . . . . 64

4.2.1 Design Methodology . . . . . . . . . . . . . . . . . . . . . 67

4.2.2 Machine 3D FEM model . . . . . . . . . . . . . . . . . . . 68

4.2.3 Ferromagnetic Material Characterization . . . . . . . . . . 69

4.2.4 Results for the 3D FEM Models . . . . . . . . . . . . . . . 73

4.3 2D Slot Model for AC Loss Estimation . . . . . . . . . . . . . . . . 76

4.3.1 Boundary Conditions . . . . . . . . . . . . . . . . . . . . . 77

4.3.2 Slot Model Numerical Results . . . . . . . . . . . . . . . . 79

4.3.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5 Extended Slot Model 83

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.2 Toroidal AFPM . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.3 Extended 2D Slot Model . . . . . . . . . . . . . . . . . . . . . . . 87

5.3.1 Validation with Analytical Methods . . . . . . . . . . . . . 90

5.4 3D Slot Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5.5 Copper Layers Influence in HTS Armature AC Losses . . . . . . . 92

5.6 SCSC Cables in Electrical Machine Armature Windings . . . . . . 93

5.6.1 SCSC 3D and 2D Cable Model . . . . . . . . . . . . . . . 95

5.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

6 Slot Thermal Model 101

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

6.2 Slot Thermal Model . . . . . . . . . . . . . . . . . . . . . . . . . . 101

6.2.1 Heat Transfer Phenomena in a Liquid-Cooled Slot . . . . . 103



viii Contents

6.2.2 Material Thermal Characteristics . . . . . . . . . . . . . . . 104

6.2.3 Liquid Flow Model . . . . . . . . . . . . . . . . . . . . . . 106

6.2.4 Experimental Results . . . . . . . . . . . . . . . . . . . . . 108

6.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

7 Conclusions and Future work 117

7.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

7.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

References 120

Appendix A Manufacturer REBCO Properties 138



List of Figures

2.1 Type II superconductor critical surface delimited by critical parameters 13

2.2 Superconducting critical temperatures with respective year of dis-
covery, from 1911 until 2015, and cooling materials, circled are the
most commonly used HTS in electrical machines . . . . . . . . . . 14

2.3 Flux pinning in superconductors fluxoids in type II superconductors,
and statement of fluxoid movement direction under current influence 15

2.4 Magnetization of a superconducting slab with an alternate current
excitation, on the left, the imposed current waveform and hystere-
sis cycle are shown. The current and field variation is shown for
specified cycle points on the right side. . . . . . . . . . . . . . . . . 16

2.5 HTS materials for electrical applications. (a) MgB2 wire filaments,
in black, are surrounded by a Monel outer sheath and a and Nickel
matrix, resistive alloys [1], (b) REBCO coated conductor on the left
with illustration of tape several layers (right), (c) 85 filament BSCCO-
2223 tape-shaped wire the filaments are embedded in a silver alloy
matrix, acting as a stabilizer [2], (d) CORC® cable [3], (e) YBCO
bulk superconductor [4], (f) GdBCO bulk superconductor [4]. The
electric current path lies perpendicular to the plane of the page in
both (a), (b) and (c). . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.6 HTS coils and their insulation technique, (a) turn-to-turn insulated
coil and (b) No-insulation coil [5]. . . . . . . . . . . . . . . . . . . 21

2.7 HTS coils, on the left a single pancake coil and on the right a double
pancake coil [6]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22



x List of Figures

2.8 Partially superconducting axial flux synchronous machine for aircraft
applications [7]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.9 Wound field synchronous machine with a superconducting field
winding for ship propulsion applications [8]. . . . . . . . . . . . . . 26

2.10 HTS motor with conventional stator windings and HTS stacks em-
bedded in the rotor [9]. . . . . . . . . . . . . . . . . . . . . . . . . 28

2.11 HTS partially superconducting PM radial flux machine. (a) HTS
armature coils, (b) permanent magnet rotor, (c) stator iron, (d) stain-
less steel Dewar, (e) vacuum chamber, (f) liquid nitrogen pipe, (g)
fibreglass torque flange, and (h) magnetic fluid sealing device [10]. . 29

2.12 Axial flux permanent magnet ironless prototype (a) stator and (b)
rotor [11]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.13 Ring winding configuration of the superconducting stator of the fully
superconducting HTS induction/synchronous machine [12]. . . . . . 31

3.1 Superconducting E-J power law behaviour for different n values . . 39

3.2 Illustration of a REBCO tape several materials and layers with their
respective dimensions . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.3 Illustration of a REBCO tape and its form with the thin sheet approx-
imation on the surface (right) and important variables in (a) 3D and
(b) 2D. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.4 2D model geometry showing single tape surrounded by air domain . 43

3.5 2D model triangular mesh, the mesh of the tape is defined by 100
edge elements with exponential growth at tape edges . . . . . . . . 43

3.6 Simulation results for applied sinusoidal current Im=150 A, f =50 Hz
(a) current distribution for different times (b) current waveform and
AC losses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.7 E-J curve measured by the dc test at 77K on the REBCO tape . . . . 45

3.8 REBCO tape in the LN2 bath with detail of the copper plates used
for the voltage drop measurement (1) and for connecting at the power
supply (2) and electric circuit schematic for the DC measurement. . 46



List of Figures xi

3.9 Circuit for AC loss measurements on the superconducting tape. . . . 46

3.10 Setup for AC loss measurements on the superconducting tape with
detail of the superconducting ReBCO tape. . . . . . . . . . . . . . 47

3.11 Comparison between FEM and experimental AC losses per unit
length at T=77 K and f=50Hz for the measured superconducting
REBCO tape. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.12 2D geometry of the model of the coated conductor tape considering
the influence of copper layers. . . . . . . . . . . . . . . . . . . . . 49

3.13 Illustration of the 2D multilayered tape model defined conditions in
the superconducting and the copper layers. . . . . . . . . . . . . . . 52

3.14 HTS losses (W/m) for different amplitudes of magnetizing current Im

for a tape with Ic = 140 A and n = 11, considering extended-Norris,
sigmoid (a=0.8, b=5 and c=1.25) and FEA Bean models [13]. . . . . 55

3.15 2G HTS tape equivalent circuit considering the superconducting and
copper layers [13]. . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.16 Electric field in the SC layer vs current for the multilayer and single
layer models supplied in DC. . . . . . . . . . . . . . . . . . . . . . 58

3.17 Transport Current losses for a sinusoidal current with f =50 Hz. . . . 59

3.18 Detail of copper and HTS layer transport current losses for a sinu-
soidal current with f =50 Hz. . . . . . . . . . . . . . . . . . . . . . 59

3.19 Magnetization losses for a sinusoidal external applied field at 50 Hz. 61

3.20 Magnetization losses with a sinusoidal external applied field of
100 mT amplitude with varying frequency 50-10000 Hz. . . . . . . 61

4.1 Axial flux permanent magnet single-stage iterative design process. . 66

4.2 Axial Flux PM machine geometry considered as a case study. . . . . 68

4.3 Winding configuration for the considered axial flux PM machine. . . 69

4.4 Circuit for magnetic characterization of cores at cryogenic tempera-
tures with detail of iron sample immersed in LN2 at 77 K. . . . . . 70



xii List of Figures

4.5 BH curve at 50 Hz for the M470-50A and Vacoflux 50 toroidal
samples at ambient and cryogenic temperatures. . . . . . . . . . . . 72

4.6 specific losses at 50 Hz for the M470-50A and Vacoflux 50 toroidal
samples at ambient and cryogenic temperatures. . . . . . . . . . . . 72

4.7 Machine stator with superconducting tapes in one slot (grey) and
copper tapes in the remaining slots (copper). . . . . . . . . . . . . . 74

4.8 Air gap magnetic induction (a) and electromagnetic torque (b) for
the Cu-AFPM and the SC-AFPM models. . . . . . . . . . . . . . . 75

4.9 Magnetic flux density on the surface of the armature conductors with
a cut plane for the 2D slot model. . . . . . . . . . . . . . . . . . . . 77

4.10 The flux density components along the x and y directions, determined
using 3D FEM without current in the armature conductors (a) and
with current by both 3D and 2D FEM (b). The field is assessed in
the y−axis direction along the border of the cut plane. . . . . . . . . 78

4.11 Electromagnetic model boundary condition definitions on the 2D
slot model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.12 Magnetic flux density time evolution at y= 0.02 m during two 3D
and 2D simulation cycles . . . . . . . . . . . . . . . . . . . . . . . 79

4.13 Magnetic flux density on the surfaces of the SC tapes T1-T9 obtained
with the 2D single-slot model for HTS tapes oriented perpendicular
(a) and parallel (b) to the slot leakage flux. . . . . . . . . . . . . . . 80

4.14 Losses on the SCs by the 3D FEM and by the 2D single-slot model
for two different tape orientations (a), and zoom for the 2D ⊥ tapes (b). 82

5.1 10-pole 12-slot toroidal AFPM machine geometry, (a) exploded
view: stator iron (grey), PMs (blue) and rotor iron (white), (b)
representation of the AFPM stator with toroidal core wound coils. . 85

5.2 10-pole 12-slot multistage toroidal AFPM torque (a) and airgap
induction in load condition (b). . . . . . . . . . . . . . . . . . . . . 86

5.3 FEM model of stator iron with detail of armature slot with (a) stan-
dard copper windings and (b) conducting surface elements with
applied rated slot current, 910 A. . . . . . . . . . . . . . . . . . . . 86



List of Figures xiii

5.4 Stator slot cross-section in 3D, analyzed plane highlighted in red,
boundaries to acquire the magnetic field delimited in blue. . . . . . 87

5.5 Flowchart of methodology to apply the 3D slot model. . . . . . . . 88

5.6 Magnetic flux density Surface plot |B| (T) and Bx, and By arrow
surface plot, (a) in a cross-section of the 3D machine slot, (b) in the
2D slot model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5.7 Striated copper plated coated superconductor, not to scale. . . . . . 94

5.8 Illustration of one pitch of the SCSC cable, modelled by the thin
sheet approximation in 3D (a) and 2D models (b). . . . . . . . . . . 96

5.9 Illustration of one filament of the SCSC cable with representation of
the considered variables. . . . . . . . . . . . . . . . . . . . . . . . 96

5.10 Simulation results for the SCSC cables with externally applied mag-
netic field, current density profile (a) and (b) Magnetization loss
results for the SCSC cable with varying external applied magnetic
field amplitude. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.11 Slot model with SCSC cables (a) methodology and (b) magnetic flux
density colour shade map and Bx, By surface plot arrows. . . . . . . 99

6.1 Slot cross section detail showing the superconducting tapes and
Kapton layer insulation (a) and B colour shade map and magnetic
flux density arrow surface Bx and By for minimum tape distance and
(b) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

6.2 AC loss results obtained by the slot model for different spacing
between tapes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

6.3 Illustration of the thermal slot model with heat transfer and fluid
flow boundary conditions. . . . . . . . . . . . . . . . . . . . . . . . 107

6.4 Average temperature inside the slot in equilibrium conditions (sta-
tionary study) for different flow velocities of liquid nitrogen. . . . . 109

6.5 Circuit diagram for measurement of magnetisation losses in short-
circuited HTS coil . . . . . . . . . . . . . . . . . . . . . . . . . . . 109



xiv List of Figures

6.6 Thermal resistances in the cryostat setup, shown in lateral view (a),
and from above (b) . . . . . . . . . . . . . . . . . . . . . . . . . . 110

6.7 Thermal experiment LN2 mass evolution and estimated thermal
conductivity for the PUR material. . . . . . . . . . . . . . . . . . . 111

6.8 Experimental setup to measure temperature in an HTS coil cooled
by LN2, θ1 marks the approximate location of the temperature sensor.112

6.9 Simulated model of the cryostat (a) and detail of LN2 channel with
superconducting tape (b) . . . . . . . . . . . . . . . . . . . . . . . 113

A.1 Superconducting critical parameters test as given by supplier (Super-
power Inc.) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138



List of Tables

2.1 Main characteristics of HTS used for electrical machines . . . . . . 20

3.1 ReBCO Tape Main Parameters . . . . . . . . . . . . . . . . . . . . 48

4.1 Main design data of the four pole AFPM . . . . . . . . . . . . . . . 67

5.1 Machine main design parameters . . . . . . . . . . . . . . . . . . . 85

5.2 FEM and Analytical AC Losses . . . . . . . . . . . . . . . . . . . 91

5.3 AC Losses and computation time in 2D and 3D slot models . . . . . 91

5.4 AC Losses and computation time in 2D single layer and multilayer
slot models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

5.5 Comparison of Performance Metrics for Machines with Different
Armature Windings . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.6 Striated Coated Conductor Parameters at 77 K . . . . . . . . . . . . 95

5.7 Losses computed in the 2D slot model for SCSC cables and REBCO
tapes oriented parallel and perpendicular to the armature leakage flux 99

6.1 Thermal properties of REBCO coated conductor materials at 77 K . 104

6.2 Measured RMS currents and properties of REBCO coated conductor
materials at 77 K. . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

6.3 Thermal model temperature results for the HTS coil in the PUR
cryostat. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115



List of Acronyms

1G first-generation

2G second-generation

AFPM Axial Flux Permanent Magnet

BSCCO Bismuth Strontium Calcium Copper Oxide

CC Coated Conductor

CORC Conductor on Round Core

EMs Electrical Machines

EU European Union

FEM Finite element method

GdBCO Gadolinium Barium Copper Oxide

GRFP Glass Fibre Reinforced Plastic

HT S High-Temperature Superconductors

LT S Low-Temperature Superconductors

PbSCCO Lead Strontium Calcium Copper Oxide

PUR polyurethane

SCs Superconductors



List of Acronyms xvii

SCSC Spiral Copper-plated Striated Coated conductor

Y BCO Yttrium Barium Copper Oxide



Chapter 1

Introduction

1.1 Research Background

According to the EU climate-neutral target requirements by 2050, high electricity
production and usage efficiencies are critical for maximizing energy savings and
minimizing greenhouse gas emissions [14, 15]. To achieve this goal, high power-to-
weight ratios are essential for enabling the electrification of diverse sectors, including
offshore renewable energy, transportation, and industrial processes. [16, 17]. In
offshore generation, this involves the deployment of lightweight, high-capacity wind
turbines and efficient energy storage systems to harness and distribute renewable
energy effectively [16, 18]. In transportation, enhancing power-to-weight ratios is
essential for developing electric vehicles, ensuring they are both energy-efficient
and capable of meeting performance demands [19]. Hence, to reduce emissions and
support the EU vision of a modern, competitive, and sustainable economy, electrical
machines (EMs), a key component in industry, energy generation, and transportation
sectors, must become highly efficient and power-dense.

Electric machines working at cryogenic temperatures have gathered attention
for applications requiring challenging specific power values in recent years. This is
particularly true if cryogenic fluids are already part of the system or are investigated
as critical enabling technologies for improving the performance of the system. In
cryogenic conditions, electrical resistivity decreases, and the remanent flux density
of permanent magnets can increase up to 20% [20]. Besides, thanks to the enhanced
heat extraction provided by the extremely low-temperature operation, cryogenic
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machines can achieve higher electrical loading compared to ambient temperature
conditions [21]. The literature shows that conventional electrical machines working
submersed in a cryogenic fluid can reduce the machine size by up to 40% compared
to air-cooled designs of the same rating [22, 23].

Since very low temperatures are already a prerequisite for the superconducting
state transition, applied superconductivity stands out among cryogenic applications.
Superconductivity manifests in some elements and alloys, which exhibit a near-zero
DC electric resistivity when operated in their superconducting state. According to
their admissible operating temperature, superconductors (SCs) can be categorized
as Low-Temperature Superconductors (LTS) , with operating temperatures up until
30 K and High-Temperature Superconductors (HTS) operating above the 30-35 K
threshold [24].

The development of electrical equipment employing Low-Temperature Super-
conductors became possible in the 1960s with the discovery of Nb3Sn. This material
could carry high currents in the presence of high magnetic fields [25]. The very low
operating temperature of LTS makes their application to energy conversion devices
challenging [26]. Nonetheless, LTS materials are still used nowadays in several ap-
plications, such as magnetic fusion energy and high-energy physics accelerators [27].

The discovery of high-temperature superconductors operating above 35 K en-
abled overcoming the challenges associated with LTS technology, mainly related
to the system complexity for such extremely low temperatures [28]. In 1987, a
breakthrough was made with the discovery of YBa2Cu3O7, Yttrium Barium Copper
Oxide (YBCO), a high-temperature superconductor compound that operates above
the boiling point of liquid nitrogen at 77 K [29]. The discovery of superconduc-
tors functioning well above 77 K marked a new era for electric power applications.
Today, many demonstrators utilize silver-sheathed HTS conductors made of (Bi,
Pb)2Sr2Ca2Cu3O10, BSCCO, or PbSCCO, which exhibit superconductivity at tem-
peratures up to approximately 110 K. In 2001, the MgB2 binary compound was
found to superconduct at 39 K. A very strong interest has grown in its use in electric
applications because of its reduced production cost and easy manufacturability [30],
as well as the possibility of coupling liquid H2 cooling (30 K) and fuel cells in the
same system. The exceptional characteristics of superconducting materials, such
as their intrinsic near-zero DC resistivity and the ability to carry high currents at
high magnetic field levels, can lead to a significant increase in magnetic loading. In
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this way, electrical machines with decreased volume and increased efficiency can be
designed.

The expectation that HTS can be decisive in achieving high torque density energy
conversion devices has led, in recent years, to the emergence of several research
projects in superconducting machines funded by the EU. The project SUPRAPOWER
developed a generator with superconducting field coils for offshore wind turbines that
are 25% lighter than a conventional permanent magnet counterpart [31]. Similarly,
the EcoSwing project, applying HTS on the rotor side, successfully demonstrated
the first-ever 3.6 MW HTS generator for a direct-drive wind turbine [32]. ASuMED
project focused on fully SC electric machines for hybrid-electric distributed propul-
sion for aircraft [33]. International entities, including NASA, Airbus, and Siemens,
have also taken an interest in SC electric machines and funded dedicated research
projects. For instance, CHEETA and STARC-ABL from NASA target electric
machines for future all-electric airplanes [34, 35].

Although remarkable efforts have been made in the field of superconducting
electrical machines, present-day HTS technology still faces limitations such as
the non-negligible superconducting loss in time-varying conditions and material
strain/bending limitations [36, 37]. Energy conversion devices such as motors, gener-
ators, and transformers operate with varying magnetic fields and currents, leading to
numerous studies focused on reducing energy loss [38, 39]. Despite these efforts, the
extensive work on developing superconducting machines and devising loss mitiga-
tion methods in the superconducting components emphasizes that superconducting
materials have the potential to surpass the limitations of conventional materials. This
could enable the creation of compact, lightweight devices with high torque and
efficiency [40, 41].

1.2 Research Objectives

Considerable efforts have been devoted to investigating the feasibility of super-
conducting windings in electrical machines due to the promising characteristics of
HTS materials. The application of SC materials in electrical machines can be a
solution to overcome power density limits by increasing their magnetic loading and
allowing lightweight or air-core typologies.
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Some superconducting prototypes prioritize using HTS in field coils to leverage
their near-zero DC resistivity [28, 42]. These are called partially superconducting
machines, as superconductors are used only in one part of the machine circuit (i.e., the
stator or rotor). However, incorporating superconductors into the rotor of electrical
machines poses construction challenges, often requiring rotating cryocoolers. If
superconductors are applied in the armature winding on the stator side of the machine,
the cooling system can be made static, which would prove advantageous from both
the construction and maintenance points of view. Alternatively, rotating electrical
machines can be built employing SCs in both the stator and rotor circuits — known
as fully superconducting machines — which may allow a further increase in the
machine torque density. Nonetheless, the AC loss in HTS working in alternate fields
and supplied with AC currents, which must be dissipated for the safe operation
of the conductors, is still one of the main limiting factors for the application of
superconductors in energy conversion devices.

Superconductors introduced in AC windings require extensive electromagnetic
studies to analyse the working conditions of the materials, which are heavily influ-
enced by the imposed time-varying current and surrounding magnetic fields. The
accurate estimation of superconductor performance and AC losses is indispensable
for realizing practical designs since excessive heating of the SC coils risks the dis-
ruption of the superconducting state, otherwise known as quench, and can potentially
cause irreversible damage to the superconductors. The chosen cryocooling system
must deliver the required cooling power to extract the heat incurred by the wind-
ings and maintain the superconductors within cryogenic temperatures. Therefore,
methods for precisely estimating AC losses in SCs are essential in achieving feasible
designs that optimize both the functionality of the superconductors and the overall
machine performance.

Superconductors are characterized by non-linear electrical resistivity, and their
performance is highly dependent on the surrounding magnetic field intensity and
direction. Thus, the performance of superconducting elements inserted in complex
electromagnetic environments, such as rotating electrical machines, often requires
finite element method (FEM) tools to be accurately assessed. Many formulations
have been presented in the literature to model superconducting materials based
on their resistivity laws and magnetic field dependence [43, 44]. However, these
models are computationally demanding and time-consuming, mainly due to the high
detail that is imperative to accurately compute power losses in superconducting
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materials. The reduced dimensions of SCs (with a few millimetres width and
micrometre thickness), together with their high width over thickness aspect ratio,
further exacerbates this non-linear models complexity when SCs are to be applied in
(FEM) simulations of rotating electrical machines [45]. This complexity in machine
analyses indicates that FEM models that include the non-linear superconducting
formulations might not be adequate in machine design methodologies that typically
involve optimization processes requiring several thousand simulations.

HTS materials have intrinsic fragility and brittleness, so they must not be bent in
specific directions or beyond their minimum bending radius. Furthermore, they are
intrinsically anisotropic in their sensitivity to varying external magnetic fields. This
means that specific winding configurations are more suitable for their introduction in
electrical machines than others. In this work, superconductors are applied in axial
flux permanent magnet machines since this topology allows toroidal core wound
stator windings, which are appropriate for easily respecting the bending constraints
of the materials. Additionally, throughout this work, it will be shown that these
windings allow taking advantage of the anisotropic response of SCs to external fields
to significantly decrease AC losses in the materials during standard motor operation,
making this machine particularly suitable for the application of superconducting
stator windings. This machine typology, however, is exceedingly complex and time-
consuming to model in FEM models that also include superconducting formulations
since 3D geometries and moving meshes are mandatorily required. There is, there-
fore, a critical need for faster yet accurate methods to facilitate efficient machine
design processes.

This thesis intends to investigate novel approaches and develop tools for accurate
electromagnetic analyses in electrical machines with superconducting AC windings.
The investigation focuses on modelling and efficiently applying superconducting
tapes and wires to augment the performance and specific power values of electric
machines for energy conversion and propulsion applications. The research objectives
are summarized as follows:

1. Experimentally investigate the influence of very low-temperature (77 K) opera-
tion in both normal conducting, ferromagnetic and superconducting materials.

2. Effectively use experimental data to characterize and develop FEM models
to provide an accurate description of material electromagnetic properties and
loss behaviour.
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3. Design HTS stator windings in axial flux machines and estimate their perfor-
mance.

4. Develop suitable design methodologies for HTS machines using FEM analysis.

5. Analyse the impact of time-varying regimes, i.e., imposed AC currents and
alternate external fields on superconducting losses, and identify suitable miti-
gation methods.

6. Accurately estimate HTS winding losses and cooling requirements when
implemented in armature windings of rotating electrical machines.

1.3 Contributions of the Thesis

This thesis presents a methodology to construct multiphysics FEM models that
enable the efficient assessment of the feasibility of superconducting windings in
electrical machines through electromagnetic and thermal analyses.

To accurately calibrate the presented FEM models, experiments were performed
on ferromagnetic, conducting, and superconducting materials. Conventional lam-
inated ferromagnetic toroidal samples used for the core realization of electrical
machines operated at ambient temperature were tested to explore their behaviour at
cryogenic temperatures. Different superconducting material samples, such as tapes,
wires, and bulks, were tested at cryogenic (77 K) conditions with both DC and AC
supply. The data obtained from the materials regarding their electrical and magnetic
characteristics, such as the BH curve and specific core loss temperature dependence
in ferromagnetic samples and electric field characteristics and AC losses in super-
conducting samples, was used to describe the material properties in multiphysics
models.

The test setups of DC and AC experiments with superconducting tapes to charac-
terize and validate the superconducting models are explained in detail. A new FEM
method for implementing the T −A formulation is proposed to consider the impact
of the copper layers in the superconducting losses without recurring to a coupled
electrical circuit. Experimental results were also used to develop an analytical study
that considers the presence of both hysteretic and resistive losses in superconducting
first-generation (1G) and second-generation (2G) tapes in the overcritical current
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regimes. The presented models are validated by comparison with the results of other
models, experimental data, and analytical formulations available in the literature.

Due to the high computational complexity of 3D models of practical supercon-
ducting devices, a new methodology is presented to perform more expedited analyses
on the machine HTS armature using both 3D and 2D models. To develop and test the
proposed methodology, 3D electromagnetic simulations of two case-study machines
are performed, where the conditions on the armature slots are examined to estimate
losses in the superconducting coils. The approach is based on the separation of
the models of electrical machines and superconducting windings, which allows
them to be studied using different electromagnetic formulations. First, the motor
performance is estimated by modelling a conventional electrical machine where
the superconductors are represented as flat conducting surfaces with an imposed
current, without considering the superconducting non-linear behaviour. Through
the motor/generator study, the machine performance and design are demonstrated
(for the selected mmf), and information on the magnetic flux density in the armature
slots is provided. Considering that the non-linear characteristics of superconductors
are neglected at this stage, it is feasible to include the non-linear description of
the ferromagnetic materials that can provide a more realistic representation of the
magnetic flux density in the FEM model.

With the magnetic field information obtained in the rotating electrical machine
simulation, a separate model is constructed to represent only the interior of a single
slot of the armature winding of the machine and the superconducting elements (either
in 2D or 3D configurations) where the superconducting formulations can be imposed.
The proposed methodology can significantly reduce the computational complexity
of the simulation and time and memory requirements. This means that the 2D single
slot model can be efficiently used to estimate superconducting winding performance
and to investigate practical methods to mitigate the effects of the applied magnetic
field on the SC tapes, such as shields, flux diverters, and different tape positioning
on the armature slot. The methodology is expanded to consider the cooling fluid
and flow rate requirement of each superconducting coil with a preliminary stage
slot thermal model. The proposed methodology provides a complete procedure for
performing efficient analyses on superconducting loss estimation and respective
cooling requirements for the design of superconducting AC electrical machines.
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1.4 Outline of the Thesis

The first Chapter of this thesis presents the introduction, motivation, and con-
tributions to the theme of superconducting electrical machines. In Chapter 2, the
subject of superconductivity and relevant phenomena are explained in more detail,
and a short literature review is provided on working prototypes of electrical ma-
chines and their respective challenges. Since it is also in the scope of cryogenic and
superconducting energy conversion devices, the effects of cryogenic temperatures in
conventional conducting, soft, and hard ferromagnetic materials are briefly described.

Chapter 3 describes the models used to simulate superconducting materials,
characterized by their non-linear resistivity E-J law and magnetic field dependence.
The T − A formulation is introduced, and the HTS tape numerical models and
calibration procedure with experimental measurements at 77 K are described. A
model based on the T −A formulation is proposed to consider the influence of the
copper layers, which can become significant in overcritical (high current) and high-
frequency regimes to determine the coated superconductor losses. A new analytical
formulation considering the hysteretic and resistive losses of superconducting 1G
and 2G tapes is presented, and FEM models are validated by comparison with
experiments and analytical results reported in the literature.

In Chapter 4, a case study axial flux permanent magnet machine (AFPM) is de-
signed to investigate the applicability of superconductors when inserted in electrical
machines armature windings carrying AC currents and subject to AC fields. A 2D
slot model for expedited analyses of the superconductors, taking into account the first
time-harmonic of the magnetic field generated by the rotor of the AFPM machine, is
described in detail, and results are presented.

Chapter 5 expands the developed slot model to describe the full harmonic content
of the magnetic field surrounding the superconductors in the armature slots of elec-
trical machine windings. The model takes into account the full spatial and temporal
distribution of the magnetic field inside the electrical machine stator coils to deter-
mine the superconductor AC losses and estimate their performance more accurately
and for any machine typology, given its FEM model. To test the applicability of
the extended model, a toroidal double-rotor non-optimized AFPM is designed to
apply superconductors in the armature windings. The slot model is verified with
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analytical solutions for transport and magnetization losses in superconductors, with
good agreement between analytical and simulation results.

In Chapter 6, a preliminary thermal model is then developed and applied to
estimate the cooling requirements of the case-study AFPM. A setup to measure the
temperature of a superconducting coil is developed and used to experimentally verify
the thermal model.

Chapter 7 presents the conclusions for the thesis and outlines possible future
work based on the proposed methodologies.
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Chapter 2

Superconductors and Their
Application to Electrical Machines

2.1 Introduction

This chapter introduces properties of superconductors and the challenges associ-
ated with their application in electrical machine windings. The characteristics and
phenomena of superconducting materials and practical applications are described.
The discussion primarily focuses on type II superconductors, with specific emphasis
on HTS conductors such as cables, wires, and coated conductors (CC) which are
investigated throughout this work. Given the critical importance of AC losses in
superconducting applications, this topic is introduced, and its relevance to energy
conversion devices is highlighted. The effects of cryogenic temperatures on conven-
tional materials often used in electrical machines, including conducting, hard, and
soft ferromagnetic materials, are stated. Finally, the application of superconductors
in electrical machine windings and their challenges are discussed to propose the
motivation for the research presented in this thesis.
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2.2 Superconductivity

2.2.1 Superconductors and Their Main Characteristics

Superconductivity was first discovered by the Dutch physicist H. Kamerlingh
Onnes following his successful experiments in liquefying helium. In 1911, while
investigating the properties of metals at very low temperatures, Onnes observed
a sudden drop to immeasurable values in the resistivity of mercury at the boiling
temperature of helium (4.2 K) [52]. The temperature at which this transition occurred
was termed the critical temperature of the material, Tc. Subsequently, Onnes verified
that this near resistance-free current conduction could only be sustained up to a
specific current density threshold value, dependent on the material, which increased
with decreasing temperature. Hence, the second parameter of the superconducting
state is defined as the critical current density, Jc [53, 54].

In addition to exhibiting almost vanishing DC resistance at very low temperatures,
superconductors were found to spontaneously expel externally applied magnetic
fields when maintained below their critical temperature. This field expulsion, caused
by the appearance of screening currents flowing at the surface of the material, which
generate an opposing magnetic field, was discovered in 1933 by W. Meissner and
R. Ochsenfeld and became known as the Meissner effect [55]. This discovery also
indicated that superconductivity could not be sustained when external magnetic fields
were above a certain amplitude Hc, thereby defining the third critical parameter of
the superconducting state.

These parameters were later found to be interdependent, delineating a critical
surface enclosing the superconducting state. H. London and F. London first attempted
to describe the complete expulsion of the magnetic field in 1935 [56]. However, a
comprehensive explanation of the superconductivity phenomenon was only published
in 1957 by J. Bardeen, L. Cooper, and J. R. Schrieffer, known as the BCS theory [57].
According to this theory, at very low temperatures, electrons can be found in the
BCS ground state, where they form pairs of opposite spin and momenta, known as
cooper pairs. This implies that rather than normal electrons, cooper pairs carry the
supercurrents within the material. The sample will retain its superconducting state
if the energy entering the system does not exceed the gap between the BCS ground
state and the single electron (normal conductive) state. This means that the critical
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parameters defining the superconducting state limits, such as the critical temperature
Tc, critical magnetic field Hc, and critical current density Jc, are, in fact, different
measures of the maximum energy that can be supplied to the material before it reverts
to its resistive state. While BCS theory successfully explains superconductivity in
some elements at sufficiently low temperatures, it does not fully account for the
superconductivity observed in high-temperature or type II superconductors.

Type I and Type II Superconductors

According to their response to external magnetic fields, Superconductors are
categorized into type I or type II. Type I superconductors completely expel external
magnetic fields up to a critical field Hc, after which superconductivity vanishes.
They are typically natural elements such as aluminium and lead, whereas type II
superconductors are usually alloys. Type-II superconductors also expel all fields
below a critical lower field Hc1 exhibiting the Meissner state. However, their charac-
teristics allow them to sustain a mixed state where magnetic flux tubes (or fluxoids)
penetrate the material at fields Hc1<H<Hc2 [58]. These resistive fluxoid regions
appear as small tubes carrying a quantized magnetic flux φ0 given by h/2e or
2.07×10−15 Wb [59, 60], where h is the Planck constant 6.55×10−34 J·s and e is the
fundamental electron charge, 1.602×1019 C. The flux penetrated regions become re-
sistive while the sample remains superconducting, hence the denomination of mixed
state. When Hc2 is surpassed, the magnetic field fully penetrates the superconductor,
and the material reverts to its normal resistive state [61]. In Fig. 2.1, an illustration

Fig. 2.1 Type II superconductor critical surface delimited by critical parameters
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Fig. 2.2 Superconducting critical temperatures with respective year of discovery, from 1911
until 2015, and cooling materials, circled are the most commonly used HTS in electrical
machines

of the type II superconductor critical surface demonstrates the possible states of the
material.

Compounds like YBCO and BSCCO-2223 are examples of these materials and
present a mixed state between 10-20 mT and 100 T [62]. Throughout the years,
research led to the discovery of several superconducting materials; some can be
found in Fig. 2.2 where appropriate cooling fluids are stated. Given the dependency
of the critical current density and critical magnetic field on the temperature, supercon-
ductors are typically handled at temperatures significantly lower than their critical
limits to ensure sufficient cooling and increased current-carrying capacity [63].

2.2.2 Dissipative Processes in Type II Superconductors

The fluxoids appear in Type II superconductors supplied with currents and/or
exposed to magnetic fields. A fluxoid is a region with a magnetic field penetration
and, therefore, in this region, a Lorentz force will manifest FL, (2.1) when there is a
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Fig. 2.3 Flux pinning in superconductors fluxoids in type II superconductors, and statement
of fluxoid movement direction under current influence

current in the superconductor, as depicted in Fig. 2.3. The motion of the fluxoids is
typically opposed by irregularities in the SC material, such as defects or precipitates
that act as pinning centres and provide a pinning force for the fluxoids FP [64].

FL = J×B (2.1)

The HTS materials to which impurities (such as residues) are added are called hard
superconductors. These materials are especially suitable for practical applications,
such as magnets, motors, and generators, where they must maintain their super-
conducting properties under high magnetic fields and current densities. When the
Lorentz force is such that FL < FP, the superconductor is said to be in flux pinning
regime. However, if the supply current or the external field becomes large enough
so that FL > FP, the fluxoids will move along the width of the slab, generating
dissipation. In this situation, the superconductor will enter a flux-flow state, where it
exhibits resistivity.

Hysteresis Losses

Precipitates or pinning centres that oppose the fluxoid movement prevent energy
dissipation (and heating) and allow the material to withstand large transportation
currents in high magnetic fields. However, the existence of these pinning centres
in the material that "trap" the fluxoids also makes the magnetization process in
superconductors irreversible. Consequently, although hard superconductors are
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Fig. 2.4 Magnetization of a superconducting slab with an alternate current excitation, on the
left, the imposed current waveform and hysteresis cycle are shown. The current and field
variation is shown for specified cycle points on the right side.

suitable for practical applications, they also feature non-negligible superconducting
loss under time-varying regimes [65]. The magnetization process of a SC slab is
illustrated in Fig. 2.4.

AC losses in HTS can be separated into several components depending on their
origin: hysteresis, coupling, and eddy current losses.

Superconductors manifest hysteresis losses when supplied with transport currents
or when currents are induced from external magnetization. Initially, a fluxoid pattern
appears as an externally applied magnetic field penetrates the superconductor. The
fluxoid pattern rearranges over time if the magnetic field is time-variant according to
the change in field penetration [66]. Similarly, when a superconductor is supplied
with a transport current, a magnetic field is generated, known as self-field. When
the current is time-variant, the self-field it generates and eventually penetrates the
superconductor will also vary in time. In both situations, the movement of flux lines
that causes a variation of the internal magnetic field of the material drives an electric
field E according to Faraday’s law in (2.2).

∇×E =−∂B
∂ t

(2.2)
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The dissipation power density in the material can be determined by the dot
product between the current and electric field E · J. This is both the principle of
magnetization loss and transport loss in superconductors. The main difference
between these two cases is whether the energy source is an external magnetic field or
a current source. Since the energy dissipation in the hysteresis regime increases with
increasing tape width, thinner or multifilament conductors are often used to reduce
SC losses in electrical devices [67].

Eddy Current and Coupling Losses

Superconducting wires and tapes for practical applications consist of both HTS
and standard conducting materials for stable operation and enhanced cooling. When
exposed to an external magnetic field, these conductors naturally induce eddy cur-
rents, causing ohmic dissipation. The presence of eddy currents in the materials and
the superconductor can be critical when the wires and tapes consist of multiple su-
perconducting strands or filaments surrounded by a resistive matrix. In this situation,
when the induced currents flow from one superconducting filament to another, they
will also flow through the surrounding resistive path that separates the filaments,
generating coupling losses [68].

Since all these processes dissipate energy and cause an increase in temperature,
the operation conditions of the superconductors are usually analyzed carefully before
they are introduced into electrical devices.

2.3 HTS for Electrical Machine Applications

2.3.1 HTS Materials

As introduced in Chapter 1, among superconducting materials, HTS are the
most suitable to be applied in energy conversion devices due to their higher oper-
ating temperatures and high current carrying capability. HTS can be introduced in
electrical machines in several forms. In windings, superconducting wires/tapes are
introduced as coils. These coils are mainly fabricated from three materials: 1G and
2G tapes/wires and MgB2. Some of the most commonly used HTS materials for
electrical applications are shown in Fig. 2.5.
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Multifilament composites are defined as first-generation (1G) HTS wires. An
alloy matrix, such as nickel or silver, usually surrounds the superconducting filaments
in these wires/tapes. Examples of these conductors are MgB2 and BSCCO, shown
in Figs. 2.5a and 2.5c [1, 2]. As outlined in section 2.2.1, (see Fig. 2.2), MgB2

has a very low critical temperature among HTS. Although it requires lower cooling
temperatures (Tc = 39 K), and its typical bending radius is high (>10 cm) [69],
its main advantage derives from the low cost of both Mg and B raw materials and
low AC losses [70]. These characteristics make it suitable for electrical machine
windings, where the materials are subject to alternate currents and fields [70]. MgB2

superconductors can be realized as multifilament wire as shown in Fig. 2.5a [1]
or as tapes and bulks. Bi2Sr2Ca2Cu3Ox can be fabricated into BSCCO-2223 and
BSCCO-2212, where the former (Tc = 110 K) is usually manufactured into tapes
and the latter into round wires (Tc up to 95 K) [71]. Their main advantages are
mechanical and thermal robustness and higher operating temperature [62].

2G HTS tapes are made of rare-earth barium copper oxides (REBCO) where
the rare-earth element is usually Yttrium (Y) or Gadolinium (Gd) [72]. The tapes
comprise several layers as depicted in Fig. 2.5b. They are fabricated by thin film
deposition on a metallic substrate; the tape has an overall thickness of typically 0.1
mm and can carry critical currents up to 160 A/4 mm tape at 77 K [36, 73]. While
the substrate provides mechanical strength, the silver and copper layers provide
an alternative low-resistivity current path if a quench occurs in the SC layer. The
stabilyzing normal conducting layers also contribute to enhance heat dissipation in
the tape due to the material high thermal conductivity. The current density variation
of the tape with the surrounding magnetic field is strongly anisotropic due to its high
aspect ratio between thickness and width. It is mainly sensitive to magnetic fields
applied in the transverse direction to its flat face.

Besides wires and cables, SCs such as YBCO and GdBa2Cu3O7, Gadolinium
Barium Copper Oxide (GdBCO) (shown in Fig. 2.5e and 2.5f) are also used as bulks
to store high magnetic flux density values in superconducting magnets, substituting
permanent magnets as shields in levitation systems and magnetic bearings [42].

Recently, cables consisting of REBCO tapes wounded at short twist pitches
have gained interest for electrical applications because of their improved mechanical
flexibility [74, 75] (shown in Fig. 2.5d [3]). They mainly find application in high-
field magnets and power cable systems. Examples are the Conductor on Round
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(a) (b)

(c) (d)

(e) (f)

Fig. 2.5 HTS materials for electrical applications. (a) MgB2 wire filaments, in black, are
surrounded by a Monel outer sheath and a and Nickel matrix, resistive alloys [1], (b) REBCO
coated conductor on the left with illustration of tape several layers (right), (c) 85 filament
BSCCO-2223 tape-shaped wire the filaments are embedded in a silver alloy matrix, acting as
a stabilizer [2], (d) CORC® cable [3], (e) YBCO bulk superconductor [4], (f) GdBCO bulk
superconductor [4]. The electric current path lies perpendicular to the plane of the page in
both (a), (b) and (c).

Core (CORC®) cable and the Spiral Copper-plated Striated Coated-conductor cable
(SCSC) [76]. While the possibility of using the former in the windings of electrical
machines is still under study [3], the latter was specially designed for operation under
AC currents and fields. The tapes in the SCSC cable are striated to decrease the
AC losses, and filaments are decoupled by spirally winding the tapes around a core.
When made of conductive material, this core can work as a current path in case of
quenching. Their proven low loss under AC conditions and robustness against local
defects and normal state transition make them promising for application in electrical
machines armature windings [77]. The main characteristics of HTSs commonly used
for electrical machines are listed in Table 2.1.
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Table 2.1 Main characteristics of HTS used for electrical machines

Name Type Tc Ic / Trapped
field

Advantages (A) / Constraints (C) Ref

MgB2 1G wire 39 K 150 – 2600 A
(20 K)

(A) Low cost of Mg and B raw ma-
terials;
(A) Suited for standard wire manu-
facturing;
(A) Low AC loss at high frequency;
(C) Low critical temperature

[16],
[30],
[70],
[3]

C
op

pe
rO

xi
de

s

(Bi,Pb)2Sr2Ca2Cu3O10 1G or 2G wire 110 K 120 – 155 A
(77 K)

(A) LN2 cooling;
(A) Large transportation currents at
high magnetic field levels

[28],
[36],
[73]

REBCO 2G wire 119 K 80-600 A
(77 K)

(C) Bending radius and fragility, lim-
its their use in arbitrarily shaped
windings

YBa2Cu3O7 2G wire 92 K 90 A (77 K) (C) Non-negligible AC loss
CORC® and SCSC ca-
bles

REBCO cable 50 - 77
K

840 – 4200 A
(76 K)

(A) Improved flexibility and high Jc;
(A) Higher tolerance to strain and
degradation.
(C) High price, since it requires
large amounts of REBCO tape

[78],
[79]

YBa2Cu3O7 and
GdBa2Cu3O7

Bulk 93 K 16 T (YBCO at
24 K), 17.6 T
(GDBCO at
32 K)

(A) Can be used as field sources,
storing high values of magnetic flux
density.
(C) Machine must be adapted to bulk
placement

[80],
[81]
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2.3.2 SC Coil manufacturing

HTS coils for practical applications are designed to match the operating condi-
tions required by the superconductors for their specific use. The superconducting
coil usually needs to fit the geometric constraints of the considered superconducting
magnet and the bending limitations of the superconducting tapes/wires. Nonetheless,
specific geometries are commonly used in superconducting coils to allow for the
respect of the strain/bending limitations of the material and critical magnetic field.

Regarding the electrical connection in a multiturn coil, the turns can be insulated
and non-insulated. Insulated coils are usually wound with a thin layer of insulation
between each turn where commonly Kapton tape (thickness 0.05 mm) is used [82, 83].
Non-insulated windings are wounded with turn-to-turn contact between HTS tapes.
Each option can offer different advantages depending on the application and coil
working conditions. Non-insulated (NI) coils are used for increased stability against
quench since their turn-to-turn contact allows the current in each layer to be shared
with adjacent layers [83]. This means that when there is a local defect in the coil (a
region with lower critical current and/or increased resistivity), the current will flow
into a lower resistivity path, preventing quench and localized heating. This also gives
the coil increased mechanical and thermal robustness [84]. However, the presence
of radial currents in the coil, either during regular operation or quench, introduces
unbalanced forces that can cause strain on the conductor [85]. Additionally, NI
coils working in AC environments can have coupling between layers, contributing
to the increase in coil losses. Hence, choosing between insulated and non-insulated
windings requires careful consideration [5]. Two HTS coils with different insulation
are shown in Fig 2.6.

(a) (b)

Fig. 2.6 HTS coils and their insulation technique, (a) turn-to-turn insulated coil and (b)
No-insulation coil [5].
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The most common structures used for superconducting coils in electrical ma-
chines are pancake, double pancake (shown in Fig. 2.7 Electromagnetic models
Ex[6]) and racetrack coils, where the superconductors are bent over their widest
face [37, 6]. Other geometries are also reported since different shapes are admis-
sible [86]. However, these more common winding typologies are preferred since
they usually allow respect for the bending restrictions of the superconductors and
fit the design requirements of electrical machines. To wind the coils HTS coated
conductors should be bent with low tensile strength and with their substrate facing
the outward side of the coil to keep higher critical currents since the current has
higher degradation with tensile strain than compressive strain [87]. The material
properties must be considered since strain sensitivity and flexibility of SC coils are
highly dependent on the superconducting material and tape/wire/cable fabrication
method [88]. After winding, the coils are typically fixed with epoxy or paraffin resin,
and current leads are attached [89, 90]. To ensure better cooling, attached to the coils,
materials such as copper can be added and will act as a heatsink during operations
due to their high thermal conductivity [31, 91].

Fig. 2.7 HTS coils, on the left a single pancake coil and on the right a double pancake coil [6].

2.3.3 Conducting and Ferromagnetic Materials in Cryogenic
Conditions

Considering that SC machines operate in cryogenic conditions, it is likely that
other machine components also operate at very low temperatures, depending on the
cooling system that was designed for the machine. This means that if cooling systems
enclosing parts of the machine other than the SC windings are employed, conducting
soft and hard ferromagnetic materials can also be operated at very low temperatures.
In this case, when estimating the machine performance, it is essential to consider that
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this very low-temperature operation affects the material characteristics and losses of
the other components in the machine.

Temperature Dependence of Electric Resistivity in Conductors

The electric resistivity of conducting materials describes the frictional force
electrons find while travelling across a medium. It is a measure of opposition to the
current flow in conducting materials. This force appears in collisions, which provoke
momentum loss in the moving electrons. At ambient temperature, ohmic resistance
results from collisions between the electrons and the crystal lattice imperfections,
i.e., impurities, lattice defects, and deviated ions due to thermal oscillations. The
thermal oscillations are the main reason for the appearance of temperature-dependent
resistivity. Logically, when the temperature is decreased, the thermal oscillations
become scarcer until only a residual resistivity (from impurities and lattice defects)
is left [59]. The material resistivity can then be seen as a sum of the contribution of
impurities ρ0 and the intrinsic resistivity caused by vibrations in the lattice ρi(T ) [92].

ρ = ρ0 +ρi(T ) (2.3)

Even though many materials have been found to exhibit superconductivity when
exposed to very low temperatures, some of the best conductors known today, such
as copper, silver, or gold, do not exhibit superconductivity unless exposed to very
high pressures. Instead, they present a decreasing resistivity with temperature until
their residual resistivity ρ0 as described in (2.3). Depending on the purity of the
metal, the resistivity dependence on the temperature ρ(T ) can also be defined. This
characteristic can be determined by the residual resistivity ratio (RRR), which is
characterised by the ratio between ambient temperature and cryogenic resistivity,
RRR = ρ(273K)/ρ(4.2K). A large RRR means the material has high purity. For
example, standard copper conductors have RRR ≈ 100 [93], while 2G superconduct-
ing tapes copper stabilizing layers have a 5 < RRR < 65 [94]. Since the RRR is the
ratio between the resistivity of the conductor at ambient and cryogenic temperatures,
the losses in the conductor will be reduced for higher RRR values (higher material
purity) in cryogenic conditions. Most RRR values of commonly used materials can
be found in NIST public databases [92, 95].
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Soft and Hard Ferromagnetic Materials Operating at Very Low Temperatures

Soft ferromagnetic materials such as iron cores have increased losses when
operated at very low temperatures. Under cryogenic conditions, there is an increase
in the conductivity of the material, which directly translates into higher eddy current
losses when exposed to AC currents or alternate fields. The effect is noticeable
even when the iron cores are laminated. The loss increment typically depends
on the steel grade, magnetizing frequency, and operating flux density [48]. The
magnetization curve of iron samples increases marginally, with a higher BH curve
for cryogenic temperatures. This iron characteristic change directly results in iron
losses in electric machines increasing considerably at cryogenic temperatures (around
15%) [96]. Hence, a warm core configuration is preferable, with the cooling only for
the machine windings.

In hard ferromagnetic materials, different changes will occur depending on the
considered material. Generally, the magnetization remanent field increases with the
decrease in temperature; the BH curve will shift with more noticeable effects at very
low temperatures (close to 10 K). While hard ferrite magnets will have decreased
coercivity Hci, saturating faster and leading to a flux loss, SmCo and NdFeB magnets
will have increased flux output and coercivity under low-temperature conditions [20].
Nonetheless, these effects are usually gradual and continuous and, thus, for all
purposes, clearly distinguishable from the transition of the superconducting state.

2.4 Superconducting Machine Prototypes

Electrical machines equipped with superconducting materials can be divided into
two categories: i) partially or ii) fully superconducting machines. When superconduc-
tors are applied to either the stator or the rotor circuits of the machine, they are named
hybrid or partially superconducting. Partially superconducting electrical machines
are manufactured using SCs, conventional conductors, or permanent magnets. A
cryostat is commonly used to maintain the temperature of the superconducting parts
well below Tc. Fully superconducting machines employ SCs for all their electric
circuits. Considering the high current densities and fields enabled by introducing
superconductors and the negligible DC resistance, these machines can be more
compact and efficient, resulting in higher torque densities. However, there are still
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barriers to using AC supply due to AC loss in SCs. Some of the prototypes for fully
and partially superconducting machines available in the literature for synchronous
machines and their challenges and advantages are outlined.

2.4.1 Partial Superconducting Synchronous Machines: Super-
conducting Field Excitation

Partially superconducting machines can employ superconductors in either the
rotor or stator circuits. Superconductors typically carry DC currents and exhibit
extremely low resistivity when used on the rotor side. When integrated into the
stator windings, high-temperature superconducting coils are exposed to alternat-
ing magnetic fields and currents, which can result in non-negligible losses. Most
superconducting electrical machine prototypes are synchronous machines with a
partial configuration, where superconducting circuits are confined to the rotor and
used for DC excitation [37, 42]. Figure 2.8 [7] illustrates an example of a partially
superconducting axial flux machine featuring a superconducting field winding and
a copper armature designed for aircraft applications. By using superconductors in
DC conditions, rotor resistive losses can become minimal, enabling them to carry
extremely high current densities. As a result, the air gap flux density can be substan-
tially increased, often reaching values up to twice those of conventional machines

Fig. 2.8 Partially superconducting axial flux synchronous machine for aircraft applica-
tions [7].
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with copper windings. However, such high magnetic flux densities can cause satu-
ration in iron components. To mitigate associated ferromagnetic losses, designers
often reduce core volume or adopt air-core configurations [28]. The design and
manufacturing of these partially superconducting machines is usually challenging,
particularly due to the need for rotating cryocoolers. Nonetheless, the increased
magnetic loading is vital for enhancing torque density. The field windings can
be implemented using first- and second-generation (1G and 2G) HTS tapes. This
topology has been successfully demonstrated in wind power generation [97, 98] and
electric transportation applications [8, 99].

The standard structure of a synchronous HTS wound field propulsion motor is
shown in Fig. 2.9 [8]. The rotor has six poles made of DI-BSCCO and is cooled
by gaseous helium, operating at 30 K. The rotor core and the stator teeth are made
of non-magnetic material to prevent iron saturation [100]. The stator is air-cooled
and features conventional copper windings. The motor was tested and showed
high-reliability operation for ship propulsion applications, with a maximum output
power of 3.02 MW at 160 rpm, reaching 180 kNm torque. Considering the cooling
system, the overall efficiency was kept above 95 %, where more than half of the loss
contribution came from the armature air-cooled copper windings.

Fig. 2.9 Wound field synchronous machine with a superconducting field winding for ship
propulsion applications [8].

Siemens developed two partially superconducting synchronous machines for
marine applications: a 400 kW motor and a 4 MVA generator [101]. The rotor
windings in both machines were constructed using Bi-2223 tapes, while the stators
featured copper Litz wire supported by a fiber-reinforced plastic structure. The
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400 kW machine achieved an efficiency of 96.8 %, accounting for cryocooler power
consumption. The 4 MVA generator reached an efficiency of 98.7 % at the unit power
factor. These efficiencies are approximately 1–2 % higher than those of comparable
machines using conventional technologies. Regarding physical characteristics, the
4 MVA generator exhibited an 82 % reduction in volume and was 63 % lighter than
traditional synchronous generators [102].

Two partially superconducting motors cooled via forced helium flow were val-
idated in [103, 104]. The first prototype—a 15 kW machine—was developed as a
trial for a future megawatt-class fully superconducting marine motor. It incorporated
a superconducting stationary field winding and a copper rotating armature, achieving
a maximum torque of 398 Nm [103]. The YBCO field winding operated within
a temperature range of 20–30 K. A second prototype, a 7.5 kW, 360 rpm motor,
featured a conventional copper stator and an air-core rotor with REBCO field wind-
ings, operating at 40K [104]. The motor demonstrated stable operation up to 11 kW.
The authors noted that rotor motion contributed to maintaining uniform cooling,
confirming the feasibility of this technology for higher-power machines.

A design for a partially superconducting generator was proposed as part of the
Suprapower EU project [16, 31]. This 10 MW, 8.1 rpm direct-drive generator was
developed for offshore wind turbine applications. It featured MgB2 field coils and
copper armature windings. The design achieved a 26 % weight reduction compared
to conventional permanent magnet synchronous generators. The cooling system
utilized a modular cryostat per pole, designed to cool only the superconducting
windings, thereby reducing the overall cryostat volume.

Superconducting field excitation can also be realized by including bulk super-
conductors or stacked HTS tapes in the rotor, replacing permanent magnets. This
topology is commonly seen in literature in prototypes of radial [105, 9, 106, 107]
and axial flux machines [108, 109]. These machines retain conventional design
principles while leveraging the high magnetic flux trapping capability of supercon-
ducting materials, which can exceed the flux density achievable with permanent
magnets [106]. Prior to operation, the superconducting bulks or stacks must be
magnetized. Common magnetization techniques include zero-field cooling, field
cooling, and pulse field magnetization [110–112, 4].

Trapped field magnets composed of stacked HTS tapes are increasingly favoured
over bulk superconductors due to their greater mechanical robustness, lower cost, and
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Fig. 2.10 HTS motor with conventional stator windings and HTS stacks embedded in the
rotor [9].

compatibility with pulse field magnetization techniques—currently the most widely
used method for magnetizing superconducting trapped field magnets [105, 9]. When
using SC bulks or tape stacks as substitutes for permanent magnets, their fixed shapes
and dimensions necessitate adjustments in machine geometry to accommodate their
integration.

2.4.2 Partial Superconducting Synchronous Machines: Super-
conducting Armature Excitation

When superconductors are applied to the electrical machine armature, the cooling
can be simplified to a static system; however, superconductors will manifest non-
negligible AC loss when supplied with AC currents or subject to AC fields. This
means that the cryocooler must deliver the required cooling power to extract the
heat incurred by the windings and maintain the superconductors within cryogenic
temperatures. Nonetheless, extensive efforts have been carried out towards the
development of superconducting machines with AC superconducting windings since
they have the potential to surpass conventional machines’ limits in achieving compact,
lightweight devices of high torque and efficiency [113, 41]. Another impacting factor
in constructing superconducting armature windings is the brittleness of the material.
Since the SC coils must be wound to respect the material bending limits, specific
winding configurations, such as distributed windings, are particularly challenging.
However, as will be shown later in this thesis, a distributed winding layout might
not be the most suitable choice for superconducting windings, not only due to the
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material strain limitations but also due to HTS performance susceptibility to the
direction of externally applied alternating magnetic fields.

A partially superconducting machine employing superconductors in the stator
was presented by the radial prototype in Fig. 2.11 [10]. Even though superconductors
manifest non-negligible AC loss, this effect is less noticeable under low-frequency
operation. Thus, the intended application is a wind generator. The 2.5 kW low-speed
synchronous machine proved the feasibility of the HTS armature winding in a low fre-
quency (10 Hz), low-power application. The experimental tests showed an efficiency
of up to 85.5% at 290 rpm. The machine has Bi-2223 stator windings (82 K) and a
permanent magnet rotor. Since the purpose of the study was to prove the feasibility of
the HTS generator, the design is non-optimized, and its performance is comparable
to that of a conventional motor of the same size, however, the authors highlight that
the output power can be easily increased if tapes of higher critical currents are used
in the armature windings. During motor operation, the stator temperature increased
due to the high iron losses; this temperature increase, combined with the effect of the
field of the permanent magnets, reduced the temperature-dependent critical current
of the superconducting tapes, affecting the tape performance.

Fig. 2.11 HTS partially superconducting PM radial flux machine. (a) HTS armature coils, (b)
permanent magnet rotor, (c) stator iron, (d) stainless steel Dewar, (e) vacuum chamber, (f)
liquid nitrogen pipe, (g) fibreglass torque flange, and (h) magnetic fluid sealing device [10].

Axial flux permanent magnet machines with superconductors in the armature
windings were tested by different groups, showing the practicability of supercon-
ductor stator windings in this topology [114, 11, 115]. BSCCO pancake coils were
chosen in [114, 115] while REBCO coils were selected for the prototype in [11].
For the HTS axial flux prototype developed in [115], the authors investigated the
influence of self-field from the neighbouring coils and permanent magnets on the
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HTS coils’ current carrying capacity. A comparison of critical current measurements
in the HTS coils at the self-field and inserted in the machine armature showed that the
latter has a reduced current carrying capacity. The prototype presented in [114] with
iron cores in the stator and rotor was developed for ship propulsion applications. The
authors provided several design ideas to reduce the losses in the SCs and the core.
This included (i) arranging the magnetic parts in the centre of the armature windings
to weaken the alternating field experienced by the HTS and (ii) operating the core
at ambient temperature to reduce both the iron and cooling losses. The prototype
shown in 2.12 [11] was built fully ironless, with superconducting coils supported
by a fibreglass core. The motor achieved an efficiency of 82% at low-frequency
operation and a maximum torque of 18.5 Nm.

Fig. 2.12 Axial flux permanent magnet ironless prototype (a) stator and (b) rotor [11].

2.4.3 Fully Superconducting Prototypes

The first fully superconducting machines to have been developed employed
low-temperature superconducting NbTi windings on both the armature and field
excitation [116]. The authors were the first to propose a flux pumping system
in SC electrical machines to excite field windings built with NbTi wires. The
armature windings were constructed from twisted multifilamentary NbTi cables for
AC applications to mitigate the effects of alternate excitation in the SC windings.

In the early 2000s, different research groups focused on induction superconduct-
ing machines investigation [117–119]. When constructed with superconducting rotor
cages, this type of motor had the advantages of both an induction and synchronous
machine in a unique device, i.e., starting torque, load-independent speed, etc.
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The rotor bars and end rings of squirrel cage conventional squirrel-cage rotors
from conventional induction machines are substituted by superconducting tapes to
make a superconducting rotor cage. At the start up, the rotor currents have the same
frequency of those in the stator windings, the induced currents cause high AC losses
making the superconductors quench, i.e., exhibiting high resistivity. Consequently,
the machine has a starting torque, and the motor starts as an induction machine.
With the increased acceleration of the motor, the slip decreases, and the AC losses in
SCs decrease due to the reduced frequency of the rotor currents. When the losses
are low enough, the cage’s superconducting state is restored, allowing the rotor to
trap the linked magnetic flux and rotate at synchronous speed after a short transient
stage. The potential for increasing torque density in superconducting machines has
been demonstrated through the research on the partially superconducting induction-
synchronous motor [120]. This partially superconducting induction motor employing
a BSCCO rotor cage was later adapted to a fully superconducting machine rated
50 kW [12]. A ring winding configuration was chosen for the stator to improve the
performance of the superconductor see Fig. 2.13. Due to the wide surface of the coil

Fig. 2.13 Ring winding configuration of the superconducting stator of the fully supercon-
ducting HTS induction/synchronous machine [12].

facing the radial direction of the stator, the critical current of the BSCCO tapes in the
armature windings was enhanced with the reduction of the perpendicular magnetic
field applied on the surface of the tape. The authors later demonstrated the feasibility
of a fully superconducting prototype with a smaller stator using REBCO tapes (due
to reduced bending radius) [121].
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2.5 Summary

The current challenges in the design and development of superconducting elec-
trical machines are primarily focused on a) mechanical limitations, such as the
minimum bending radius of SC tapes and transverse tensile stresses on SC tapes;
b) the influence of AC losses on the SC performance; c) the complexity of the
cooling system; and d) the cost of the superconducting material. The AC losses
of superconductors are still the main barrier to applying SC material in electrical
machines. While SC operates with minor losses under the DC regime, they expe-
rience significant losses under AC operation. This is critical when using SC for
armature windings. The impact of superconducting AC losses not only influences
the performance of electrical machines but also increases the requirements for the
cryocooler [122].

Some researchers have proposed partial superconducting machines to avoid HTS
armature windings or to use HTS tapes parallel to the slot leakage magnetic flux
density to limit their AC losses. However, this is still a current state-of-the-art
challenge for electrical machines.

Another way to explore the full potential of SC materials in electrical machines is
by removing the typical iron core. This increases magnetic flux density and reduces
machine weight, thus increasing specific power/torque. Air-core radial flux [123]
and axial-flux fully and partially SC machines [7] are alternative solutions that may
also contribute to developing high-specific power/torque machines. However, with
the increased magnetic field, the critical current of SC drops, and the AC losses
increase.

Therefore, air-core solutions require further study. Other solutions include re-
searching new SC materials to mitigate AC losses and mechanical limitations and
decrease the manufacturing cost of SC tapes. While YBCO and GdBCO tapes are
some of the most commercialized SC tapes, MgB2 and iron-based SC are being re-
searched to present low-cost and low AC loss alternatives for SC technologies [124].

The development of SC electrical machines is conditioned to the required cry-
ocooler. While liquid nitrogen cooling is possible using HTSs, several studies
indicate the use of liquid hydrogen for the cooling of SC machines due to the
increased current capability of SC tapes and lower losses at 30K. In the Polaris
project, a turbo-electric aircraft is designed considering an HTS power transmission
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powered by liquid hydrogen [125]. This project considers using LH2 as a fuel to
propel the turbo-electric gas turbine and as a coolant for the SC machines. Using
reverse-Brayton cycle cryocoolers, already used in aerospace applications, may
allow a sustainable solution with high reliability and efficiency, as it can use the SC
machines as a cold heat exchanger [126].

In brief, the question arising today is: what is needed to make HTS electrical
machines advantageous?

• Designing HTS machines by including a dynamic variation of operating param-
eters, such as temperature, field excitation, amount of thermal load conducted
to the cryogenic environment, etc.

• HTS machines for rewarding applications: for example, generators for large
wind turbines and motors/generators for aircraft;

• Improving the performance of 2G HTS wires is a must. One needs to increase
the operation window regarding higher critical temperature, magnetic field,
and lower manufacturing cost.

• Reliability and economic efficiency of the cryogenic cooling system: HTS
electric machines must achieve economic viability.





Chapter 3

Superconducting Modelling and
Characterization

3.1 Introduction

This chapter reports the numerical models used in this work to describe the elec-
tromagnetic behaviour of high-temperature superconducting materials, considering
their critical current dependence on the magnetic field and characteristic non-linear
resistivity. The model for FEM simulations of coated superconducting tapes using
the T −A formulation with the thin sheet approximation, which considers only
a single superconducting layer, is described in detail, and the methodology used
throughout this work for calibrating superconducting tape FEM models with experi-
mentally obtained DC voltage-current curves and measured AC losses is explained.
A multilayer tape model is developed to analyze the influence of the copper layers on
superconductor losses. The results for the proposed multilayer model are discussed,
showing that for accurate loss estimation in 2G HTS tapes in the high current or
high-frequency regime, models must consider the stabilizing copper layers losses
since they can become significant. Analytic loss solutions in literature for transport
and magnetization losses in superconductors are stated, and an analytical model for
loss estimation in superconducting tapes that considers HTS hysteretic and resistive
losses is proposed. Analytical and experimental results are compared to those of the
developed numerical model, and their accuracy is discussed.
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3.2 Numerical Models for HTS materials

Several formulations are available in the literature to model superconductors
that can be distinguished by the state variables used to characterize them [44].
The majority of the available numerical models used for performance and loss
estimation in HTS use the superconducting E-J power law, which will be introduced
in this chapter, together with the H−formulation [127–129] or A−formulation [130,
131]. These models are applied to numerically solve complex electromagnetic
superconducting systems with the magnetic field H or the magnetic vector potential
A as state variables. Although these formulations can provide highly accurate results,
they are typically time-consuming (especially when dealing with 3D geometries)
due to the highly non-linear characteristic of HTS materials and the great detail that
is imperative for precise estimation of losses in superconductors [43, 132, 133].

Recent studies show that a combination of two formulations, one for non-linear
conductive regions (e.g., HTS) and another for linear conductive and non-conductive
regions (e.g., copper and air), provides the same results with lower simulation
times [43, 132, 134, 135]. This is the case of the T −φ formulation, solving for the
current vector potential T and the scalar vector potential φ [136, 137], the T −A
formulation [134, 138, 139] and the H −φ formulation [132, 140]. The different
variables used to construct the formulations numerically solve the Maxwell equations
in the superconducting and surrounding domains defined in (3.1).

∇ ·D = q ∇ ·B = 0 ∇×E =−∂B
∂ t

∇×H = J+
∂D
∂ t

(3.1)

In (3.1), D is the electric displacement, q is the charge density, B is the magnetic
flux density, E is the electric field, H is the magnetic field, and J is the current density.
The electric displacement D and the magnetic field H are defined in (3.2).

D = ε0E+P H =
B
µ0

−M (3.2)

Where ε0 and µ0 are the vacuum permittivity and permeability and P and M are
the polarization and magnetization. In superconducting formulations, these equations
are solved in a quasi-magnetostatic regime, that is, under a slowly changing field,
which allows neglecting electromagnetic radiation term, ∂D/∂ t.
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3.2.1 Superconducting electromagnetic properties

Analyses of superconducting materials and their respective applicability in elec-
trical devices are usually done through numerical models used to describe the
macroscopic properties of the material accurately. In purely electromagnetic models,
superconductors are defined by their current-voltage/electric field characteristics and
critical current density dependence on the external magnetic fields. These two de-
scriptions can be combined and imposed in the superconducting material definitions,
regardless of the geometry considered (i.e., coated conductors, cables, bulks). It
allows for modelling the behaviour of the conductor under different conditions and
estimating its performance and critical limits.

The Bean model

To bring forth a qualitative description of the superconducting state voltage-
current function, C. P. Bean proposed a model based on the premise that the transport
current inside the superconductor is fixed to the critical current (i.e., Ic) and indepen-
dent of the external magnetic field [141, 142]. The model also takes the assumption
that any external field penetrates the conductor from its edges, and wherever the
conductor is penetrated, current will flow.

The model defines the current density in the superconductor as the critical current
when the field penetrates the superconductor. The field penetrating the supercon-
ductor causes a local magnetic field variation, which induces an electromotive force,
making current flow in the region. In an area of the material without field penetration,
the current is null. This model is called the critical state model (CSM). The current
in the superconductor is defined as in (3.3).

J =

0, where ∂B
∂ t = 0

±Jc, where ∂B
∂ t ̸= 0

(3.3)

The CSM description is not applicable when the magnetic field is perpendicular
to the current direction in superconducting tapes since it neglects the effects of
the magnetic field in the material current carrying capacity [143]. Nonetheless, it
provides a qualitative description of the superconductor behaviour, and analytical
loss models can be derived from the model assumptions.
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Critical Current Dependence on External Magnetic Field - Kim model

In this work, except for thermal model discussions in chapter 5, the supercon-
ducting formulations are mainly applied in electromagnetic environments, with a
constant temperature of 77 K, at which the considered material parameters were
experimentally determined. In type-II superconductors, the dependence of the critical
current density Jc on the applied magnetic field under constant temperature operation
is defined by the Kim Model [144–146], stated in (3.4).

Jc(B) =
Jc0

1+ |B|/B0
(3.4)

Where Jc0 is the critical current density at self-field and B0 is the magnetic flux
density that lowers Jc by half, both of which depend on the material and operating
temperature. The 2G HTS tape considered in this thesis has a very high aspect ratio
between its thickness and width (4 mm width, 1.6 µm thick) and, thus, exhibits a
strong anisotropic critical current dependence on the applied field orientation. This
anisotropic behaviour can be included in the analyses with the modified Kim model
that considers weighted parameters for each field component effect on the critical
current as in (3.5) [147].

Jc(B∥,B⊥) =
Jc0

(1+
√

k2B2
∥+B2

⊥/B0)β

(3.5)

In (3.5), β is the exponent of the field dependence of the critical current, and k<1
is the anisotropy factor. The components B∥ and B⊥ are the magnetic flux densities
parallel and perpendicular to the widest tape surface, corresponding to Bx and By

respectively, in Fig. 3.3. For simplicity, however, the first Kim model in (3.4) is
considered in this thesis, where the magnetic field norm corresponds only to the
magnetic field intensity on the normal direction to the superconductor tape since its
effect is the most noticeable [67].

Electric Field Dependence on the Critical Current Density

Although several models can be found in the literature to describe the electric field
current density relation in HTS, the E − J power law is the most used to describe the
characteristic resistivity of the superconductor [148]. The relation, which is widely
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accepted as a macroscopic description for the superconductor resistivity, was first
proposed to study the thermally activated flux creep regime, i.e. when flux lines are
no longer pinned and move freely in the superconductor [149]. The non-linear E − J
power law is described in (3.6).

E = E0

(
|J|

Jc(B)

)n−1 J
Jc(B)

(3.6)

In (3.6) E0 is the critical electric field defined by convention as 100 µV/m that
determines the critical current density, and n is the superconducting n-value that
determines the steepness of the transition to the resistive state (and can be used to
interpret the tape quality). The effect of different n values is shown in Fig 3.1.

Fig. 3.1 Superconducting E-J power law behaviour for different n values

Note that the limiting case in which n → ∞ the power law approaches a step
function corresponds to the Bean model description of superconductors.

3.3 The T −A Formulation

The electromagnetic behaviour and AC performance of second-generation (2G)
superconducting (SC) tapes are commonly analysed using finite element methods.
Among the available formulations, the T-A approach is favoured due to its balance
between accuracy and computational efficiency [44, 46]. This method simplifies the
FEM model by assuming that all current is confined within the superconducting layer,
treating it as a surface of negligible thickness. Consequently, the superconducting
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domain can be represented by the current vector potential, T, which is oriented in
the normal direction to the tape’s wide surface. The REBCO tapes considered in
this study are commercially available high-temperature superconductors (HTS) from
Superpower Inc.[73], comprising multiple material layers, as illustrated in Fig.3.2.
Given the high aspect ratio of coated conductor tapes—where the width (4 mm) is
significantly greater than the thickness (95.6 µm, see Fig.3.2), other layers, such
as copper, silver, and the steel substrate, are omitted, and their associated losses
are disregarded. This assumption remains valid for operating conditions where the
supply frequency does not exceed 150 Hz and the current remains below the critical
threshold when the current will flow mainly in the superconducting layer, making
the losses on the remaining conducting elements negligible [150, 13]. Under these
conditions, losses arising due to the skin effect in the copper and silver layers are
also neglected, and the model complexity is greatly reduced.

Fig. 3.2 Illustration of a REBCO tape several materials and layers with their respective
dimensions

The numerical model is constructed by defining in the tape domain, the potential
vector T, and in all other domains ΩA the magnetic vector potential A, as in (3.7).

∇×T = J, in ΩSC ∇×A = B, in ΩA (3.7)

Considering a 3D environment, the potential vector T is defined as stated in (3.8).Jx

Jy

Jz

=


∂ (T·nz)

∂y − ∂ (T·ny)
∂ z

∂ (T·nx)
∂ z − ∂ (T·nz)

∂x
∂ (T·ny)

∂x − ∂ (T·nx)
∂y

 (3.8)

The model complexity is significantly reduced when the T−formulation is used
to model coated conductor HTS tapes with the thin sheet approximation. The
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(a)

(b)

Fig. 3.3 Illustration of a REBCO tape and its form with the thin sheet approximation on the
surface (right) and important variables in (a) 3D and (b) 2D.

potential vector T is defined only in the normal direction to the tape since the current
can be assumed to flow in the conducting layer tangentially to the widest plane of the
tape [151–154, 137] as is illustrated in Fig. 3.3. This reduces the need for very fine
mesh along the thickness of the tape and reduces the number of dimensions to solve
by defining the variables according to the tape normal vector n and solving (3.8). The
T−formulation and A−formulation allow solving Faraday’s law, also implemented
in FEM (3.9) [155].


∂Ez
∂y − ∂Ey

∂ z
∂Ex
∂ z − ∂Ez

∂x
∂Ey
∂x − ∂Ex

∂y

n+


∂Bx
∂ t

∂By
∂ t

∂Bz
∂ t

n = 0 (3.9)

Note that when using the T−formulation, the component of B that is parallel to the
broad face of the conductor is neglected due to using the thin sheet approximation,
which simplifies (3.9) [151, 153]. Dirichlet boundary conditions are defined at the
tape edges to impose the tape current. To obtain the conditions at each edge of the
tape T1 and T2, the Stokes theorem is applied to the definition of the potential vector
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T as in (3.10).∫∫
S

J ·ndS =
∫∫

S
(∇×T) ·ndS =

∮
L

Tdl = (T1 −T2)δ (3.10)

In (3.10) L denotes the path formed by the boundary edges of the conductor, and δ

is the thickness of the superconductor layer.

3.3.1 2D Single Tape Model

In the 2D model, the T −A formulation is applied in FEM to model the simplest
case of a single tape of infinite length surrounded by an air domain. The model
geometry is shown in Fig. 3.4. In the 2D FEM model, a line of 4 mm width is added
to model the HTS tape. Hence, the characteristic equations are defined in the SC
domain, and the T−formulation is applied. In the air, the A−formulation is applied.
In commercial finite element software, the defining equations are solved using a
General Form Boundary PDE module to define the T−formulation and the magnetic
fields physics for A−formulation (COMSOL Multiphysics®).

The 2D tape model is studied for the case of a tape with an imposed alternate
current to analyse the accuracy of the model for AC loss estimation and perform a
model calibration. In this model, a sinusoidal current function is imposed on the tape
i(t) = Im sin(ωt). For this, the variables T1 and T2 are defined on one edge as 0 and
It /δ on the other, where It is the imposed current function. For all current values,
the superconductor loss P (W/m) is computed in FEM with the instantaneous power
p(t) as in (3.11), where w is the width of the tape (4 mm), and T = 1/ f is the period
of the current waveform.

p(t) =
∫

w
(Jδ ) ·E dw, P =

1
T

∫ T

0
p(t)dt (3.11)

In HTS analyses, some detail is necessary to ensure accurate results and model
convergence. The defined mesh for the tape model is shown in Fig 3.5. The entire
mesh has a total of 3894 elements. The mesh applied in the air domain is triangular,
and a linear mesh is defined in the superconducting tape. The mesh is specified
with 100 edge elements distributed along the width of the line. A higher number
of mesh points are concentrated at the tape edges to improve convergence since the
current will penetrate the tape from its edges. Figure 3.6a illustrates how the current
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Fig. 3.4 2D model geometry showing single tape surrounded by air domain

is distributed across the width of the tape at various simulation times, showing that
with increasing time and current amplitude, the current penetrates deeper into the
tape width. The associated current waveform and AC losses of the tape are depicted
in Fig. 3.6b.

Fig. 3.5 2D model triangular mesh, the mesh of the tape is defined by 100 edge elements
with exponential growth at tape edges

3.3.2 Experimental Calibration of the Tape Models

The FEM model calibration is achieved with DC and AC measurements, with the
voltage-current characteristics of the superconducting tape measured using a direct
current (DC) power supply and the hysteresis losses measured using alternate current
excitation.
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(a) (b)

Fig. 3.6 Simulation results for applied sinusoidal current Im=150 A, f =50 Hz (a) current
distribution for different times (b) current waveform and AC losses.

DC Characterization

The primary objective of the DC test was to experimentally ascertain the critical
current value (Ic) for the given superconducting tape, shown in Fig. 2.5b. Two Delta
Eletronika SM-500-CP-90 bidirectional DC power supply impose currents from 0
to 170 A. The sources (each with a maximum current of 90 A) were connected in
parallel to achieve the required current for the test. The voltage drop across the
superconducting tape was then measured using an HP 34401A multimeter, capable
of providing measurements with an accuracy up to 10−6 V. The results are plotted in
Figure 3.7, illustrating the non-linear resistivity characteristic of the REBCO tape
and its transition between the superconducting to the resistive state.

The critical DC current value Ic0 was determined by identifying the intersec-
tion point between the black dashed line, representing the critical electric field of
10−4 V/m, and the measured E-J curve. For the examined REBCO tape, this critical
DC current value (Ic) at self-field is 162 A with an n-value of 28. The measured
critical current matches the data provided by the manufacturer for the considered
30 m length tape (equal to 162 A, with a minimum guaranteed value of 158 A, see
Appendix A). In Fig 3.8, the tape is shown inside an Expanded Polystyrene (EPS)
foam container and submerged in a liquid nitrogen bath for the measurements. Also
shown in the figure are the details of the voltage probe and the current supply at the
edges of the REBCO tape.
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Fig. 3.7 E-J curve measured by the dc test at 77K on the REBCO tape

AC Characterization

The hysteretic behaviour and the AC loss characteristic of the HTS material was
observed under alternate current excitation. The measurement circuit is depicted
in Fig. 3.9, and the measurement setup is shown in Fig. 3.10. The HTS tape
was connected to the secondary side of a transformer connected to an alternate
power supply. A turn ratio equal to 100:1 was necessary to adapt the voltage and
current values generated by the sinusoidal power supply for the tape test. Unlike
the DC measurements, in AC, the measured voltage in the superconductor has two
components: a resistive component and an inductive component [13]. The electrical
measurement of AC losses is based on determining the voltage component in phase
with the current. While the resistive part of the voltage is related to the hysteresis
losses of the tape, the inductive part is caused by the closed loop formed by the tape
and the voltmeter. The flux and voltage components in the superconducting tape are
stated in (3.12) and (3.13).

Ψ(t) = Ψint(t)+Ψext(t) (3.12)

vSC(t) = Ri(t)+
dΨ(t)

dt
(3.13)

In 3.12, the ’internal’ magnetic flux Ψint(t) is the leakage flux affecting the SC
and contributing to the non-linear self and mutual inductance between the coated
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Fig. 3.8 REBCO tape in the LN2 bath with detail of the copper plates used for the voltage drop
measurement (1) and for connecting at the power supply (2) and electric circuit schematic
for the DC measurement.

Fig. 3.9 Circuit for AC loss measurements on the superconducting tape.

conductor layers inside the tape [156]. The ’external’ Ψext(t) is the magnetic flux
linked with the voltmeter connection.

Ψint(t)+Ψext(t) = Ψint(t)+Lext i(t) (3.14)

It is worth mentioning that Ψint(t) presents a non-linear behaviour because of the
hysteretic phenomenon that affects the current distribution in the superconducting
layer [157]. Only the resistive component in (3.13) must be considered to compute
the AC losses on the SC tape. Therefore, a compensation coil with adjustable mutual
coupling minimizes the inductive voltage component, which can be significantly
higher than the in-phase AC loss contribution [158]. Alternatively, the electric
measurement can be performed with a lock-in amplifier to determine the losses when
the voltage and current phase difference is close to zero. The magnetic flux Ψ(t) in
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Fig. 3.10 Setup for AC loss measurements on the superconducting tape with detail of the
superconducting ReBCO tape.

the HTS tape can be written as in (3.15), where M is the mutual inductance of the
compensation coil.

Ψ(t) = Ψint(t)+(Lext −M)i(t) (3.15)

The AC losses per unit length are obtained by the average value of the instanta-
neous power as in (3.16), where l is the distance from the voltage pick-up taps [159].

PACmeasured =
1

lT

∫ T

0
vSC(t)i(t)dt (3.16)

The measured AC losses are compared to those obtained by the FEM model of
the SC tape for different values of n and B0 as shown in Fig. 3.11. The parameter set
of the red curve in Fig. 3.11 allows to achieve with the FEM a good approximation of
the measured values. Therefore, the parameters shown in Table 3.1 have been used
for the calibrated FEM model. Note that since the tape AC and DC characteristics
differ, when the tape is characterized in AC, its behaviour is better described with a
lower n-value than that determined in DC conditions. However, Fig. 3.11 presents
the losses in a logarithmic scale; hence, for low current values, the FEM compu-
tation underestimates the losses, and care must be taken when designing practical
superconducting devices and estimating the respective cooling system requirements.
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Fig. 3.11 Comparison between FEM and experimental AC losses per unit length at T=77 K
and f=50Hz for the measured superconducting REBCO tape.

Table 3.1 ReBCO Tape Main Parameters

Ic B0 Tc n width height SC layer height
162 A 140 mT 119 K 21 4.01 mm 95.6 µm 1.6 µm

Note that for the measured current values, the supply current was limited to
175 A to avoid quenching the HTS tape. Nonetheless, the proximity between
experimental and modelled losses allows validating the FEM model and estimate the
tape parameters.

3.4 Electromagnetic Modelling of the Copper Layers
Influence for AC Losses in ReBCO

Usually, coated conductor HTS models consider only the superconducting layer
presence, as the path has the lowest resistivity in the tape. However, for sufficiently
high frequencies of externally applied fields ( f >150 Hz), the skin effect in the copper
must be considered when computing the loss in the coated conductor tape [150].
Furthermore, at high currents (I>Ic), the superconducting layer will go into its re-
sistive state with its resistivity increasing by a power law function (if temperature
is assumed constant). In this situation, the remaining layers of the tape, which are
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Fig. 3.12 2D geometry of the model of the coated conductor tape considering the influence
of copper layers.

connected in parallel, can also carry current. The imposed current will flow into the
copper stabilizing layers, providing a similar (or lower) resistivity path at cryogenic
temperatures and contributing to the losses. If the conditions of electromagnetic
study are such that the thin sheet approximation to model the HTS tape as a single
superconducting layer is no longer applicable, the T−formulation can be applied in
FEM to model the remaining layers of the coated conductor. This allows to better
identify optimal operating conditions for 2G tapes in electrical devices. The assump-
tions of the approximation, which are mainly related to the very small thickness
of the conducting tapes [153, 154, 137], can be applied to the other conducting
materials of the multilayered conductor (which similarly have a very high aspect
ratio between the layer width and thickness). In these conditions, the T− formulation
is applied to the coated conductor layers, mainly contributing to the tape losses: the
superconducting and copper stabilizing layers [150, 13]. The model assumes that the
current flows tangentially to the widest surface of the tape in all layers and that the
tape operates in fully cryogenic conditions. In the superconducting domains, the ma-
terial characteristics for the superconducting HTS material are defined. In the copper
domains, the electric field and current relation is determined by the copper resistivity
at the cooling fluid temperature ρ77K = 0.233×10−9 Ωm at 77 K (LN2 temperature).
The specifications of the REBCO tape are those determined by experimental cali-
bration, for which data is stated in Table 3.1. The 2D multilayer model geometry
showing the several layers and dimensions is depicted in Fig. 3.12. Note that in this
figure, the several layers are separated by air, and distance between layers is defined
according to the specifications of the tapes available for experimenting [73].
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New boundary conditions must be added in the T− formulation to consider the
several layers of the tape connected in parallel. The law of current conservation is
added in FEM as a global constraint, stated in (3.17), ensuring the supplied current
can be shared between layers.∫

JδSC dΩSC +
∫

JδCu dΩCu = IT (3.17)

In (3.17) It is the transport current, δSC is the superconducting layer thickness,
1.6 µm and δCu is each of the copper layers thickness, 20 µm for the considered tape.
The integral in the copper domains must include both copper layers. Thus, it is, in
fact, an integration of two different (copper) domains. Only one Dirichlet boundary
condition for imposing current is defined at one edge of each layer, superconducting,
and copper, as T1 = 0, while the previous Dirichlet condition T2=IT /δ is substituted
by the global model constraint. This means that there will be an open boundary for
the HTS layer. Nonetheless, the global condition for sharing current will ensure
that the total current in the three layers is the same as the defined applied current.
However, it is also necessary to consider that all layers are in parallel, i.e., with the
same voltage or average electric field.

Using the definition of the current vector potential T, by Stokes’ theorem, the
result in (3.10) can be used to define the total electric field in each layer of the tape.
The electric field in the tape E will be the sum of an induced component and an
applied component, such that (3.18).

E = Eap +Eind (3.18)

However, when integrating E in the layer width, the induced component of the
electric field is cancelled since its contribution is antisymmetric across the tape width,
hence only the applied electric field is considered as in (3.19) and (3.20).∫

(EapSC +EindSC) dwSC =
∫

EapSC dwSC (3.19)

∫
(EapCu +EindCu) dwCu =

∫
EapCudwCu (3.20)

In (3.19) and (3.20), the subscripts SC and Cu stand for the HTS and copper layers.
When the current density is described by (3.21), the induced components along the
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width of the tape are also cancelled, giving the relation in (3.22).

ECu = ρCuJCu = ρCu

∫
(JapCu + JindCu) dwCu (3.21)

∫
ECudwCu =

∫
EapCu dwCu = ρCu

∫
JapCu dwCu (3.22)

Therefore, the same applied electric field can be imposed in the SC and copper layers
as shown in (3.23). Using the definition in (3.10) and (3.23), the Dirichlet boundary
condition at the edge of the copper layer according to T− formulation, ensuring the
same electric field is present in all the tape layers, is defined as in (3.24).∫

EapSC dwSC =
∫

EapCu dwCu =
∫

JapCu dwCu = ρCuIap/δCu (3.23)

TCu = Iap/δCu =
1

ρCu

∫
EapSC dwSC (3.24)

Note that to guarantee a good model convergence, the electric field in the copper
tapes can be defined as in (3.25) in the FEM model. Nonetheless, this is equivalent
to the definition in (3.24), due to the definition of the T current vector potential in
the T−formulation (see Fig. 3.3). The T is defined normal to the surface, and thus
when the integral in (3.25) is calculated, it corresponds to the value of T at the point,
that is TCu. ∫

T dwCu =
1

ρCu

∫
EapSC dwSC (3.25)

The definition in (3.25) is added as a Dirichlet boundary condition in each copper
tape end. In Fig 3.13, an illustration of the model definitions and variables is depicted.

It is essential to achieve accurate results to define a mesh with a minimum spacing
in the copper tapes smaller than the characteristic skin depth of the copper, δSE ,
(for the imposed frequency). Hence, depending on the frequency of the externally
applied field or imposed current, the minimum length between two edge elements in
copper must be calculated according to (3.26) [160].

δSE =

√
2ρ

ωµ
(3.26)
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Fig. 3.13 Illustration of the 2D multilayered tape model defined conditions in the supercon-
ducting and the copper layers.

In (3.26), ρ is the resistivity of the conductor, ω is the angular frequency of the
current 2π f , µ is the permeability of the conductor, and ε is the permittivity of
the conductor. For copper, a skin depth is considered to simulate frequencies up to
105 Hz, for comparison with results in [150]. The corresponding δSE is 7.6× 10−6 m.
For this effect, the defined mesh in copper is the same as in the HTS layer. A mesh
of 100 edge elements with the exponential growth of factor 25 from the edges to the
centre is defined in all layers, which admits a distance between mesh points up to
1×10−6m.

3.5 Analytical Models

For coated conductor tapes under the effect of applied alternate field or alternate
current, there are analytical solutions for both transport current losses proposed by
Norris [161] and Fernandes [13] and magnetization losses, proposed by Brandt [143].
In this work, superconducting tapes are investigated for application in electrical ma-
chine armature windings. Hence, these analytical calculations are used in applicable
cases for validation of the FEM models for loss estimation.
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3.5.1 Norris Model

The result proposed by Norris provides an analytical solution for transport losses
in hard superconductors under self-field conditions. The model neglects the effect of
the external magnetic field on the critical current density by applying the assumptions
of the critical state model. The tape loss solution is obtained by determining the
current inside the superconducting slab, considering that whatever current arises in
the superconductor appears first at the outer regions of the tape and then gradually
penetrates the inner area of the tape. The power dissipation is proportional to
the supply frequency and is considered a hysteretic phenomenon. The expression
for a 1G tape, with elliptical cross-section, is given in (3.27) and for a thin slab
in (3.28) [161].

PEN =
µ0 f I2

c0
π

[(1− i)ln(1− i)+(2− i)
i
2
] (3.27)

PT N =
µ0 f I2

c0
π

[(1− i)ln(1− i)+(1+ i)ln(1+ i)− i2] (3.28)

In (3.27) and (3.28) i<1 is the ratio between the transport current and the critical
current at self-field, It/Ic0 and f is the supply current frequency. The subscripts EN
and T N represent elliptical and thin strip solutions, respectively.

3.5.2 Extended Norris and Sigmoid model

The solution given by Norris is only valid until the saturation point of the SC tape
for the amplitude of the applied current I<Ic. For I ≥ Ic, the critical state model is no
longer applicable; therefore, neither is the Norris solution. According to the critical
state model, the maximum permissible current inside a superconducting specimen
would be Jc · AS, where AS is the cross-section of the superconductor, and this case
corresponds to that when the material is carrying a current equal to its critical current
Ic.

However, superconductors can carry currents superior to their critical current,
albeit with a non-negligible resistivity. A solution is proposed to estimate losses in
the superconducting tapes in an overcritical regime (I ≥ Ic) when the total losses in
the conductor are the sum of the hysteresis losses (accounted for in the Norris model)
and the resistive losses due to the resistive behaviour of the HTS tape at sufficiently
high currents[13]. This extended model also considers the influence of the self AC
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and external DC fields on the critical current of the tape, which is not considered in
the Norris model.

The E − J power law is used to estimate the resistive losses that add to the
hysteresis losses already present in the tape, accounting for the resistance increase.
This result is derived initially from the Norris losses in the hysteretic region where
I<Ic. When the tape carries a current I = Ic, then i → 1 and the losses are written as
in (3.29) and (3.30).

PEN =
1
2

µ0 f I2
c0

π
(3.29)

PT N =
µ0 f I2

c0
π

(ln(4)−1) (3.30)

When the superconducting tape enters the resistive regime, at currents I ≥ Ic, the
HTS resistive losses are obtained from the E − J power law as stated in (3.31) [13].

Presistive =
1
T

∫ T

0

Ec

In
c

· I(t)n+1 dt =
1

2π

Ec

In
c

In+1
m

∫ 2π

0
cosn+1(θ) dθ (3.31)

In (3.31), I(t) is the imposed current in the tape, Im cos(ωt) and θ = ω t. The
solution to the integral in (3.31) is stated in (3.32).

∫ 2π

0
cosn+1(θ) dθ =

π

2n
(n+1)
(n+1

2 !)2
(3.32)

The expression for the resistive losses becomes (3.33), and therefore, the total losses
at I ≥ Ic for 1G tapes are defined as in (3.34) and for 2G coated conductors as
in (3.35).

Presistive =
in+1 Ic Ec

2 n+1
(n+1)!
(n+1

2 !)2
(3.33)

PEF = 1
2

f µ0I2
c

π
+ in+1IcEc

2n+1
(n+1)!(
n+1

2 !
)2 , Γ = min(i,1) (3.34)

PT F =
f µ0I2

c
π

(ln(4)−1)+ in+1IcEc
2n+1

(n+1)!(
n+1

2 !
)2 , Γ = min(i,1) (3.35)

In (3.34) and (3.35), the subscripts EF and T F stand for elliptical and thin strip
solutions, respectively. Since the n number is typically high in HTS, the expression
for Presistive can also be used to compute the tape transport losses when I < Ic. Hence,
the general analytical result for the tape losses can be formulated as stated in (3.36)
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and (3.37) for 1G and 2G tapes, respectively.

PEF =
f µ0I2

c
π

[(1−Γ)ln(1−Γ)+(2−Γ)Γ

2 ]+
in+1IcEc

2n+1
(n+1)!(
n+1

2 !
)2 ,

Γ = min(i,1)
(3.36)

PT F =
f µ0I2

c
π

[(1−Γ)ln(1−Γ)+(1+Γ)ln(1+Γ)−Γ2]+ in+1IcEc
2n+1

(n+1)!(
n+1

2 !
)2 ,

Γ = min(i,1)
(3.37)

The hysteresis losses from the Norris model are used to compute losses relative
to I < Ic, and the resistive losses are used for I ≥ Ic. Thus, the analytical result is
defined by branches. This discontinuous loss function creates the illusion of a "knee"
point on the losses evolution, as a function of the current, in the transition between
the hysteretic and resistive zones as shown in Fig. 3.14 [13]. For a solution without
discontinuity effects, the losses in the superconducting tape can be characterized by
a Sigmoid function (3.38) for both 1G and 2G superconductors, making a smoother
transition between the hysteretic and resistive modes. This sigmoid analytical model
presents a unique and continuous function for all ranges of current amplitudes. It is
to be noted that while the extended Norris model analytical solution is applicable for
tapes with known critical current, the sigmoid model parameters must be calibrated
with experimental measurements on AC losses to provide a well-fitted continuous
solution.

Fig. 3.14 HTS losses (W/m) for different amplitudes of magnetizing current Im for a tape
with Ic = 140 A and n = 11, considering extended-Norris, sigmoid (a=0.8, b=5 and c=1.25)
and FEA Bean models [13].
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In (3.38), the parameters a, b, and c are found for elliptical and thin strips with
experimental measurements of AC transport loss. The solution for the HTS losses
can be used to determine the HTS resistance in 1G and 2G tapes for a given trans-
port current. However, when the current density is such that the resistivity of the
superconductor is increased beyond that of the stabilizing materials (e.g., copper or
silver) at the cooling fluid temperature, the solution for the tape loss computation
can be found using an equivalent circuit to accurately determine each material loss
contribution [156]. The representation of the equivalent circuit for a 2G HTS tape is
shown in Fig. 3.15 [13].

Fig. 3.15 2G HTS tape equivalent circuit considering the superconducting and copper
layers [13].

The resistance of the HTS layer can be found from the loss contribution as
PHT S = I2

m(Rhyst +Rresis), and its inductance is computed from the average inner flux
in half of the HTS layer, λ ’=w

2 Bav for the considered current. The contribution of
the copper layer can be found in the resistivity of copper at cryogenic temperatures;
in this case, ρCu=0.233×10−8 Ωm and its inductance is calculated using rectangular
conductor theory. The parameter determination is described in detail in [13].

3.5.3 Brandt Model

When superconductors are exposed to externally applied alternate magnetic
fields, they manifest magnetization losses. Brandt derived this loss contribution for
superconductors when the magnetic field is applied in the transverse direction to
the tape, in (3.39) [143]. Notice that transverse refers to the direction transverse to
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the wide face of the tape (in REBCO, the 4 mm wide face) and the current flowing
direction, not to be confused with the direction transverse to the tape height. The
magnetization loss in superconductors has a hysteretic nature. Since the supercon-
ductor tends to retain its magnetized state due to flux pinning, as soon as the applied
field varies, the magnetization state changes and energy is spent to override the
previous magnetization state.

PB = µ0w2 f JcδH0 g
(

H0

Hc

)
(3.39)

In (3.39) w is the width of the conductor, f is the frequency of the applied magnetic
field and H0 its amplitude, Hc is the characteristic field, Ic/wπ , and g(x) is given
by (3.40).

g(x) = (2/x) ln cosh(x)− tanh(x) (3.40)

3.6 Numerical and Experimental Results

3.6.1 DC Current

Using the experimentally determined parameters for the REBCO tape 3.1, the
single tape and multilayer models were compared for different case studies. The
single-layer and multilayer models were simulated with varying amplitudes of
imposed DC current. The current is defined in FEM by a step function between
50 and 260 A of imposed current IDC for both the single-layer and the multilayer
coated conductor model. The electric field results for different current amplitudes
are plotted in Fig. 3.16.

The results show that the thin sheet approximation and the multilayer model
have the same results for low current amplitudes. This similarity indicates that the
superconducting layer carries current until values are higher than the critical limit
(162 A). However, the curves have different evolutions in the high current region.
In this high current regime, there is current sharing between the copper and the
superconducting. This is due to the SC resistivity increase, making it comparable
to or even higher than that of copper at 77 K, while the thin-sheet approximation
follows the E − J law.
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Fig. 3.16 Electric field in the SC layer vs current for the multilayer and single layer models
supplied in DC.

3.6.2 Transport Current AC Losses

In Fig. 3.17, the numerical AC loss results are plotted for different current ampli-
tudes supplied to a single tape under an alternate current supply at a 50 Hz frequency.
The single layer and multilayer models are compared with the homogenized model
in [162]. Experimental results and analytical results of the Norris and extended
Norris model solution with an equivalent circuit are also compared. Note that as
mentioned in 3.3.2, the supply current was limited to avoid quenching the tape, hence
it is difficult to analyze the proximity between results in the overcritical regime when
the different contributions from the tape layers should be noticeable. Nonetheless,
all FEM models show good agreement with experimental data below the overcritical
regime. The main difference between the single-layer, homogenized and multilayer
models is shown above 175 A, when the superconducting layer starts to have a
considerable resistance, comparable to that of copper at cryogenic temperatures.
For high current values the multilayer model results have a close agreement with
analytical results obtained by the equivalent circuit model in [13], which separates
the current flowing between the copper and HTS. It is also noteworthy that at high
current regime the single-layer tape has a loss that becomes considerably larger than
the multilayered and homogenized models.
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Fig. 3.17 Transport Current losses for a sinusoidal current with f =50 Hz.

Fig. 3.18 Detail of copper and HTS layer transport current losses for a sinusoidal current
with f =50 Hz.

Figure 3.18 illustrates the individual contributions of the HTS and copper layers.
At a frequency of 50 Hz, copper layer losses are minimal. However, when the
critical current of the tape is exceeded, the gap between losses in the copper and
superconducting layers narrows. This is due to the increased resistivity of the
superconducting layer, resulting from significant transport current and higher self-
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field, which restricts the critical current. The rise in current and self-field contribute
to higher resistivity in the HTS layer, prompting current to also pass through the
copper layers. This is demonstrated by the close match between the FEM multilayer
model and the analytical model incorporating an electrical circuit (PT F + eq. circuit).
Additionally, the graph indicates that under high currents, the single-layer tape has
greater losses compared to the multilayer models. This occurs because, for the single-
layer tape, FEM loss calculations only consider the superconducting component
detailed in (3.35), which follows a power law resistivity function and increases
greatly after the critical current is reached. When a copper layer is incorporated in
parallel, current preferentially follows the path of least resistivity across different
layers. As a result, the analytical circuit result PT F (from (3.37)) closely aligns with
the results of the multilayer model, supporting the assumption that at high currents,
the copper resistivity must be considered.

3.6.3 Magnetization Losses

The multi-layered and single-layer models were subject to an alternating sinu-
soidal magnetic field (50 Hz) at different selected magnetic flux density amplitude Bm

values. In this model, the transport current and the integral of the current in all layers
are set to zero. A transverse external magnetic field is applied at the boundaries of the
model on the y-axis direction (see Fig. 3.12). The numerical results for a single tape
subject to a sinusoidal magnetic field perpendicular to the wide surface of the tape (4
mm) are plotted in Fig. 3.19 with homogenized and analytical results. The graph
shows good agreement between numerical models and analytical solutions. In this
case, the difference between the single-layer and the multilayered superconducting
tape models is less noticeable; however, as the magnetic field increases, it is clear
that the contribution of the copper layers to the total loss can become equivalent to
that of the superconducting layer and therefore must be taken into account when
estimating HTS tape losses.

The magnetization loss results for the external alternate field of fixed amplitude
and varying frequency are plotted in Fig 3.20 with the multilayer H-formulation
results in [150]. For verification purposes, the tape defining constants, n, B0, and
Ic0, were set to be the same as the ones found in the reference. The results agree
for all applied field frequencies. Hence, the model is validated for applied current,
externally applied magnetic field and high-frequency regime.
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Fig. 3.19 Magnetization losses for a sinusoidal external applied field at 50 Hz.

Fig. 3.20 Magnetization losses with a sinusoidal external applied field of 100 mT amplitude
with varying frequency 50-10000 Hz.

3.7 Summary

This chapter provided an in-depth explanation of the superconducting FEM
models used in this thesis; the laws that define the superconductor macroscopic
behaviour were stated, and the main equations of the HTS tape model were described.
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The geometric and material characteristics of the HTS tape were also given according
to measured data. The setup for properly characterizing superconducting tapes in
AC and DC conditions is explained in detail, and experimental results are compared
to numerical and analytic results.

To better analyze the performance of HTS tapes, a T −A formulation model is
proposed to consider the loss influence of the stabilizing layers in 2G HTS tapes,
considering their multilayer structure. The model is constructed according to the
parallel connection between the HTS and copper layers in the 2G tape. The relevant
model boundary conditions and global constraints were defined to describe the
electrical connection between the different materials.

Analytical results in the literature to estimate losses in superconducting tapes are
outlined. An analytic model to consider the hysteresis and resistive losses in HTS
1G and 2G tapes in an overcritical regime and the influence of stabilizing materials
in tape losses is explained, and relevant equations are stated.

Numerical and analytic results for the HTS material in hysteretic and resistive
regimes are shown, considering the influence of the copper stabilizing layers as mod-
elled by the proposed multilayer T −A methodology. Experimental and numerical
results are compared to those calculated with the analytic model for validation. It is
demonstrated through the multilayer model that copper losses can become significant
at high currents (DC and AC), high external alternate fields, and high frequencies.
This shows the necessity of the multilayer model to accurately estimate tape losses
in energy conversion devices, where alternate fields and currents surround materials
and consequently affect their performance.



Chapter 4

Superconducting Windings for
Rotating Electrical Machines

4.1 Introduction

This chapter investigates the methodologies and practicability of modelling and
potentially applying SCs in rotating electrical machines. The study was performed
on an HTS winding inserted into the electrical machine stator. In these conditions,
the HTS coils carry AC currents and are subject to AC fields, which can strongly
impact the superconductor performance. The superconductors are modelled in the
armature windings of a conventional case-study AFPM machine, which, due to its
axial geometry, should be simulated in 3D. The developed HTS electromagnetic
models use the experimentally described and calibrated superconducting tape models
in the previous chapter, and ferromagnetic cores are experimentally calibrated at
liquid nitrogen temperatures. The material calibration is inserted in the FEM models,
where they are used to describe the windings and rotor and stator core material
characteristics. To reduce simulation time and complexity in the models that might
be unpractical due to the SC formulations in 3D FEM, a 2D single-slot model is
proposed for time-efficient analyses of SCs during the machine operation. This
methodology allows efficient analyses of superconductor armature windings to
estimate SC performance, reduce losses, and quench risk.
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4.2 Case-study Axial Flux Permanent Magnet Ma-
chine

A conventional copper wounded electric machine design can be achieved through
general analytical sizing equations for electrical machines. However, when machine
realization is considered, numerical models that can provide further insight into the
specifications and performance of the machine can be valuable tools to estimate
airgap flux density, efficiency, and losses in the different machine components. These
FEM models can also allow machine designers to achieve more reliable and efficient
machine topologies, especially when combined with optimization methods based on
machine specifications [19].

When electrical machines that utilize superconductors in their circuits are de-
signed, FEM models become an indispensable tool for assessing the feasibility of
the machine. The models that require specific numerical formulations to describe
the non-linear electromagnetic properties of the materials are essential to investi-
gate the superconductors performance, which is highly sensitive to material critical
parameters such as transport current and external magnetic fields magnitude and
orientation [163]. This is further exacerbated when superconductors are applied
in armature windings, supplied by AC currents and surrounded by alternate exter-
nal fields since AC working conditions inevitably lead to non-negligible losses in
superconductors [66].

These AC losses significantly impact the superconductor performance and must
be estimated so that the power required to dissipate the heat generated at a cryogenic
level is accurately predicted [63]. The superconducting coils will have lower critical
currents and critical magnetic fields. In extreme cases, the losses can overheat the
SC with reduced current carrying capacity and cause a quench – i.e. the sudden loss
of superconductivity, causing a high increase in the HTS resistivity. Consequentially,
the temperature of the conductor can become higher than its critical temperature (Tc),
and the coils will overheat, with a high risk of irreversible damage to the conductors,
which also naturally can cause malfunctioning of the machine [164]. This means that
precise estimation of AC losses in SCs is essential for achieving a feasible design
that optimizes the superconductors and the overall machine performance.

The HTS coils can be strategically positioned inside slots to help reduce the
impact of the external magnetic fields on their performance and minimise effect
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of the AC fields on superconducting tapes inserted in the windings of electrical
machines. Alternatively, ferromagnetic materials can be placed in the vicinity of the
superconductors to divert the magnetic field away from the superconducting tapes
and conducting elements can be inserted to shield the materials from the surrounding
AC fields [165]. Nonetheless, all these methods can contribute to the losses inside
the armature slots and reduce linked flux in the armature windings, and thus, their
application requires careful consideration [166].

The chosen machine typology to apply the superconducting armature windings
in this study is an axial flux machine. This particular machine configuration was
chosen because it can be designed with a toroidal stator, which aligns well with the
limited bending constraints of superconductors (see Fig. 2.13 [121]). The toroidal
stator allows the superconductors to flex over their flat surface while maintaining a
large bending diameter, thus preventing any degradation of material properties [87].
Additionally, in radial and axial configurations, this winding arrangement ensures
that the armature leakage flux remains mainly parallel to the broad surface of the
tape, which is critical to enhancing the performance of the cables [121]. Unlike
radial topologies, however, axial flux machines can easily accommodate multistage
configurations while preserving compact machine dimensions. This means that the
setup can be particularly advantageous for power-dense superconducting machines.
For this specific machine, a single-stator with a double-rotor arrangement would
allow the efficient exploitation of the magnetic flux from both sides of the armature
conductors, as SC coils can produce high magnetic fields due to their ability to carry
very large currents. It should also be noted that the presence of an even number of
air gaps allows proper balance between the stator and the rotor axial forces, which is
one of the drawbacks of single-stage axial flux topologies.

This type of machine is specifically chosen because its geometrical configuration
seems to be a more promising solution for easily respecting the strict bending
limits of the superconductors and applying multistage configurations [167]. Yet,
computational demands of modelling superconductors in 3D geometries are usually
required for axial flux machine analyses. Due to the three-dimensional nature
of the magnetic field problem [168], the models can take hours, if not days, to
simulate and are therefore incompatible with machine design methodologies. Since
the design of electrical machines is often an iterative process, the FEM tools to
analyse the superconductors inserted in machine windings must be both precise and
time-efficient.
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The literature reports various formulations to simulate the non-linear behaviour of
the superconductor and its dependence on the surrounding magnetic fields [44, 127,
130]. Introducing superconductors with tiny dimensions, non-linear resistivity, and
the moving mesh in the rotor make these models highly complex and computationally
demanding [45]. Thus, efficient methodologies to reduce this computational cost
should be developed.

Fig. 4.1 Axial flux permanent magnet single-stage iterative design process.



4.2 Case-study Axial Flux Permanent Magnet Machine 67

4.2.1 Design Methodology

This chapter examines a case study involving an axial flux machine used to
model superconductors within the armature windings, which was designed utilizing
traditional sizing equations for AFPM machines [169]. The electrical machine sizing
is based on an iterative procedure for designing single-stage surface-mounted AFPM
machines [169]. The machine airgap flux density and torque for the minimum
permissible machine inner diameter (Di) are calculated using the initial design
specifications. Iteratively, the machine diameter is increased, and the geometrical
parameters (e.g. outer diameter D2 (lamination diameter), external diameter De

(including end-windings), core length Lcore) are obtained from the electromagnetic
machine sizing equations until the required machine specifications are met, ensuring
minimum dimensions for the designed machine. The exit condition of the iterative
procedure is the limit product between the linear current density in the stator windings
Ks and the current density J, imposed by the designer according to the expected
cooling method (air-cooled, water-cooled, etc.). The flowchart of the machine design
procedure is depicted in Fig. 4.1 [170, 169]. Table 4.1 lists the main data of the
machine, while Fig. 2 shows its geometry.

Table 4.1 Main design data of the four pole AFPM

Parameter Value
Rated torque (Nm) 95
pole number 4
Rated speed (rpm) 1500
Magnet thickness (mm) 8
Magnet Br (T) 1.1
Magnet polar pitch (%) 0.778
Airgap thickness (mm) 1
Outer diameter (mm) 340
Inner diameter (mm) 135
Total axial length (mm) 390
Total volume (dm3) 20.34

Note that neither the design approach nor the geometry optimization is the focus
of this research activity. Hence, the machine must be considered a generic and not
optimized design solution sized with the primary purpose of applying the modelling
of SC windings integrated with a magnetic circuit. Besides, for the considered speed
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Fig. 4.2 Axial Flux PM machine geometry considered as a case study.

range of 1000-2000 rpm, four poles were chosen to keep a low supply frequency
since the thin sheet approximation can be successfully applied for loss estimation for
external magnetic field frequencies up to 150 Hz [150].

4.2.2 Machine 3D FEM model

The generic non-optimized 4-pole 24-slot AFPM was considered to test the
superconducting formulations on a complex FEM model. The machine was first
modelled in FEM with the conventional copper armature to have a baseline model for
comparison and verification of the working conditions of the machine. The imposed
peak slot current is 810 A, given by the machine design tool for the maximum torque
condition.

Since the case study AFPM is considered in a single-stage configuration, the
chosen winding configuration that allows respecting the conductor bending limita-
tions, as shown in Fig. 4.3, and utilizes a smaller amount of HTS conductor is an
integral slot concentrated winding [171]. The selected configuration corresponds
to a permissible bending diameter for the ReBCO tapes (11 mm minimum). To
guarantee a balanced three-phase system, the winding configuration corresponds to
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the repetition of the phases AcBaCb. The currents are imposed in the FEM model

Fig. 4.3 Winding configuration for the considered axial flux PM machine.

through their iq and id contributions, using the d −q synchronous referential with
the d −axis aligned with the flux of the permanent magnet. To verify the machine
model and winding topology, two tests were performed in FEM: 1. The winding
phase configuration of the machine was verified by analysing in FEM the back-MMF
of the machine, obtained by simulating the machine with no current supplied to the
armature windings; 2. With iq ̸= 0 and id = 0, the specified torque and airgap flux
density were verified.

4.2.3 Ferromagnetic Material Characterization

Except for HTS machines with the cryostat limited to the superconducting
elements, superconducting electrical machines might have rotor or stator cores
operating entirely at cryogenic temperatures. In this initial analysis stage, the stator
of the AFPM machine is considered to operate fully in cryogenic conditions, i.e.,
immersed in LN2 bath. In this situation, to accurately describe and model the
ferromagnetic materials used for the machine cores, it is required to introduce
in FEM their non-linear BH curve and specific losses for machine performance
estimation. Since the datasheets of ferromagnetic materials usually report the BH
curves only at ambient temperature, experiments are performed to characterise cores
at cryogenic temperatures. A toroidal sample of 0.35 mm Vacoflux 50 cobalt-iron
(CoFe) laminations and a toroidal sample of 0.5 mm M470-50A silicon-iron (SiFe)
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laminations were tested and characterized at ambient and cryogenic temperatures
through the procedure described in [48]. The toroidal samples were wound with
a primary magnetizing winding supplied by a sinusoidal power source. The iron
characteristics of the samples were measured under sinusoidal flux excitation through
the secondary (sensing) winding. Using a high-accuracy digital power meter, the
primary current and the secondary induced voltage were measured with the core
at ambient (298 K) and cryogenic temperatures (77 K). In detail, for the cryogenic
test, the cores were positioned in an Expanded Polystyrene (EPS) foam container
and submerged in a liquid nitrogen bath. In Fig. 4.4, the circuit characterizing the
ferromagnetic samples is depicted. Note that although a radial flux machine sample
core was tested, the experiment was performed to verify the material characteristics.
Hence, its geometry and application are not important in this context.

The primary winding was excited by a perfectly sinusoidal supply at different
frequencies, and the primary current and induced voltage in the secondary winding
were measured to analyze the BH curves in the flux density range of 0-1.6 T, with

Fig. 4.4 Circuit for magnetic characterization of cores at cryogenic temperatures with detail
of iron sample immersed in LN2 at 77 K.
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frequencies ranging from 20 - 100 Hz. During the tests, the secondary voltage form
factor was verified to be 1.11±1, per the standards [172].

The peak magnetic flux density Bm and the peak magnetic field Hm in the iron
sample were determined to obtain the BH curve. Under sinusoidal excitation and in
the absence of minor hysteresis loops, the values for Bm are calculated by (4.1) [173].

Bm =
|Vs|

4 f Ns A
(4.1)

In 4.1, |Vs| is the mean rectified value of the secondary induced emf; f is the
excitation frequency; Ns is the number of turns of the secondary winding; A is the
cross-sectional area of the core sample. The peak magnetic field Hm is stated in (4.2).

Hm =
Np Im

lav
(4.2)

In 4.2, Im is the peak value of the primary current, Np is the number of turns of the
primary winding, and lav is the mean length of the magnetic path in the core given
by (4.3).

lav =
π(Do −Di)

ln(Do/Di)
(4.3)

In (4.3), Do and Di are the outer and inner diameters of the yoke of the toroidal
core sample [174]. The measured BH curves are plotted in Fig. 4.5. The cryogenic
temperature marginally impacts the BH magnetizing curve for the two investigated
materials. The core losses are also measured for both samples to ensure the complete-
ness of the information. The primary current ip and the secondary induced emf vs

are measured to calculate the active power P (W), the specific core losses pFe (W/kg)
are computed according to (4.4) [173].

pFe =
Np

Ns ma
·P =

1
ma

Np

Ns

1
T

∫ T

0
vs(t)ip(t)dt (4.4)

In (4.4) T is the electrical period of the supply voltage and current. The factor Np/Ns

is the turn ratio of the primary and secondary windings, and ma (kg) is the mass of
the sample. Fig. 4.6 shows the specific core losses measured at 50Hz on the two core
samples.
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Fig. 4.5 BH curve at 50 Hz for the M470-50A and Vacoflux 50 toroidal samples at ambient
and cryogenic temperatures.
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Fig. 4.6 specific losses at 50 Hz for the M470-50A and Vacoflux 50 toroidal samples at
ambient and cryogenic temperatures.

As shown in Fig. 4.5, the impact of cryogenic temperatures in the iron BH curve
is minimal. However, the losses significantly increase due to the low-temperature
operation, which increases the conductivity in the iron components. The most
significant difference is in SiFe samples, which have a maximum increase of 37%,
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while the CoFe sample has a 20% maximum loss increase. The measured BH curve
is applied in FEM models in the material characteristics to describe the ferromagnetic
core components of the motor. Generally, losses can either be inserted as a function of
the magnetic field PFe(B) or they can be fitted to a program-integrated loss function.
This includes typically adding the Steinmetz or Bertotti coefficients in the material
loss calculation module [175]. The loss function given by the Steinmetz equation is
stated in (4.5) [174].

PS = kS f β Bγ
m (4.5)

In (4.5) KS, β and γ are the standard Steinmetz model coefficients obtained by fitting
the loss model to measured data. The Bertotti loss function is stated in (4.6) [176,
177].

PB = kh f Bα + kcl f 2 B2
m + kexc f 3/2 B3/2

m (4.6)

In (4.6) kh and α are the coefficients of the hysteresis losses, kcl is the coefficient of
the classical losses, and kexc is the coefficient of the excess losses. For the case-study
machine model, the coefficient-based loss functions were not used. Instead, the
measured data of the material loss density at 50 Hz is directly inserted in the model
as a lookup table and used as a loss function PFe(B, f )W/m3.

4.2.4 Results for the 3D FEM Models

To accurately represent and analyze the magnetic field surrounding the supercon-
ducting tapes and limit the simulation time, copper surfaces replaced the armature
windings in all slots except for one where the superconducting surfaces were applied
to estimate SC losses. This method is supposed to emulate the working conditions
of the machine when the slots are filled with superconducting tapes (with thickness
in the order of µm) and allows applying the thin sheet approximation to simulate
superconductors inside the machine slot. The machine stator is depicted in Fig. 4.7.

Note that it is expected, due to the geometric symmetry of the machine, that all
slots will be subject to the same magnetic field evolution after one complete rotation
of the rotor magnets. The direct consequence is that all slots must have approximately
the same losses. This way, the superconductor losses can be estimated in only one
slot, making the model significantly more straightforward to implement and less
time-consuming. To further reduce the model complexity in these simulations, the
end-windings of the armature coils are not modelled, and the current is imposed in
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Fig. 4.7 Machine stator with superconducting tapes in one slot (grey) and copper tapes in the
remaining slots (copper).

each conducting element through boundary conditions. The developed 3D AFPM
model with superconducting tapes in one slot only is solved in tens of hours using
a standard desktop computer with 32GB of RAM. It is important to notice that a
model with only copper conductors would be considerably less time-consuming, and
could be performed in a few hours.

The rated slot current of 810 A was imposed in nine tapes per slot for the armature
coils of the AFPM machine. In this way, the transport current in each SC results well
below the critical current of the considered REBCO tape (i.e., 90 A per conductor,
which is approximately 55% of the critical current). The same number of tapes per
slot has also been considered for the copper conductors for modelling simplification.
This would be impracticable for a prototype because the copper windings have much
lower current density capability than SCs.

Figure 4.8 shows the air gap magnetic induction and the electromagnetic torque
for the 3D FEM model of the copper wounded AFPM (Cu-AFPM) and for the same
model with SCs in one slot (SC-AFPM) as illustrated in Fig. 4.7. To accurately
describe the material characteristics in FEM and compute the material losses, the
models take into account the measured SiFe magnetizing curve for the stator and
rotor core materials and the experimentally calibrated SC single-layer tape model
validated in Chapter 3.
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As shown in Fig. 4.8, the models have similar airgap induction and torque results
since the same slot current is imposed in both machines. The slight difference
between both results is due only to the finer mesh that must be used when super-
conducting formulations are added to the FEM models. The torque result is shown
for both machines starting at t = 0.02s since the transient regime is not used for the
machine analyses. When the superconducting formulations are applied in the com-
plete machine model, a step function is added to the remanent field in the permanent
magnets and to the imposed stator current. This function, which starts at 0 and has
a maximum value of 1, guarantees that the field surrounding the superconductors

(a)

(b)

Fig. 4.8 Air gap magnetic induction (a) and electromagnetic torque (b) for the Cu-AFPM
and the SC-AFPM models.
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begins at zero and increases through a smooth function, thus significantly improving
the T −A formulation convergence.

Simulations demonstrate that the copper wounded AFPM model and the SC-
AFPM model provide the same results regarding the air gap magnetic induction and
electromagnetic torque. However, the power losses at the copper or superconducting
windings differ significantly, as shown in this chapter. Nonetheless, the obtained
results prove the appropriateness of the proposed modelling approach to analyse the
behaviour of electrical machines equipped with SCs.

4.3 2D Slot Model for AC Loss Estimation

Since each 3D simulation of the motor study has a computation time of about
54 h, it would be inefficient to model the superconductors inside the electrical
machine to optimize the machine topology and devise methods to mitigate the effects
of the applied magnetic field on the SC tapes, such as shields, flux diverters, and
different tape positioning inside the armature slot. The magnetic field within the
slot of a permanent magnet electrical machine arises from two primary sources:
the self-field in the conductors and the magnetic field produced by the permanent
magnets. In the context of the specific axial flux permanent magnet (AFPM) machine
under consideration, the contribution of the permanent magnets to the magnetic field
is particularly significant due to the narrow slot design intended to accommodate
very small superconductors.

A 2D slot model for expedited analysis of the superconductors inserted in the
armature slots is proposed in this thesis to address these concerns [49]. Since the
purpose of the model is to separate the machine 3D simulation from the supercon-
ducting formulation so that the computation time can be reduced, the AFPM is first
simulated, considering it is a conventional copper wounded machine. The machine
slots are substituted by standard copper conducting surfaces to analyze the field
distribution inside the slot and in the vicinity of the HTS tapes as if superconducting
tapes are inserted in the slots. The magnetic field density norm |B| surrounding the
armature coils analyzed in FEM is shown in Fig. 4.9.

Analyses on the magnitude of the magnetic field within the slot B(x,y,z) revealed
limited variations in Bz at any z−axis coordinate within the region enclosed by the
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Fig. 4.9 Magnetic flux density on the surface of the armature conductors with a cut plane for
the 2D slot model.

stator teeth. Consequently, a cut plane at the midpoint of the slot height was selected
to analyse the boundary magnetic field strength. This cut plane is delineated by a
rectangular shape with red borders in Fig. 4.9.

4.3.1 Boundary Conditions

The equivalent 2D slot model is constructed from the analysed cut plane in the
3D geometry. In the 2D FEM model of the armature slot, the rotating magnetic field
from the permanent magnets is enforced through boundary conditions derived from
a 3D model. The initial simulation of the 3D machine model, conducted with no
stator current, aimed to analyze only the rotating field generated by the permanent
magnets; hence, for the construction of the 2D model, no current is imposed in the
armature conductors.

At a specific time instant when the considered slot is exposed to the maximum flux
produced by the permanent magnets, Fig 4.10a demonstrates that the Bx component
varies linearly along the slot depth (y−axis) on the red border of the identified cut
plane (in Fig. 4.9). The maximum magnitude of Bx is observed at the air gap border,
while the lowest is at the back iron border. Consequently, Bx is incorporated in the
2D model using a linear interpolated relation between the values at each border. The
By component exhibited minimal variation along the y−axis, and as a result, it was
treated as a constant value along the slot depth. The Bx and By components were
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implemented as boundary conditions through a function of the magnetic field over
time, B(t) = Bx,ysin(ωt +θ), where θ represents the phase difference between the
slot current and the rotating field, to account for the time-dependent nature of the
rotating field of the machine in the 2D model.

(a) (b)

Fig. 4.10 The flux density components along the x and y directions, determined using 3D
FEM without current in the armature conductors (a) and with current by both 3D and 2D
FEM (b). The field is assessed in the y−axis direction along the border of the cut plane.

Considering how the problem is specified, starting from inputting the rotating
field of the machine on the boundaries and adding currents to the SC tapes, the model
is not solvable with only magnetic field boundary conditions, as this would not allow
the field from the tape current to change the field at the armature slot boundaries.
A magnetic vector potential boundary condition defines a source for the magnetic
field instead of fixing the magnetic field to a limited value. In this way, two types
of boundary conditions are used on the 2D model, as depicted in Fig. 4.11, one that
imposes the magnetic field and a second to define the magnetic vector potential.
These are stated in 4.7.

n×H = n×H0 n×A = n×A0 (4.7)

In (4.7), the parameter H0 specifies the tangential value for the magnetic field, and
A0 defines the magnetic vector potential normal to the boundary, A=A ez. Note also
that defining Az has the same effect as defining the component of B normal to the
slot border, By. When the superconductors experience the maximum current and the
slot is simultaneously impacted by the maximum permanent magnetic flux (the most
challenging operational condition for the superconductors), Fig. 4.10b illustrates the
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Fig. 4.11 Electromagnetic model boundary condition definitions on the 2D slot model

Bx and By for the 2D simulation. It should be noted that the proposed single-slot 2D
modelling approach reduces the simulation computational time significantly (from
tens of hours to a few minutes). Consequently, in the 2D model, a much finer mesh
can be imposed compared to the 3D model. For this reason, the results in Fig. 4.10b
vary more smoothly for the 2D model than those for the 3D. In Fig. 4.12, the time
evolution for the magnetic flux density components at a slot depth of y=0.02 m is
shown. A good match between the 3D and 2D waveforms is obtained, albeit with a
slight phase shift.

Fig. 4.12 Magnetic flux density time evolution at y= 0.02 m during two 3D and 2D simulation
cycles

4.3.2 Slot Model Numerical Results

The magnetic field strength perpendicular to the tape is reported to have the most
significant impact on increasing losses, while a magnetic field parallel to the tape has
the most negligible influence [178]. Although this is generally true for SC tapes, the
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FEM model with the thin sheet approximation only takes into account the magnitude
of Bx (normal to the tape) instead of different weights for perpendicular and parallel
components to the tape’s widest surface. The induced currents will be maximum
when the magnetic field is perpendicular to the flat surface of the tape. As depicted
in Fig. 4.13, the field contribution inside the slot is mainly in the x−axis direction.
Therefore, a 90° rotation for the tapes is suggested here to decrease the field impact
on the superconducting tape losses, as shown in Fig. 4.13b. This will allow a closer
examination of the effect of tape orientation on their losses. The analyses of the
magnetic field in the 3D motor simulation with 90° rotated tapes allowed to verify
that the field at the slot boundaries is the same as for the previous tapes’ orientation.

The losses estimated in the SCs by the 3D FEM model with SCs in one slot and
by the single-slot 2D FEM model with the SC tape oriented as in Fig. 4.13a and
oriented as in Fig. 4.13b (i.e., with 90° rotated tapes) are reported in Figure 4.14. It
should be noted that the numerical results for the 3D FEM model are shown only for
the machine-rated operation point due to the substantial computational time required
by the 3D simulation to compute the SC losses (54 h per simulation). The results

(a)

(b)

Fig. 4.13 Magnetic flux density on the surfaces of the SC tapes T1-T9 obtained with the 2D
single-slot model for HTS tapes oriented perpendicular (a) and parallel (b) to the slot leakage
flux.
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show that the single-slot 2D FEM model aligns well with the 3D results, validating
the proposed modelling approach. It should be observed that Fig. 4.14a shows a
limit condition where the SC tapes are oriented parallelly to the slot y−axis and
perpendicular to the magnetic flux leakage. In these conditions, the tapes are subject
to high alternate magnetic field amplitudes and carry high transport currents, and
consequently, they quench, i.e., have increased resistivity and losses. Comparatively,
if copper conductors have the same imposed current, the loss on each conductor can
be estimated by (4.8), and the total losses amount to about 15 W.

P = I2
slotρCu

k f ∗Aslot

lCu
(4.8)

In (4.8), k f and Aslot are the slot filling factor and cross-sectional area, respectively,
and lCu is the copper conductor length which includes its end-winding length. This
proximity between the losses of superconducting and copper armature conductors
demonstrates that using the SC tapes (which can cause high cooling requirements)
and neglecting the effects of the direct perpendicular magnetic does not provide a
real benefit to a conventional copper winding machine at cryogenic temperatures.
Nevertheless, the FEM simulations showed that the perpendicular positioning of
the superconducting tapes, as shown in Fig. 4.14b, reduces the risk of quenching
since it allows maintaining the wide surface of the conductor parallel to the leakage
magnetic field, providing minimal losses per unit length. This finding agrees with the
conclusion provided in [178]. Incidentally, the orientation of the conductors in the
slot enables the realization of toroidal winding solutions, allowing better compliance
with the minimum bending radii of commercial superconducting tapes and can be
applied to multistage AFPM machines.

4.3.3 Summary

A 2D slot model was proposed to easily separate the superconducting formula-
tions from rotating electrical machine FEM models. The model is applied to a case
study AFPM motor model, providing agreeable results for a significantly reduced
simulation complexity and duration (running in a few minutes). The model results
reasonably agree with those found by the study of the machine with superconducting
formulations in the 3D electrical machine study, showing the feasibility of HTS loss
estimation with the proposed approach.
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(a) (b)

Fig. 4.14 Losses on the SCs by the 3D FEM and by the 2D single-slot model for two different
tape orientations (a), and zoom for the 2D ⊥ tapes (b).

The proposed slot model requires careful examination of the magnetic field
surrounding the slot conductors. To develop this model, the applied magnetic flux
density at the slot borders is defined by a sinusoidal time function, which means
that only the first time harmonic of the magnetic field was considered, contributing
to keep the FEM model as simple as possible. Since the conductors inside the
machine armature slots will be subject to different harmonic contributions, specific
machine topologies might require better representation with the remaining time
harmonics for accurate loss estimation. Furthermore, although magnetic field and
magnetic vector potential boundary conditions were chosen to represent the rotating
magnetic field from the permanent magnets, the slot model methodology and the
separation between the AFPM motor and the superconducting armature coils could
also be applied through magnetic field boundary conditions, as long as both the
initial machine simulation to determine the model magnetic field and the slot model
simulation were performed with current in the armature conductors.

The presented methodology can be a tool for machine designers to estimate better
the best placement for superconducting materials inside machine armature slots and
find ways to mitigate these losses or reduce the impact of alternate magnetic fields
and currents on the performance of the HTS conductors.



Chapter 5

Extended Slot Model

5.1 Introduction

This Chapter proposes an extended 2D single slot model that, similarly to the
model presented in the previous Chapter, is constructed by obtaining the magnetic
field amplitudes from 3D electrical machine simulations inside the armature slot [49].
The proposed extended single-slot model, however, is constructed to represent all
harmonics of the slot field. In the 3D motor simulation, the magnetic field complete
temporal and spatial evolution is acquired and introduced in the 2D model to define
the magnetic field boundary conditions. The model proposed in Chapter 4 considers
a linear spatial variation of the magnetic field amplitude along the slot depth, and
only the first time-harmonic of the magnetic field is accounted for. The extended
slot model, instead, is constructed to include all time and space harmonics of the
electrical machine rotating field.

The modelling methodology in this Chapter is based on determining the magnetic
field spatial and temporal distribution at each mesh point of the slot boundaries in the
3D electrical machine simulation and implementing it in the 2D model boundaries.
This approach guarantees the replication of the magnetic field surrounding the
machine armature windings at each simulated step and slot coordinates.

Similarly to the equivalent 2D model developed in Chapter 4 and published
in [49], the tangential magnetic field component is imposed in the 2D model bound-
aries. The superconductor winding performance is estimated through the finite
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element model using the thin-sheet approximation with the T −A formulation in the
HTS domains.

5.2 Toroidal AFPM

The results of the analysis performed on the SC tapes in Chapter 4 indicate that
to prevent HTS performance degradation, the (4 mm) surface of the tape should
not be facing the perpendicular magnetic field, which is also in line with literature
reports [67]. In this study, to evaluate the applicability and accuracy of the developed
2D and 3d slot models, the chosen case study, AFPM machine topology, features a
toroidal winding. The reason for implementing this winding configuration is twofold:
it easily allows for respecting the material’s minimum bending radius and keeping
the HTS tapes parallel to the magnetic flux leakage inside the armature slots. Both
conditions are critical to keeping high critical current and low AC losses in the HTS
conductors.

The toroidal configuration allows keeping a high transport current in the armature
windings as the effects of perpendicular AC fields on the HTS conductors are
reduced. Hence, a multistage axial flux machine is chosen to take advantage of the
axial configuration and better exploit the stator flux. The considered machine is a
10-pole, 12-slot axial flux permanent magnet motor with toroidal core wound coils,
designed using conventional sizing equations for copper-wound AFPMs [169, 51].
The total slot current of 910 A is imposed in the q-axis to reach maximum torque, and
the chosen winding configuration corresponds to the repetition of phases AaCcBb.

Since this study aims to verify the application of the slot model for SC AC loss
estimation, this machine is not optimized. Table 5.1 lists the primary data of the
machine, and Fig. 5.1a depicts its geometry. Fig. 5.1b shows a detailed representation
of the stator windings.

Note that for this design, it will be necessary to introduce the superconductors
into the slot. Hence, a width of 8 mm was considered for the slot opening to
accommodate the REBCO tapes, whose widths do not surpass 4 mm. When placed
in the stator, the superconducting tape bending diameter is 60 mm, well below the
limit of 11 mm for the selected tapes [73].
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(a)

(b)

Fig. 5.1 10-pole 12-slot toroidal AFPM machine geometry, (a) exploded view: stator iron
(grey), PMs (blue) and rotor iron (white), (b) representation of the AFPM stator with toroidal
core wound coils.

Table 5.1 Machine main design parameters

Parameters Values
Rated power (kW) 20
Rated speed (rpm) 1200

Magnet thickness (mm) 8
Magnet polar pitch (%) 0.778
Airgap thickness (mm) 1
Outer diameter (mm) 375
Inner diameter (mm) 150

Total axial length (mm) 164
Total volume, (dm3) 14.45
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(a) (b)

Fig. 5.2 10-pole 12-slot multistage toroidal AFPM torque (a) and airgap induction in load
condition (b).

To avoid the excessive computational complexity of introducing superconductors
in the machine 3D finite element simulation, the armature conductors are just standard
conducting tape-like surfaces with imposed slot current, where losses are initially
neglected. The armature conductors of the AFPM machine are shown in Fig. 5.3.
The conductors collectively carry the total slot current of 910 A. In this way, it
is expected that the magnetic field is represented as if superconducting tapes are
inserted in the armature windings. Note that nine conducting elements were chosen
so that when superconducting tapes are considered, the total slot current can be
imposed in the HTS conductors without reaching the critical current of the material
(160 A). Figs 5.2a and 5.2b show the torque and airgap flux density results for the

Fig. 5.3 FEM model of stator iron with detail of armature slot with (a) standard copper
windings and (b) conducting surface elements with applied rated slot current, 910 A.

3D AFPM model with surface conductors in the armature. The results obtained for
the machine torque and airgap induction prove the appropriateness of the proposed
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modelling approach to evaluate the electrical machine behaviour. Note that in this
FEM model, the slot current is applied in the conductors. Thus, the main difference
between the superconducting and the simulated ideal conductor machine will be the
conductor losses and the resulting phase voltage; therefore, it does not affect the
results in Fig. 5.2.

5.3 Extended 2D Slot Model

The magnetic field of the 2D slot model is derived from the 3D simulation results
of the AFPM motor. These results were published in [51]. While the initial AFPM
motor study does not incorporate the superconducting characteristics directly in
the 3D model, the surface representation of the armature conductors ensures the
magnetic field distribution inside the slot matches that of superconducting tapes
carrying the slot current.

The SC performance is evaluated in only one armature slot since the geometric
symmetry of the machine allows for the assumption that each slot will be subject to
similar magnetic field evolution after one rotation of the rotor magnets. Additionally,
the magnetic flux distribution is not significantly altered along the slot length. There-
fore, the 3D slot can be modelled by only a 2D cross-section (see Fig. 5.1), which
further simplifies the problem and reduces simulation time consumption [49]. The
slot cross-section where the field is determined is illustrated in Fig. 5.4.

Fig. 5.4 Stator slot cross-section in 3D, analyzed plane highlighted in red, boundaries to
acquire the magnetic field delimited in blue.
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From the 3D FEM machine simulation, where a standard machine with armature
surface conductors is modelled for one electrical period, the component of the field
Ht(x,y) tangential to the slot cross section boundaries is evaluated at each mesh node
in the slot’s cross-section limits (represented in blue in Fig. 5.4). The result of this
evaluation for the motor study is a matrix giving the field at each position for every
time step of the simulation Ht(x,y, t). This field is acquired for each line delimiting
the cross section (represented in red in Fig. 5.4). These results are exported from the
3D model introduced in the 2D model.

The acquired field is then introduced in the 2D slot model at each edge element
of the cross section through tangential magnetic field boundary conditions, taking
the information of the files containing Ht(x,y, t) derived in the 3D model. The
T −A formulation is applied in the armature conductors defined in the 2D model
with the same imposed slot current of 910 a and with the superconductor material
characteristics in Table 3.1. Note that limiting the tangential component of the field
along the slot borders limits the total current inside the slot. This is feasible because
the magnetic field on the complete 3D machine and 2D slot model is the same, and
the imposed current in each tape is equal, ensuring Ampère’s law is respected. The
full methodology of the extended slot model is shown in Fig. 5.5.

Fig. 5.5 Flowchart of methodology to apply the 3D slot model.
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In Fig. 5.6a, the cross-section of the analyzed stator slot in the 3D simulation
(with conducting surface elements) is shown. The 2D slot model results (with super-
conducting tapes) are reported in Fig. 5.6b. The flux density norm, |B|, colour map
and the flux density arrow surface, Bx and By, are plotted for the same simulation
times. The arrow surface plot shows that most of the magnetic flux density is parallel
to the HTS elements due to using toroidal core wound coils, which will have a signif-
icant effect in reducing the magnetic field impact on the superconductor losses [178].
By comparing the cross section from the 3D motor simulation (Fig. 5.6a) with the
2D model results (Fig 5.6b), it is verified that this method provides an accurate
description of the flux density in the slot plane that surrounds the superconductors
and shows the appropriateness of considering toroidal wound coils for the designed
machine.

(a)

(b)

Fig. 5.6 Magnetic flux density Surface plot |B| (T) and Bx, and By arrow surface plot, (a) in a
cross-section of the 3D machine slot, (b) in the 2D slot model.
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5.3.1 Validation with Analytical Methods

Two specific cases were analyzed to verify the model’s applicability for loss
estimation by comparing simulation and analytical AC loss results for the supercon-
ducting tapes.

In the first case analyzed, the 3D AFPM model is run with null current in the
armature conducting elements and remanent flux density of Br = 1.1 T is set in the
permanent magnets. In this situation, when no current is imposed and the HTS tapes
are exposed only to external varying fields, they exhibit magnetization losses. To
determine this loss contribution analytically, the magnetic field amplitude, oriented
perpendicularly to the flat surface of each conducting tape (in the y direction, as
shown in Fig. 5.6), is evaluated in the 3D model. Since the magnetic flux density
amplitude on the surface of the tapes is almost sinusoidal in time, this allows
for the calculation of the analytical losses PB (W/m) using Brandt’s equation for
magnetization losses [143]. The maximum amplitude of the magnetic field hitting
the tape over one rotation of the machine rotor H0 is applied in (3.39) to determine
PB. This result is then compared with the numerical loss results obtained from the
2D FEM slot model employing the T −A formulation.

The 2D slot model was also analyzed when the HTS conductors carry the rated
slot current It , and no magnetic field from permanent magnets is present, allowing
the estimation of the HTS transport losses in self-field. In the 3D motor model,
the remanent field of the magnets Br is set to zero, and in all slots, the rated slot
current, 910 A, is imposed in the superconducting tapes. The analytical result for the
transport loss solution for the nine tapes PT N (W/m) is determined for the imposed
It given by Norris’ equation for a tape carrying an alternate current in self-field
in (3.28) [161].

In the FEM model, the tape losses per unit length P (W/m) are determined
by the time integration of the instantaneous AC loss over the second cycle of the
simulation (3.11). In Table 5.2, the analytical solutions are reported with the slot
model results, showing coherent values and validating the model. Note that in each
tested case (magnetization and transport loss estimation), the field determined in the
3D simulation is always imposed in the 2D model.
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Table 5.2 FEM and Analytical AC Losses

Model 2D Slot model (W/m) PT N (W/m) PB (W/m)
Applied current 0.273 0.234 -

Applied field 0.134 - 0.118

5.4 3D Slot Model

The proposed methodology developed for the 2D slot model can similarly be
applied to construct a 3D model. In the AFPM motor simulations, the magnetic field
distribution is acquired at each point of the analyzed armature slot. The resulting
matrix Ht(x,y,z, t) is stored and applied to the 3D slot model through magnetic
field boundary conditions as in the 2D methodology, illustrated in the flowchart in
Fig. 5.5 [51]. The T −A formulation with the thin sheet approximation is used in the
3D slot to model the superconducting tapes.

The AC losses for the nine tapes in the 2D and the 3D slot models for the nine
tapes inserted in the electrical machine armature at normal operating conditions, i.e.,
with applied current and field, are listed in Table 5.3. The 2D model provides the

Table 5.3 AC Losses and computation time in 2D and 3D slot models

Slot Model P (W/m) Simulation time [hh:mm:ss]
2D 1.24 00:20:40
3D 1.52 14:28:51

advantage of lower computation time, while the 3D model presents a more rigorous
magnetic field representation, at the cost of increased simulation time. The difference
between the performance of the superconducting tapes estimated with 2D and the
3D models can be attributed to the different mesh in each model due to the higher
complexity and simulation time of the 3D model. Nonetheless, the loss estimation
for both models is in agreement.

Note that the end-windings are not included since this model only evaluates the
losses inside the slot region. When the end windings are included in the model,
the magnetic field surrounding the tapes outside the slot region will no longer stay
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parallel to the conductor surfaces, likely increasing superconductor losses. The end
winding regions can be included in the 3D model by increasing the studied volume
to include the entire coil.

5.5 Copper Layers Influence in HTS Armature AC
Losses

With the multilayered HTS tape model proposed in Chapter 3, the impact of
the copper layers on tape loss estimation is verified. The stabilizing copper layers
and corresponding boundary conditions are introduced in the 2D slot model to each
of the nine SC tapes as described in 3.4. The motor simulation defines the field at
the slot boundaries as in 5.3. The mesh in the HTS layers of the single layer and
multilayer tape models was defined with an equal number of elements to accurately
compare results and simulation times, since a thinner mesh is usually required for
good convergence in the multilayer model. The computed dissipated power in the
tapes for the different models is stated in Table 5.4 with the respective simulation
times.

Table 5.4 AC Losses and computation time in 2D single layer and multilayer slot models

Slot Model P (W/m) Simulation time [mm:ss]
2D single layer 1.33 20:40
2D multilayer 1.41 22:00

Considering the proximity between the results and similar simulation running
times (due to a very similar mesh used for both models), it is shown that although
the losses vary slightly, the results are still in close agreement. This means that for
low operating frequencies (below 150 Hz) in the HTS coils, the simplification of
using a single layer to model the coated conductor provides comparable results.

For the considered AFPM, the main differences between the partially supercon-
ducting and the conventional AFPM machine will be the winding losses, weight and
cryostat power. The relevant performance metrics are listed in Table 5.5. Note that
considering the armature losses and required cooling power in the HTS machine, the
increase in the machine efficiency, excluding other losses (e.g. core losses and me-
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Table 5.5 Comparison of Performance Metrics for Machines with Different Armature Wind-
ings

Machine Winding weight PWinding PCryocooler
1 - HTS AFPM <1 (kg) 6.1 (W) 91-121.5 (W) a

2 - Cu AFPM 5 (kg) 578.9 (W) -
a to extract 1 W out of the cryostat at 77 K, 15-20 W are consumed by the
cryocooler [63, 179].

chanical losses), is only 2.2%. This small increase in efficiency shows that designing
a partially superconducting HTS machine might not be advantageous if the machine
is designed in the same way as a conventional copper-wound electrical machine,
since there is not a significant increase in efficiency when HTS coils replace the cop-
per windings. Due to the high cost of the REBCO tapes and cryostat requirements, a
partially or even fully superconducting machine might become competitive when the
machine iron content is decreased, by taking advantage of the high current-carrying
capacity and lightweight of HTS conductors, and manufacturing, for example, iron-
less prototypes. This means a higher specific torque can be achieved by increasing
the magnetic loading of the machine and decreasing its weight. In such conditions,
however, due to the different path of the magnetic field surrounding the windings,
the superconductor winding working conditions should be thoroughly investigated
to guarantee good performance of the HTS conductors with reduced AC losses.

5.6 SCSC Cables in Electrical Machine Armature
Windings

Several strategies have been proposed to address the challenge of minimizing
AC losses and magnetic field effects on HTS material performance, which play a
critical role in the efficiency of superconducting windings. Literature reports various
techniques for reducing AC losses in superconductors, including the striation of
SC tapes, which is particularly effective in decreasing SC hysteresis losses as these
are proportional to the square of the width of the superconductor [180, 181, 67].
Yet, while a significant reduction in the losses can be achieved with striation, the
superconducting tape filaments have reduced critical currents. Improved conductor
stability and reliability can be achieved by adding copper plating (as depicted in
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Fig. 5.7) to the filamented tapes to allow current sharing between filaments in
case one filament quenches [182]. The copper plating, however, also makes the
multifilament structure ineffective for loss reduction under applied magnetic fields
since it creates a conductive path between filaments for the shielding current [183].

Fig. 5.7 Striated copper plated coated superconductor, not to scale.

Additionally, suppose the cable core around which the tapes are wound is made
of conducting material. In that case, it can also provide an alternative current path
in case of quench of one or more superconducting strands. This contributes to
increasing the cable operation stability and ensures higher mechanical flexibility of
the conductors [75]. Nonetheless, copper cores manifest eddy current losses. Hence,
depending on the operation conditions, HTS cables can be fabricated with tapes
wound around non-conductive materials such as Glass Fibre Reinforced Plastic to
limit core losses [75].

The mechanical limitations of SC tapes, such as brittleness and fragility, restrict
them to being bent only over their flat face, with specific bending restrictions that
make it challenging to implement certain winding topologies in electrical machines,
such as distributed windings. In contrast, superconducting Spiral Copper-plated
Striated Coated-conductor(SCSC) cables can be bent in all directions due to their
spiral structure, regardless of their minimum bending radius. Due to the twisted
geometry of the tapes, the losses in superconducting cables also remain unaffected by
the direction of the surrounding magnetic field. This means that changes in magnetic
field direction in end-winding regions will have minimal impact on superconducting
losses. The copper plating on the HTS tapes and the conducting core of the cable
provide stability against quench. The spiral geometry grants low loss at operating
frequencies up to a few kHz [184] and low impact with the field direction change
on end winding regions, making the cables appropriate for application in electrical



5.6 SCSC Cables in Electrical Machine Armature Windings 95

machine armature windings, where they are exposed to alternate fields and currents.
To verify the cables applicability in electrical machine windings and compare their
performance with that of HTS tapes in the same operating conditions, the slot model
is used to analyse the cables performance.

5.6.1 SCSC 3D and 2D Cable Model

For this study, SCSC cables with two tapes per layer, four layers, and a cable
core diameter of 3 mm developed by Amemiya lab at Kyoto University [75] are
considered. The cables coupling time constant is experimentally measured to be
below 0.05 ms, making the coupling frequency fc=1/2πτc of the considered cables
above 3 kHz [77]. This means the filaments are uncoupled for the considered
operating conditions in the AFPM armature windings (100 Hz), and during stable
operation, no current will be shared between the HTS filaments, making cable losses
mostly hysteretic [185]. In this situation, the copper plating does not need to be
considered when modelling the SCSC cables, since coupling trough the copper
plating does not occur.

Since the cable losses are mostly hysteretic, this means that loss estimation in 2D
models, i.e. that do not represent the twisted geometry of the tapes provides results
that are close to those obtained by 3D models. Since the spiral geometry is meant to
uncouple the filaments, it is possible to approximate the AC losses by a 2D model.
The 2D single-slot model is applied to estimate losses in the superconductors. The
details of the modelled multifilament coated conductor can be found in Table 5.6 [77].

Table 5.6 Striated Coated Conductor Parameters at 77 K

Parameter Value
Ic (A) 35

B0 (mT) 150
n (A) 21

Tape width (mm) 2
Number of SC filaments 10

Width of SC filaments (mm) 0.155
Copper width (µm) 50
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Notice that here the main focus is on estimating the loss in SCSC cable armature
windings. Therefore, only cables suitable for a test setup were considered. For
the practical implementation of superconducting armature windings, it would be
preferable to use SCSC cables wound with tapes of higher critical currents and a
greater number of filaments. Figure 5.8a illustrates the geometry of one pitch of
the cable. The model includes only the superconducting filaments, as the current
primarily flows in the SC layers for the study operating conditions. The 2D cable
geometry shown in Fig. 5.8b represents the cross-section of the 3D model, taken
through a plane perpendicular to the axial direction of the cable (z−axis in Fig. 5.8a).

(a) (b)

Fig. 5.8 Illustration of one pitch of the SCSC cable, modelled by the thin sheet approximation
in 3D (a) and 2D models (b).

Fig. 5.9 Illustration of one filament of the SCSC cable with representation of the considered
variables.

Figure 5.9 shows a superconducting filament with the 2D model variables. It is
important to note that the current defined in the 2D model, Jz, is perpendicular to the
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model plane. Additionally, the width of the tapes is increased by a factor of 1/cos(θ ),
where θ represents the angle between the coated conductor and the cable axis (θ =
64° for the considered SCSC cable). Therefore, the critical current in the 2D model,
Ic2D, must also be increased by the same factor, becoming Ic/cos(θ ).

Similarly, the calculated variables in the 2D model, E and J, used to evaluate
the tape losses must be corrected by a factor of cos(θ ). The T −A formulation
is applied in FEM to both 2D and 3D models to estimate the cable’s AC loss for
an externally applied alternate magnetic field Hm(t) = H0 sin(ωt + φ), in the
y−axis direction. The applied magnetic field amplitude is varied between 10 mT
and 100 mT, and its frequency f is set as 112 Hz in agreement with results in [77].
The current distribution is plotted for both models in Fig. 5.10a for a magnetic
flux density amplitude Bm of 100 mT. Since the 2D and the 3D models’ current
density profiles agree and E − J parameters are the same, the losses must also agree.
The magnetization losses (per cable meter) for different values of magnetic field
amplitude are shown in Fig. 5.10b with the experimental results reported in [77].
Analytical results for magnetization losses for SC tapes under applied transverse
magnetic field, QBI (3.39) are also compared. Regarding the analytical results shown
in Fig. 5.10b, n f QBI corresponds to the magnetization loss contribution for all
filaments. The result given by 2/πn f QBI has an added factor of 2/π to account for
the portion of the tape that is impacted by the external magnetic field due to the cable
spiral structure [184]. In electrical machines, it is realistic for the armature windings
to experience magnetic slot leakage flux densities ranging from 10 to 100 mT during
standard operation, that is, if the machines have an iron core (aircore machine
stator slots would have much higher leakage flux densities). In these conditions,
experimental and analytical results support the 2D model.

It is noticeable that results from the 2D model are considerably higher than those
obtained from the 3D model. This is first due to the different meshes in both models.
The 2D model has more elements per width than the 3D cable model since the latter
can take weeks to solve if the mesh is finer, while the 2D model is solved in a few
minutes. The difference in experimental results and analytical estimation might be
due to the fact that analytical equations do not consider different current penetration
in the different layers of the conductor. The analytical estimation is based on the
assumption that all layers have the same penetration length (dependent on the applied
magnetic field amplitude), when in fact, the outer layers partially shield the inner
layers from the external magnetic field. This results in different field penetration for
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(a) (b)

Fig. 5.10 Simulation results for the SCSC cables with externally applied magnetic field,
current density profile (a) and (b) Magnetization loss results for the SCSC cable with varying
external applied magnetic field amplitude.

the different layers. It should also be noticed that the effect of the self-field from each
filament on the surrounding tapes is not taken into account, which might contribute
to a slight inconsistency between analytical and experimental results

Figure 5.11a depicts the slot model methodology for the SCSC cables where
conducting cylinders were added in the 3D FEM model to obtain the magnetic field
distribution inside the armature slot. Fig. 5.11b shows the magnetic flux density
colour shade map |B| and flux density arrow surface resulting from the 2D FEM slot
model where the superconducting material definitions and the T −A formulation
were added. Table 5.7 lists the estimated losses computed by the slot model for the
SCSC cables and SC tapes positioned parallel and perpendicular to the machine’s
leakage magnetic field.

The resulting losses for the SCSC cables are higher than those calculated for the
REBCO tapes when the external field is parallel to the tape’s surface and lower than
those for tapes perpendicular to the external magnetic field, i.e., rotated 90° relative
to the position shown in Fig. 5.6. This result is expected since the superconductor
performance is significantly impacted by external fields perpendicular to the surfaces
of the tapes and filaments. However, it also demonstrates the advantage of the reduced
influence of magnetic field direction on AC losses in SCSC cables. The low impact
of the field direction in SCSC cable losses and their mechanical flexibility provides
greater freedom in the winding design for superconducting electrical machines.
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The lower AC losses in the cables and improved stability against quench show the
applicability of SCSC cables in armature windings.

Table 5.7 Losses computed in the 2D slot model for SCSC cables and REBCO tapes oriented
parallel and perpendicular to the armature leakage flux

Model P (W/m)
SCSC cables 4.91

REBCO tapes ∥ 1.24
REBCO tapes ⊥ 18.1

(a) (b)

Fig. 5.11 Slot model with SCSC cables (a) methodology and (b) magnetic flux density colour
shade map and Bx, By surface plot arrows.

5.7 Summary

This Chapter presents an extension of an electromagnetic slot model designed
for expedited analyses of loss estimation in superconducting armature windings.
The proposed methodology allows for estimating losses in electrical machine ar-
mature slots that, due to their complex geometry, require 3D motor models. The
2D methodology significantly reduces the simulation time and complexity, while
considering all time and spatial harmonics of the stator slot magnetic field contributes
to an accurate description of the working conditions of the superconducting coils.
A 3D slot model was developed using the 2D model methodology. The proposed
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2D and 3D modelling approaches allow restricting the FEM simulation only to the
slot and the SC elements, avoiding dealing with moving mesh for the rotor and other
non-linear materials such as the laminated iron core and significantly reducing the
computational requirements for the loss estimation of superconducting AC windings.
The 2D and 3D models were validated with analytical formulations reported in the
literature for calculating losses in superconducting tapes with applied AC currents or
subject to alternate magnetic fields.

The computation time of the 2D model proposed in this Chapter is increased,
relative to the model proposed in Chapter 4 [49], and its losses are reduced. Nonethe-
less, the AC losses evaluated for the nine SC tapes using the 2D extended slot model
have reduced relative error (18%) compared to the 3D model, when compared to the
2D model presented in [49], for which errors go up to 38%. Overall, the extended
model shows consistency in the magnetic field representation compared to the result
obtained in the 3D model and the motor simulation, which is essential for evaluating
superconducting tape performance and accurately estimating its losses.

The slot model is implemented to estimate losses for different conductor typolo-
gies and investigate methods that can mitigate superconducting losses in armature
windings. For this study, low AC loss and quench resilient multifilament conductor
cables (SCSC) are chosen to study their implementation in the armature slots of the
case study toroidal AFPM. The results of this investigation show the applicability
of the SCSC cables in armature windings and the applicability of the slot model in
investigating the performance of different HTS materials for machine design.



Chapter 6

Slot Thermal Model

6.1 Introduction

This Chapter presents a methodology for estimating the cooling requirements of
superconducting windings by proposing a complementary slot thermal model. Based
on the loss estimation obtained through the extended slot model methodology in the
previous Chapter, a complementary thermal model is introduced. The thermal study
is intended to estimate the cooling efficiency of the superconducting coils inside
the electrical machine armature slots. The model can help machine designers find
suitable cryostat specifications, such as flow rate and cooling temperature, for the
safe operation of the HTS windings. The analysis considers that each coil is cooled
individually using liquid nitrogen. Material characteristics and fluid and thermal laws
for the developed thermal model are stated, and numerical results are experimentally
verified.

6.2 Slot Thermal Model

The main purpose of the thermal model is to help estimate the conditions
that maintain the temperature of the superconducting coils stable at the cooling
fluid temperature (LN2). Under thermal equilibrium, the HTS material parameters
(temperature-dependent) are constant. This means thermal and electromagnetic anal-
yses can be kept separate, making the models less complex and reducing simulation
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time and computer memory requirements. Since the HTS tape position in the previ-
ous study for the AFPM machine slot model would make the winding challenging to
build and support, a more practical geometry was chosen for the thermal analyses.
The HTS tapes are considered to be wound with a thin layer of Kapton tape for elec-
trical insulation. The electromagnetic model is used to evaluate different positions
for the tapes and winding layouts, i.e., double-layer and single-layer coils. The tapes
were modelled with electrical insulation as shown in Fig. 6.1a, and the insulating
layer (Kapton tape) thickness was varied, and the AC losses were determined for
different intertape distancing by the slot model as shown in Fig. 6.1b. For each
distance, the losses were evaluated, and the placement for the tapes, which reduces
the HTS tape losses and keeps a feasible coil for the considered cryostat thickness,
was determined, as shown in Fig. 6.1b, where the cryostat walls form a squared duct
surrounding the tapes. The losses for the different distances between the tapes are
shown in Fig. 6.2.

(a) (b)

Fig. 6.1 Slot cross section detail showing the superconducting tapes and Kapton layer
insulation (a) and B colour shade map and magnetic flux density arrow surface Bx and By for
minimum tape distance and (b) .

The coil in the chosen configuration has the lowest spacing between tapes,
equivalent to 1 standard Kapton tape layer (127µm). The nine tapes have an average
dissipation of 2.7 W/m. Although this configuration has higher losses, it guarantees
enough space in the armature slot for a layer of insulation material. Additionally,
it ensures sufficient distance between the tapes and cryostat walls, facilitating the
cooling, winding, and support of the coils.

In the thermal model, the armature conductors are defined as surface resistive
heaters with a dissipation of 2.7 W/m, defined as a constant heat rate of 0.38 W
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Fig. 6.2 AC loss results obtained by the slot model for different spacing between tapes.

according to the length of the tapes. The superconducting formulations and their
non-linear characteristics are not described for the thermal model. Nonetheless, the
thermal conductivity, thermal capacity, and density of the tapes are defined according
to REBCO material characteristics.

6.2.1 Heat Transfer Phenomena in a Liquid-Cooled Slot

In FEM models, the heat transfer simulations are defined by the heat conservation
laws in fluids for the fluid domains as stated in (6.1) and by the Fourier law defining
the heat flux for solid domains (6.2).

ρi Cpi
∂T
∂ t

+ρi Cpi u ·∇T− ki∇
2T = Q (6.1)

q =−ki ∇T (6.2)

In the heat equation for convective and diffusive heat transfer (6.1), ρi is the i-th
material density (kg/m3), Cpi is the cooling material heat capacity at constant pressure
(J/kg·K), and k is the thermal conductivity (W/m·K). The first equation describes
heat transfer by convection and diffusion and models the superconducting tape heat
transfer to the surrounding liquid nitrogen. The Fourier law can determine the heat
flux between the several layers of the tape and between the cryostat/insulation walls
and the ambient. The hysteresis and resistive losses generated by the REBCO tape are
imposed in the thermal model by defining the superconducting surfaces as boundary
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heat sources with constant heat rate P0 (W/m), obtained from the electromagnetic
study performed in the AFPM slot model. To define the model materials, the thermal
characteristics of the different materials according to operation temperature are stated
in Table 6.1 [162, 186, 187].

6.2.2 Material Thermal Characteristics

The thermal study is performed considering a non-metallic cryostat, where the
coils are enclosed in a channel where liquid nitrogen circulates. Since alternate
magnetic fields impact the windings, non-metallic insulation is assumed to guarantee
that the coil enclosure does not act as an electromagnetic shield or affect the linked
flux by the armature windings. Non-conducting materials also eliminate eddy current
losses on cryostat walls, which inevitably generate an extra heat source inside the
machine and increase the cooling requirements of the cryostat. In addition, literature
reports that non-metallic cryostats can help reduce the system volume and weight,
which can be particularly important in achieving higher torque densities [188].
Several solutions are available in the literature to insulate the coils. Usually, a
vacuum layer is preferred to prevent heat conduction between the ambient and
cryogenic systems [189]. However, for simplicity, high-density polyurethane (PUR)
is chosen due to having a low thermal conductivity in the range of 0.025 W/m· K
and low weight, as well as being widely available and affordable. The thermal
characteristics of the REBCO tapes are defined for RRR = 40 in the copper layers,
corresponding to the available tapes for experimental tests [73]. The material thermal
characteristics for modelling the REBCO tape at 77 K are listed in Table 6.1 [162].

Table 6.1 Thermal properties of REBCO coated conductor materials at 77 K

Material k (W/m K) ρ (kg/m3) Cp(J/kg K)
YBCO 5.914 6390 88.69

Ag 530.4 10630 161.4
Cu 431.2 8960 218.1

Hastelloy 7.801 8890 163.5
Homogenized 204.1 8936 185.2

Using Fourier’s law of conduction in (6.2), it is possible to define for the HTS
tape a homogenised heat conductivity considering its thermal resistance model.
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The thermal conductivity of the tape is anisotropic and can be considered in two
directions: transverse or parallel to the several layers of the tape. According to
Fourier’s law of conduction, the rate of heat conduction through a layer of material i
with area Ai and thickness Li can be defined by a thermal resistance Rθ i as in (6.3).

Q =
T1 −T2

Rθ i
, Rθ i =

Li

ki Ai
(6.3)

Using (6.3), the thermal resistances for the nL layers of the REBCO tape with defined
in the normal direction of the tape wide face can be determined by the equivalent
series resistance. The thermal resistance transverse to the thin side of the tape (normal
to the 95.6µm face) is determined by the parallel resistance contribution [162]. The
equivalent thermal conductivities transverse, k⊥, and parallel, k∥, to the tape surface
can be obtained by (6.4).

1
k⊥

=
∑

nl
i=1

Ai
ki

∑
nl
i=1 Ai

, k∥ =
∑

nl
i=1 Aiki

∑
nl
i=1 Ai

(6.4)

To homogenize the material heat capacity, the contribution of each layer is accounted
for by considering its contribution using the heat capacity per unit volume and density
of each layer Cvi and ρi to obtain (6.5) [190].

Cv =
∑

nl
i=1CviAi

∑
nl
i=1 Ai

(6.5)

The homogenised specific heat capacity of the tape at constant pressure Cp is then
obtained by the ratio between the homogenized heat capacity per unit volume and
tape density, Cv and ρ (6.6) determined by (6.7).

ρ =
∑

nl
i=1 ρiAi

∑
nl
i=1 Ai

(6.6)

Cp =
Cv

ρ
(6.7)

The heat rate contribution from the ambient (external to the slot walls) is determined
by the expression for natural convection, as the slot is surrounded by air at standard
ambient temperature and pressure (298.15 K and 1 atm). For vertical walls and
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laminar external flow, the heat flux through convection is given by (6.8).

q = h(Text −T ) (6.8)

In (6.8), h (W/m2·K) is the heat transfer coefficient. For the vertical cryostat walls,
the natural heat transfer coefficient is given by hv (6.9). For horizontal surfaces, the
heat transfer coefficient for free convection on the upper surface of a cold plate is
given by hhu and by hhl for the lower surface, with expressions (6.10) and (6.11)
respectively [191].

hv =
ki

L

(
0.68+

0.67Ra1/4
L

(1+(0.492ki
µCpi

)9/16)8/27

)
if RaL ≤ 109 (6.9)

hhu =
ki

L
0.27Ra1/4

L if 105 ≤ RaL ≤ 1010 (6.10)

hhl =

ki
L 0.54Ra1/4

L if 104 ≤ RaL ≤ 710

ki
L 0.15Ra1/4

L if 107 ≤ RaL ≤ 1011
(6.11)

In (6.11) and (6.10) RaL is the Rayleigh number determined by the characteristic
length of the geometry L and given by the expression in (6.12).

RaL = GrLPr (6.12)

GrL is Grashof’s number (6.13) defined for g (m/s2), the gravity acceleration, β the
thermal expansion coefficient, L the height of the cryostat wall and ν the kinematic
viscosity of the fluid.

GrL =
gβ (Ts −T∞)L3

ν2 (6.13)

In (6.13), Ts is the surface temperature, T∞ is the ambient temperature, and Pr is
Prandtl’s number given by the ratio between the kinematic viscosity and the material
thermal diffusivity αi=ki/ρiCpi.

6.2.3 Liquid Flow Model

To model the liquid cooling of the superconducting tape windings, laminar flow
conditions are assumed in the FEM model according to experimental conditions
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Fig. 6.3 Illustration of the thermal slot model with heat transfer and fluid flow boundary
conditions.

available for testing the thermal model which will be discussed in 6.2.4. However, it
is essential to note that laminar flow is also ideal for cooling the windings since turbu-
lent flow can introduce evaporation and air bubbles inside the channel, reducing the
cooling efficiency and creating hotspots in the superconducting tapes. The fluid flow
model is defined by the Navier-Stokes equation in (6.14), and the mass conservation
is given by the continuity equation for incompressible fluids in (6.15) [192].

ρ
∂u
∂ t

+ρu ·∇u−µ∇
2u =−∇p+ρg (6.14)

∂ρ

∂ t
+ρu ·∇u = 0 (6.15)

In (6.14) and (6.15), u is the fluid velocity vector (m/s), and p is the fluid pres-
sure (Pa). A condition of no slip on the walls is considered (u = 0). The material
properties for N2 in both liquid and gaseous states are temperature dependent and
can be found in material databases [193].

For the PUR, the parameters were defined as k = 0.025 W/m·K, Cp =1400 J/kg/K,
ρ = 40 kg/m3 [187]. The geometry of the thermal slot model is shown in Fig. 6.3.
The inlet velocity, i.e., normal to the slot cross-section, is varied according to the
cooling requirement of the HTS tapes. A first estimation for the fluid velocity can
be obtained, neglecting the natural convection from the air and estimating the heat
transferred by conduction through the PUR walls. Using the shape factor S f for a
squared duct, such as the cryostat assumed for the slot model, the conduction heat
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rate can be calculated as stated in (6.16) [191].

q = S f k∆ T1,2 =
2π Lslot

0.930 ln(wo
wi
)−0.05

(6.16)

In (6.16) Lslot is the slot length (0.14 m), wo is the outer width of the slot, 0.017 m,
and wi is the LN2 channel width, 0.010 m. The assumed temperatures of each wall
are 293.15 K and 75 K. The analytical conduction heat rate is 10.82 W. The same
result is obtained through the FEM model (10.76 W) for fixed temperatures on the
slot walls, defined as constant 75 K at the channel inner walls and 293.15 K at
the channel outer walls of the PUR insulation. However, if the study is performed
with these inner and outer channel temperature values defined as initial conditions
instead of fixed throughout the simulation, the stationary result for the equilibrium
temperatures at the walls changes, and the resulting heat rate becomes 5.72 W. This
happens because the analytical formulation considers a constant temperature at each
surface, assuming thermal equilibrium conditions at each surface.

Nonetheless, the heat rate results can be used to estimate the fluid velocity that
can maintain the temperature in the tapes constant with (6.17).

q = ṁCp(T2 −T1) (6.17)

In (6.17) q̇ is the conduction heat rate (W), ṁ (kg/s) is the flow rate of the fluid
inside the channel. For the estimated conduction heat rates and the dissipated power
in the HTS tapes, the minimum flow velocities for a maximum increase of 1 K
inside the slot correspond to 0.075 m/s or 0.4 L/min and 0.041 m/s or 0.22 L/min for
the 11.2 W and 6.1 W, respectively, guaranteeing dissipation of tape losses and the
ambient temperature losses. Since the conditions closest to the experiment are those
without fixed wall temperatures, the results for a FEM stationary simulation where
the wall temperatures are defined only as initial values are shown in Fig. 6.4. The
results show that the flow velocity can be accurately estimated using the stationary
simulation and analytical results in (6.17).

6.2.4 Experimental Results

A setup was constructed to measure the temperature of a superconducting coil
cooled in a liquid nitrogen channel of similar dimensions to the AFPM armature
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Fig. 6.4 Average temperature inside the slot in equilibrium conditions (stationary study) for
different flow velocities of liquid nitrogen.

coil to verify the thermal model. The cooling channel was filled with LN2 using
the cryogenic pump. The flow in the cooling channel was observed to be laminar,
having smooth, parallel streamlines and the absence of turbulence. A short-circuited
superconducting coil was inserted in a PUR cryostat and excited by a magnetic
circuit. The primary coil is connected to a sinusoidal power supply for excitation
and kept at ambient temperature. This type of setup was considered so that losses
caused by the current leads can be neglected in the FEM model. Figure 6.5 depicts
the circuit components.

Fig. 6.5 Circuit diagram for measurement of magnetisation losses in short-circuited HTS coil
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Fig. 6.6 Thermal resistances in the cryostat setup, shown in lateral view (a), and from above
(b)

Material Calibration

The thermal conductivity of the insulation material is verified experimentally
by filling the cryostat with liquid nitrogen and measuring its evaporation rate. The
weight of the cryostat with LN2 is measured over time until all liquid inside the
cryostat evaporates at ambient temperature. The ambient and cryostat surface tem-
peratures are measured by a PT100 sensor. The insulating PUR material thermal
conductivity is estimated using the equivalence in (6.18).

Qevap = L
dmLN2

dt
=

(Tout −TLN2)

RPUR
(6.18)

In (6.18) TLN2 is the phase change temperature of liquid nitrogen, 77 K and L is its
latent heat 199 J/g and RPUR is the thermal resistance of the PUR cryostat. Note that
according to the setup geometry, the thermal resistances for the heat flow between
the cooling channel and ambient temperature are as shown in Fig. 6.6. The cryostat
thermal resistances are calculated for each surface of the cooling channel and added
in parallel as in (6.4) with the resistances computed according to the geometry of the
setup. In this way, the thermal conductivity is isolated as in (6.19).

RPUR
i =

1
kPUR

Li

Ai
(6.19)

In (6.19), RPUR
i is the thermal resistance of each cryostat wall, Li and Ai are its

thickness and area, and kPUR is the material thermal conductivity to determine. This
means the parallel thermal resistance of all walls is given by
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1
R||

= kPUR

4

∑
i

1
Li/Ai

(6.20)

Considering that the liquid volume inside the channel evaporates during the ex-
periment, the contact area between the liquid and the channel walls will change
depending on the evaporated LN2 mass. Since the thermal resistance is a function
depending on the contact area between the fluid and the cryostat walls, as shown
by (6.3), the percentage of LN2 mass inside the cryostat is taken into account to
obtain the thermal conductivity as in (6.21).

kPUR =
R||kPUR

m/m0

Qevap

dT
(6.21)

In (6.21), m is the measured mass at each instant, and m0 is the initial mass of the
cooling fluid. The results for the measured mass of the cryostat over time and the
estimated thermal conductivity are shown in Fig. 6.7.

Fig. 6.7 Thermal experiment LN2 mass evolution and estimated thermal conductivity for the
PUR material.

Note that although the results in Fig. 6.7 vary slightly from the conductivity
specified by the manufacturer (0.025 W/m·K), the natural convection for both the
LN2 inside the channel and the air outside the cryostat was not accounted for in
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the thermal conductivity estimation. Hence, a deviation from the estimated and
manufacturer conductivity is expected.

The measured mass of LN2 is plotted alongside the thermal conductivity result
to better identify the regions where higher inaccuracies are found for the kPUR

estimation. In the beginning of the experiment, the channel temperature is the
ambient temperature (not the 77 K considered in (6.18)), this means that until the
inner channel temperature stabilizes to the LN2 temperature, the analytical estimation
deviates from the manufacturer given specification of 0.025 W/m·K. At the end of
the measurement, due to the low sensibility of the weight measurement system,
the analytical results lead to oscillation in the conductivity estimation. However,
the remaining results are in agreement with the characteristics provided by the
manufacturer, and therefore, the thermal conductivity of the PUR material is verified.

Thermal Model Preliminary Validation

To validate the thermal model, the short-circuited REBCO single-turn coil was
inserted in the LN2 channel and supplied with an alternate current at 50 Hz frequency
through the primary circuit in Fig. 6.5. The PUR cryostat was tightly sealed to
prevent leakage, and a PT100 temperature sensor was attached to the HTS coil

Fig. 6.8 Experimental setup to measure temperature in an HTS coil cooled by LN2, θ1 marks
the approximate location of the temperature sensor.
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Fig. 6.9 Simulated model of the cryostat (a) and detail of LN2 channel with superconducting
tape (b)

inside the cryostat channel to measure the coil temperature. Inlets and outlets were
connected to an LN2 reservoir, where a cryogenic pump was added to circulate
the liquid nitrogen into the cooling channel with a flow capacity of 2-4 L/min. A
Rogowski coil was added to the electrical circuit to measure the current flowing
in the HTS coil. The complete experimental setup is shown in Fig. 6.8. Note
that although the current in the tape is measured, its voltage was not measured
since it would be difficult to keep both the temperature sensor cables and voltage
taps through the outlet of the cooling channel. However, for a single-turn pancake
coil and an HTS short sample supplied with an alternate current under self-field
conditions, the losses are equal [194]. Therefore, the HTS coil losses are estimated
with transport AC loss data in Chapter 3 and are imposed in the FEM model. The
setup was modelled in 3D in FEM with the HTS tape defined as a surface resistive
heater with the thermal characteristics of the homogenised tape in Table 6.1. The
geometry of the model is shown in Fig. 6.9. For each test, the adjacent reservoir
was filled with LN2, and the pump was connected to a power supply; its flow rate
was controlled by the imposed voltage. The primary circuit was supplied with an
alternate power source to excite the HTS short-circuited coil on the secondary circuit.
For each imposed flow rate, several current amplitudes were supplied to the HTS
coil. Since the temperature sensor measured only the liquid nitrogen temperature
and no temperature increase in the tape was detected, the experiment was performed
to determine the minimum flow rate for each imposed current that ensures the tape
carries current without quenching. When the tape losses are too high to be dissipated
by the imposed flow rate, the quench is detected by a sudden drop in the measured
current, determining the limit losses for the imposed flow rate. The flow rate is then
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increased to ensure the dissipation of the tape losses, and the current is increased
once again until the limiting flow is determined. Table 6.2 shows the measured limit
current and corresponding flow rates.

Table 6.2 Measured RMS currents and properties of REBCO coated conductor materials at
77 K.

IRMS (A) HTS losses (W/m) Flow rate (L/min) inflow velocity (m/s)
155 1.2 1.3 0.3
175 3.2 1.9 0.5
235 26 2.6 0.7

The FEM thermal model was initially simulated with a stationary study without
phase change in the liquid nitrogen to obtain an equilibrium temperature distribution
between the inner channel at initial temperature T0=75 K and the ambient temperature
(external to the cryostat) T∞ = 293.15 K. This stationary study solution is imposed
as the initial condition in the subsequent time-dependent study. This initial stationary
step was added to accelerate the time-dependent study, which is significantly more
complex and time-consuming, as it includes both transient effects and the phase
change phenomena of liquid nitrogen.

The phase change module was added in the time-dependent study, and the
solution was computed for a simulation time of 60 s, after which the system was found
to be in equilibrium conditions, and three temperatures θA, θB and θC were obtained
in different coil positions as shown in Fig. 6.9b. The corresponding temperatures
are listed in Table 6.3. Note that the table results are highlighted in grey for the
experimentally measured limit flow rates (see Table 6.2).

Table 6.3 shows that the tape has a local hotspot where θC is measured. This
means the tape is overheating in the region where the PUR separator was placed,
even if most of the channel is kept at lower temperatures. The consequence of this
localized quench (and hot spot) is that the cooling fluid will start evaporating if the
flow rate is not high enough to prevent heating above 77 K. Note also that this quench
decreases the admissible critical temperature and generates higher losses, eventually
quenching the whole tape, as seen experimentally.

These results validate the thermal model since the model determined limit ve-
locity, which can dissipate the HTS losses for the imposed current without causing
the evaporation of the liquid nitrogen in the channel, corresponding to the same
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limit value determined experimentally. This shows that the model can effectively
be used to determine the working conditions that maintain the temperature of the
superconducting tape constant, depending on the losses of the tape, even for complex
geometries where hotspots can arise.

Table 6.3: Thermal model temperature results for the HTS coil in the PUR cryostat.

IRMS (A) inflow
velocity (m/s)

θA (K) θB (K) θC (K)

155

0,10 75,282 75,755 78,633

0,15 75,191 75,508 78,656

0,25 75,116 75,307 76,876

0,30 75,097 75,257 76,455

0,35 75,083 75,22 76,189

175

0,10 75,318 75,836 79,86

0,20 75,164 75,425 79,313

0,30 75,111 75,285 77,402

0,40 75,084 75,214 76,522

0,50 75,067 75,172 76,052

235

0,30 75,279 75,626 87,647

0,40 75,212 75,474 82,22

0,50 75,171 75,38 79,703

0,60 75,143 75,318 78,355

0,70 75,123 75,273 77,557

6.3 Summary

This Chapter presented a thermal model to complement the electromagnetic
HTS performance estimation tools developed throughout the thesis. The thermal
formulation was stated, and the slot thermal model was developed, providing a full
methodology to estimate the cooling requirements of armature superconducting
coils in electrical rotating machines. The thermal model results were compared
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to experimental measurements, showing good agreement and thus validating the
methodology.



Chapter 7

Conclusions and Future work

7.1 Conclusions

This thesis investigated methods for characterising and simulating superconduc-
tors in complex electromagnetic devices such as electrical machines. The work was
mainly focused on developing accurate, fast models for loss estimation on super-
conducting windings applied in axial flux machines, which, due to their complex
geometry and magnetic flux distribution, require 3D models. The studies aimed
to provide machine designers with efficient tools to estimate superconducting coil
losses and evaluate their applicability in the armature windings of AFPM machines,
where they are subject to alternate currents and AC magnetic stray flux, conditions
which inevitably lead to non-negligible losses in superconductors.

The research was initially directed at experimentally describing HTS tapes and
ferromagnetic materials at cryogenic temperatures to develop accurate calibration
methods for the developed FEM models. Ferromagnetic samples were tested at
ambient and cryogenic temperatures, and their loss densities were measured and
compared with their ambient temperature behaviour. The materials manifest higher
losses, due to increased conductivity in low temperature operation, and therefore
their measured loss densities and BH curves were applied to model the iron cores of
AFPM machines in COMSOL Multiphysics. Experiments in DC and AC operation
conditions were performed in superconducting REBCO tapes to observe their resis-
tive and hysteretic behaviour and estimate their losses with the T −A formulation.
Analytical and FEM models were developed and experimentally verified to calculate
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transport current losses in HTS in the high current or high frequency regime where
the impact and loss of the remaining materials in the HTS tapes must be taken
into account, either due to the current saturation in the superconducting material
or due to the skin effect occurring in the remaining layers of the superconducting
tape. Two distinct case study AFPM machines were designed to estimate working
conditions and losses in HTS coils inserted in its armature windings. Due to the
high computational demand of the HTS models when applied to a 3D model of
the case study rotating machine, two equivalent slot models were developed for
more expedited analyses. These models were successfully implemented in a 2D
environment, significantly reducing the computational time for loss estimation of the
superconducting coils operating in the AFPM armature windings. The models were
validated with analytical solutions for superconductors subject to alternate applied
fields and currents, showing coherent results between FEM and analytical models. A
3D model was also developed through a similar methodology as that of the 2D slot
model which is also considerably more efficient than full electrical rotating machine
simulations.

The slot model was applied to estimate losses for different types of HTS con-
ductors, such as SCSC cables and compare them with REBCO windings and to
verify the applicability and losses of different conductors in the machine armature
windings. The advantages of the different HTS conductors were highlighted, and
their applicability in machine AC windings was demonstrated. To better estimate
the cooling requirement of HTS armature coils, a thermal model was proposed and
preliminarily validated on a simplified experimental setup, to estimate the condi-
tions that ensure sufficient cooling on the superconductors such that they operate in
non-critical conditions.

7.2 Future work

This thesis proposes a methodology for accurate estimation of superconducting
losses, which can work as a tool for developing electrical machines with supercon-
ductors. It goes without saying that to reach the prototyping stage of any type of
superconducting electrical machine, optimization methods must be implemented
together with the developed methodology, and different machine topologies, such
as air-core machines and radial flux machines, should be investigated. Furthermore,
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operating temperature, fluid, and cryostat design will be essential in reaching a
feasible and reliable prototype, for which the thermal model can be used for initial
estimations.

Different approaches should be analysed during the machine design phase to
mitigate losses of HTS inserted in alternate regimes without compromising the
efficiency of the machine. The cooling requirements and performance investigation
should be carried out for different materials and HTS conductor types such as striated
coated conductors, CORC cables, MgB2, 1G BSCCO tapes, among others. Specific
solutions can also be investigated, such as different placement of HTS conductors
inside the armature slots. The impact of the addition of ferromagnetic and conducting
materials to act as flux diverters and shields in the vicinity of the superconducting
materials should be investigated to evaluate their applicability to mitigate the effects
of magnetic fields surrounding the superconductors.

Experimental tests of superconducting coils subject to alternate magnetic fields
and supplied with AC currents simultaneously should be performed to further validate
slot model results and more comprehensively describe the superconducting behaviour
operating in rotating electrical machines. To further validate the multilayered FEM
and analytical loss models proposed in this work, experiments ought to be performed
in superconducting tapes operating in an overcritical regime to measure both their
DC and AC characteristics. Alternatively, a setup for measuring magnetization
losses at different frequencies can also be constructed to verify the influence of the
remaining conducting layers in HTS tapes at different supply frequencies.

Since the HTS materials are highly sensitive to strain, the support for the HTS
windings should be carefully considered due to the high current densities and mag-
netic fields in electrical machines, which can cause large forces and might lead
to damaging the superconducting coils. Monitoring systems for superconducting
machines and power electronics should be investigated for cryogenic operation to
guarantee a reliable design.
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Appendix A

Manufacturer REBCO Properties

Fig. A.1 Superconducting critical parameters test as given by supplier (Superpower Inc.)
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