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Abstract

Since the discovery of high-temperature superconductors, superconducting magnetic
bearings have become an icon of applied superconductivity. Their ability to provide
passive stable levitation/suspension has attracted much attention for industrial
applications such as maglev trains, flywheel energy storage systems, and high
speed electrical machines.

Paihau-Robinson Research Institute has been working on the design and construc-
tion of a 22 kW, 30000 rpm homopolar superconducting motor for a hybrid aircraft
propulsion system. Superconducting magnetic bearings seem to be a potential
solution to overcome the speed limits imposed by friction and heat in mechanical
bearings. Considering the lack of commercial availability of superconducting bear-
ings, the Institute has decided to investigate the challenges involved in developing
suitable bearings for ongoing and future projects. The focus of this thesis is to
explore the development of suitable low-loss bearings from bulk high-temperature
superconductors, and to develop suitable test methodologies that allow the properties
and behaviour of high-temperature superconducting bearings to be explored.

In order to accurately predict the behaviour of superconducting magnetic
bearings, a precise knowledge about the non-linear voltage-current ( £-J) relationship
is required for input to simulations. Unlike coated conductors, this cannot be
achieved by transport measurements in superconducting bulks. In this thesis, a con-
venient non-destructive method based on levitation force decay in superconducting
bearings is introduced and evaluated to map the non-linear electrical properties in
superconducting bulks. Furthermore, fibre Bragg grating sensors are employed in an
actual superconducting bearing environment to monitor temperature at the bearing
surface. Accurate cryogenic temperature monitoring with large electromagnetic
fields present is of great importance in practical applications, and is problematic
with conventional electronic sensors.

A barrier to commercial application is suspected to be the effects of inhomoge-
neous magnet, or superconducting, properties on the efficiency of bearings. The key
drivers of this, AC loss mechanisms in superconducting bearings are investigated
and a new analytical expression is proposed for hysteresis loss in superconducting
bearings which takes magnetic field inhomogeneity, magnetic field periodicity, and
loss surface distribution into account. This new expression is tested by performing
spin-down experiments, and the results are found to be in good agreement.

Lastly, a high-speed superconducting motor/generator demonstration is built,
which sets a record for the fastest superconducting bearing made in New Zealand.
This will enable applications such as flywheel energy storage systems, direct-drive
generators and high speed microfans to be explored whilst also providing the
opportunity to demonstrate key technology elements such as flux-pumped high-
temperature superconducting field windings and low-loss high-speed bearings. AC
loss mechanisms at kHz-rated rotational frequencies are also studied with this
prototype. The results show that at high rotational frequencies the superconducting



bulks are pushed into a resistive flux-flow regime, where AC losses are created
by an eddy-current-like mechanism.

This thesis explores two phenomena of practical importance in superconducting
bearings, and proves the principle of the application of superconducting bearings
for ongoing and future projects in New Zealand.
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Introduction

1.1 Introduction

The picture of a permanent magnet (PM) stably levitated above a high temperature
superconductor (HTS) bulk submerged in liquid nitrogen (figure 1.1) is known as an
icon of applied superconductivity and is a widely used demonstration of supercon-
ductivity in most introductory presentations in this field. Looking simple and yet
magical, such a picture shows the two main features of superconductors namely zero
DC resistance and diamagnetic response to a magnetic field, and has encouraged
researchers to design and build non-contact bearings for rotating machinery.

Although superconducting magnetic bearing (SMB) technology has progressed
significantly, especially after the discovery of HTS materials, they have not been
widely adopted in practical applications. This has made this technology a great
economic opportunity, since there is no SMB commercially available at the date
of writing this thesis.

From an academic point of view, I have studied two main SMB parameters of
practical importance, namely levitation force decay and AC losses in this thesis.
From an applied point of view, I have attempted to prove the principle of SMB
application, and to develop the capability of designing and building SMBs for

technological projects being developed in New Zealand.

1.2 Problem Statement

Although the levitation phenomenon of using a low temperature superconductor
(LTS) and a PM was observed in the 1940’s, great effort has gone into taking
advantage of this phenomenon to design and construct SMBs after the discovery
of HTSs in 1986 [1].

SMBs have several advantages over conventional magnetic and mechanical
bearings. As SMBs provide contactless rotation, they can make high rotational
velocities possible, without any need for lubrication. In addition, type-II super-
conductors can provide stable levitation or suspension because of the flux pinning

phenomenon, without the need for additional controllers to adjust the position of
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HTS bulk

Figure 1.1: Photo of a NdFeB PM levitated above an YBCO bulk submerged in liquid
nitrogen used in this thesis work.

the levitated /suspended body when subjected to disturbances. These advantages
as well as their ability to operate in high vacuum environments have attracted
huge interest from various scientific groups [1, 2]. Although great effort has gone
into manufacturing prototypes, there are no commercially available SMBs in the
market. Magsoar [3] claims that they produce a wide range of SMBs, however,
there is no information available about their products.

SMBs seem to be the only efficient solution to overcome the speed-limit barrier
in electrical machines, however, there are some issues that need to be addressed.
An important issue about SMBs is the energy loss mechanism. Magnetic field
inhomogeneity has been said to be one of the major sources of energy loss in
SMBs [4], however, the relation between inhomogeneity and rotational loss (AC

loss), and the precise impact of inhomogeneity on SMB dynamics have not been
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experimentally investigated in a real rotating SMB environment. Another practical
issue about SMBs is the relaxation of levitation force which is intrinsic to HT'Ss.
Considering the relaxation mechanism, this phenomenon can be exploited to extract
HTS bulk parameters non-destructively.

Therefore, the experimental evaluation of the relationship between magnetic field
inhomogeneity and AC loss in SMBs, the impact of magnetic field inhomogeneity of
dynamic behaviour of SMBs, and developing a non-destructive method to estimate
HTS bulk parameters from levitation force decay mechanism in SMBs are the main
academic goals of this thesis. Furthermore, considering the lack of commercial
availability of SMBs, the global tendency to exploit this technology, and domestically-
developed projects’ requirements to achieve high rotational speeds, the applied goal
of this thesis is to prove the principle of high-temperature superconducting bearings
by designing and building prototype demonstrations. In order to achieve these goals,
a finite-element (FE) model was used to simulate and predict the electromagnetic
behaviour of HT'Ss as well as SMB parameters. Experimental rigs were designed and
built to perform the designed experiments and to explore the academic goals of this
thesis. A prototype kHz-rated motor/generator demonstration was designed, built,
and successfully tested, enabling us to widen our understanding on this advanced

technology and to domestically develop manufacturing capabilities.

1.3 Motivation

One of the main drawbacks of currently available electric machines is the speed
limit imposed by their bearings. Electric machines can operate at high speeds
with conventional bearings, but such bearings cannot withstand high speeds for
a long time because the heat created by tribological losses can easily damage
mechanical bearings [5-7]. Therefore, in applications where high operational speed
is required, such as flywheel energy storage systems, centrifuges, reaction wheels,
and hybrid aircraft propulsion systems, commercially available bearings cannot
meet the speed requirement. SMBs can be considered as possible alternatives
to conventional bearings. However there are some issues about SMBs that need
to be addressed before construction.

Although SMBs offer contact-less rotation, they are not totally loss-free. When
subjected to an alternating magnetic field, energy will be dissipated resulting in
rotational drag. The AC loss in SMBs is one the most important parameters
that must be taken into account when designing and constructing them. Despite

the considerable studies done to measure and formulate the rotational loss, its
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mechanism has not been precisely explained nor been explored in actual SMB
environments. FExploring the AC loss mechanism can lead to the design and
manufacture of SMBs with a reduced loss level and a higher efficiency.

SMBs operation is highly dependent on temperature, and requires reliable
cooling systems to provide cryogenic temperatures below the critical temperature
of superconductors. Although SMBs provide passive control, they do not offer high
stiffness and damping compared to mechanical bearings, and may fail during large
disturbances. However, these disadvantages, along with higher manufacturing costs,
have not prevented research into developing and improving these bearings.

Some practical prototypes have been built and integrated into flywheels, but
they are not commercially available. Accordingly, it is not possible to provide
SMBs from suppliers and install them wherever needed. Paihau-Robinson Research
Institute has been working on the design and construction of a 22 kW, 30000 rpm
HTS motor for a hybrid aircraft propulsion system, and superconducting reaction
wheels for satellites. In order to meet the technical requirements, such as levitation
force, speed, stiffness, damping, and loss, a SMB should be designed, modelled,

constructed, and then integrated into these systems.

1.4 Research Questions

The main theoretical and applied goals of this work have been explained in previous

sections. The following objectives are included in this research:

1. Developing a non-destructive method based on a levitation force relaxation

mechanism to estimate HTS assembly parameters in SMBs.

2. Investigating the AC loss and its relationship with magnetic field inhomogene-
ity in actual SMB conditions. This will provide a good comprehension of the
main contributors to the AC loss, how they are affected by other parameters,

and how they can be mitigated.

3. Designing, building, and testing a high-speed motor/generator demonstration
in order to prove the principle and to develop our capabilities of manufacturing

SMBs that can meet our project requirements.

To achieve these objectives, experimental test rigs have been designed and built
at Paihau-Robinson Research Institute to measure the required data and compare

them with simulation results.
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1.5 Organisation of the Thesis

This

thesis is split into seven main chapters:

Chapter 1 covers the research questions, motivation to solve them, and main

objectives of the thesis.

The literature review chapter, after giving a brief overview of superconduc-
tivity and superconducting levitation, details the work conducted by other
researchers to model and simulate superconductors and SMBs, followed by a

review of the practical SMB parameters.

Chapter 3 elaborates all methods used in this thesis and covers all the material
needed to reproduce the experimental and simulation results presented in this

thesis.

Chapter 4 hypothesizes and develops a non-destructive method to estimate
the flux creep exponent, or n-index, for HTS bulks. The method is tested on
three individual SMBs. Furthermore, the application of fibre Bragg grating
(FBG) sensors in an actual SMB system is introduced and tested in this

chapter.

Chapter 5 covers one the main academic goals of this thesis, where the
relationship between magnetic field inhomogeneity and AC losses in an actual
SMB environment, as well as the impact of inhomogeneity on the dynamic

stiffness of the bearing, is discussed.

Chapter 6 shows the design, build, and evaluation of a laboratory-scale
kHz-rated motor/generator. This prototype has been serving as a visual
demonstration of SMB technology, our institute capabilities, and the future

of rotary machinery.

Chapter 7 summarises the studies conducted and the results presented in this

thesis, followed by some suggestions for future studies in this field.



Literature Review

2.1 Introduction

The first step in answering my research questions is to review what has been done
up to date. This chapter gives a brief review of superconducting levitation and the
underlying physics fundamental to this thesis. Since the focus of this thesis is AC
losses in high temperature superconducting bearings, superconducting levitation is
reviewed from a macroscopic point of view. The content of this chapter highlights the

current state of the art and covers the work done up to the date of writing this thesis.

2.2 Superconductivity; Type-I and Type-11

Meissner and Ochsenfeld discovered magnetic exclusion and magnetic expulsion in
superconductors in 1933, the latter of which is known as the Meissner effect [§].
This was an important discovery in superconductivity, because perfect conductivity
(zero resistance for direct current) discovered by Onnes [9] was assumed to be
the only feature of superconductors for many years. Meissner and Ochsenfeld
discovered that when a lead tube was cooled to below its transition temperature
T., and then a magnetic field was applied (zero field cooled (ZFC) condition),
the superconductor showed diamagnetic behaviour and excluded the magnetic
field like a perfect conductor (see figure 2.1). This diamagnetic behavior could
be predicted by conventional electromagnetism. In another experiment, they
cooled the superconductor in the presence of a magnetic field (field cooled (FC)
condition). According to the conventional electromagnetism, they expected the
magnetic field to be locked in the superconductor. But, they observed that the
magnetic field was expelled from the interior of the tube, which was different to
the expected response of a perfect conductor. Meissner effect, in fact, showed that
superconductors are more than just perfect conductors with zero DC resistance. The
two main features of superconductors, namely Meissner effect and zero resistance
were formulated later by London brothers. The so-called "London equations" describe

"the electromagnetic equations of the supra-conductor" and predict a finite length
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Figure 2.1: The schematic diagram of the response of a perfect conductor (a) and
a superconductor (b) to an external magnetic field in ZFC condition (left) and in FC
condition (right). The arrows indicate the external magnetic field applied to material
domains shown by circles.

up to which a steady external magnetic field can penetrate into a superconductor
to maintain a diamagnetic volume current [10].

The first experiments on magnetization of superconducting alloys were performed
in 1937 [11] on Pb-T1 samples, where the authors attributed the gradual transition
from superconducting to normal state to the inhomogeneity of samples. In 1952,
Abrikosov defined a new group of superconductors as "superconductors of the second
group" and formulated the theory of "vortex lattice" and "mixed state", when he could
not fit experimental data on critical magnetic field of thin films to the Ginzburg-
Landau theory [12]. According to "the theory of superconductivity" proposed by
Ginzburg and Landau [13] and according to Abrikosov’s studies, superconductors
can be classified into type-I and type-II based on the ratio (k) of their coherence
length (£) to their penetration depth (\).

Abrikosov’s theory describes the dependence of magnetization on the applied
magnetic field as follows (see figure 2.2): In type-I superconductors there is only one
critical magnetic field H.. The superconductor is in Meissner state and shows perfect
diamagnetism for fields (H) smaller than the critical field, and superconductivity

is completely destroyed and shows no magnetization as the applied field exceeds
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Figure 2.2: Schematic representation of magnetization in type-I (a) and type-II (b)
superconductors.

the critical magnetic field. In type-II superconductors, however, there are two
critical magnetic fields, namely H., and H.,. For H < H,, type-II superconductors
are in the Meissner state. As the applied magnetic field is increased and exceeds
H,., the magnetic field penetrates inside the superconductor in the shape of small
cylinders called "vortices', all of which carry a quantized amount of magnetic flux
of ¢y = 2.068 x 10715 Wb [12, 14]. When the applied magnetic field exceeds H,o,

superconductivity is destroyed in type-II superconductors.

2.3 Superconducting Levitation

Since the discovery of superconductivity, many applications have emerged related
to its special electrical and magnetic characteristics [15]. One of the most promising
applications of superconductors is the SMB, where a PM can be levitated above a
superconductor bulk or vice versa [4]. The first levitation experiment involving a
superconductor was carried out in 1945, where a small cubic PM was levitated above
a concave lead disc cooled by liquid helium [16]. Soon after, the deceleration rate of
a superconducting lead sphere levitated in a magnetic field and cooled by helium
was reported [17]. Proposals were made and prototypes were built for application
of superconducting bearings in gyroscopes [18] and three phase electric motors
[19]. Large-scale applications of superconducting levitation for transportation

and rocket launchers emerged after niobium-titanium wires were made [20, 21].
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Figure 2.3: Photograph of a rotor levitated by two YBCO bulks cooled down in a liquid
nitrogen bath. Figure reprinted from [28] with necessary permissions (Copyright © 2004
WILEY-VCH Verlag GmbH & Co. KGaA).

These early studies and applications of low-temperature superconductors, however,
did not attract much attention because of the necessity of using expensive and
complex liquid helium cryostats.

After the discovery of high-temperature superconductors in 1987 [22, 23],
many laboratories resumed levitation studies using YBCO. Demonstrations of
superconductivity at the temperature of liquid nitrogen (77 K) were reported in
the same year, where the "pendulum test" and "floating magnet" experiments were
carried out with YBCO and SmCo magnets [24]. Shortly after, high-temperature
superconductors were proposed for bearing applications [25-27]. The first prototype
high-temperature superconducting bearing was built and spun up to 10000 rpm
in 1987 [28]. This bearing system was upgraded (see figure 2.3) in the next year
and spun up to 120000 rpm [28]. Since then, the levitation applications of high-
temperature superconductors in SMBs have progressed significantly and have been

reviewed extensively elsewhere [1, 4, 28].

2.4 Stability in Superconducting Levitation

The most important advantage of high-temperature superconducting levitation
over other kinds of levitation [26] is passive stability. According to Earnshaw’s
theorem, there is no stable equilibrium for a body placed in a repulsive or attractive
static force field where force and distance are related by an inverse square law

[4]. In electromagnetism, this theorem means that "a body with static charges,
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magnetization, or currents placed in a static electric or magnetic field cannot be
stably levitated or suspended under the action of electric and magnetic forces alone"
[29]. This theorem simply explains why a system combined of any arbitrary set of
PMs and electromagnets is inherently unstable, and why externally supplied active
controllers are required to maintain stability in active magnetic bearings.

Earnshaw’s theorem, however, does not govern diamagnetic materials. In 1939
[4], it was proved that adding a diamagnetic material (u, < 1) to the system can
provide stable magnetic suspension [4]. Although superconductors are not ideal
diamagnets, they show diamagnetic behaviour in magnetic fields, and they can
provide passive stability in levitation applications. Superconducting levitation
in a type-I superconductor or a type-II superconductor in the Meissner state
would be stable vertically but unstable horizontally; because in these situations
the magnetic field of the PM is expelled from the interior of the superconductor
and the levitated body will be repelled. In order to provide horizontal stability
for a PM levitated above a type-I superconductor, the superconductor should
be given a concave shape [16].

Stable superconducting levitation is only achievable with type-1I superconductors
in the mixed state, where the magnetic field penetrates inside the superconductor
in the form of vortices. Inside each vortex, the material is in the normal state,
surrounded by localized shielding currents. The trapping of vortices by spatial
inhomogeneities is known as flux pinning. These inhomogeneities may exist naturally
or be added artificially [30]. These vortices are analogous to mechanical springs
attached to the levitated PM and the type-1I superconductor, acting as stabilizing
tools. These “springs” move the PM back to its initial position after being displaced
by external forces [1, 4]. In fact, levitation of a PM above a superconductor arises
from the diamagnetic response of the superconductor, and the passive stability of
this levitation arises from flux pinning in type-II superconductors. This makes this
group of superconductors the most technologically favorable materials for levitation

applications, such as superconducting bearings.

2.5 Modelling

It is of great importance to model and simulate the electromagnetic response of
HTSs and predict SMB key parameters such as levitation force, stiffness, and losses
prior to construction. Efforts have been made to build analytical and numerical

models among which the finite-element (FE) method has been widely developed to
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solve different formulations such as H, A-V, T-(), etc. Detailed reviews about
superconductor modelling are provided in [31-33].

The E-J power law describing the nonlinear relation between electric field and
current density inside superconductors, has been widely used alongside formulations

to solve Maxwell’s equations [31]. The general formula of the E-J power law is:

J n
E=E.(3)

Where E. and J, are the critical electric field and critical current density, respectively,
and n is the power index which describes the flux creep in high-temperature
superconductors. For n = 1, the power law reduces to Ohm’s law in normal
conductors. When n tends to infinity, it describes the Bean model [34], where
the creep is not considered. For 1 < n < oo, the power law describes the creep.
Various detailed expressions have been proposed to describe the relation between
E and J, considering the temperature and magnetic field dependence of critical
current density and n index [35].

Among the formulations mentioned above, H-formulation has become the most
popular and versatile method for modelling the electromagnetic behaviour of HTS
because of its accuracy, convergence, and ability to model various HTS applications.
Comprehensive reviews of this formulation can be found in [31, 36].

In H-formulation, the state variable is magnetic field intensity H, and the

problem is formulated by combining Faraday’s law and Ampere’s law as:

H
VxpVxH= _“Oaat (2.1)

where i is the permeability of free space and p is the resistivity of HTS given

by the constitutive power law as:

p(1J],B) = (2.2)

Je(B) | J.(B)

Equation 2.1 can be solved by home-made codes or by commercially available
FE software such as COMSOL Multiphysics [31].

2.6 Levitation Force Decay

The relaxation of levitation force is one of the important parameters that needs
to be taken into account when designing SMBs for practical applications. In a
simple thrust bearing which consists of a PM disc and an HTS bulk, if the PM

moves from its initial position in ZFC condition (point A in figure 2.4) towards
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Figure 2.4: Illustration of a typical force decay in a simple thrust SMB.

the HTS bulk and then stops at its final position near the top surface of the
HTS, the levitation force increases as the distance between them decreases, then
it reaches a peak (point B) at the final position. Finally, it decays gradually
with time and reaches a plateau (point C). This phenomenon has been reported
widely in the literature [37-39], all of which has mentioned magnetic relaxation
in high-temperature superconductors as the reason.

Magnetic relaxation in superconductors was first studied by Anderson and
Kim in low-temperature superconductors, where they formulated the so-called
"flux creep" theory [40, 41]. They proposed a logarithmic change of magnetic
moment with time caused by thermally activated motion of Abrikosov flux lines in
superconductor lattice. Although being a successful qualitative idea, the flux creep
theory was roughly formulated and failed to explain some phenomena observed
later in high-temperature superconductors [40, 41]. Soon after the discovery of
HTS, researchers noticed the large size of magnetic relaxation in HTS samples
compared to LTS. Since then, various models have been developed to deal with
the magnetic relaxation in HTS from both microscopic and macroscopic points of
view. A detailed review of these models can be found in [42].

According to a general flux creep theory, the flux is trapped at a pinning

center; however, it can escape from there in a certain probability with the help of
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thermal activation [43-45]. As a result, the force relaxation has been described as
a consequence of the thermally activated flux creep in HTS. Therefore, the force
decay behaves the same as the magnetization decay, i.e. logarithmically.

Tseng et al. studied the levitation force decay in three YBCO samples of different
size as a function of temperature [46]. In their research, they conducted several
measurements in ZFC condition and at different temperatures from 40 K to 85 K for
three different sample sizes. They observed a logarithmic levitation force decay which
increased with temperatures, and decreased with sample size. However, they did
not discuss the relationship between the decay rate and temperature qualitatively.

The impact of initial cooling conditions, levitation height, and lateral displace-
ment on levitation and lateral forces in a maglev test setup is reported in [47]. A
detailed quantitative analysis of levitation and lateral forces has been made, which
reports a logarithmic force decay. Their report, however, does not provide any
qualitative analysis from a fundamental and/or applied point of view. Moreover,
the experimental sequence would make any further analysis complicated, because
the lateral force decay has been measured on an already-penetrated sample.

Liu et al. [48] investigated the effect of a varying external magnetic field on
levitation force relaxation. In order to apply a varying magnetic field, they used an
inhomogeneous rotating PM guideway, above which a YBCO assembly was levitated.
They performed dynamic tests at different speeds and found that by increasing
the rotation speed, the levitation force decays and this force attenuation becomes
more intense at higher speeds. Following the spin-up tests, they performed slow-
down experiments and reported that the levitation force recovers as the rotation
speed decreases. They also observed that this recovery was slightly affected by
repetitive acceleration and deceleration. This report is of significant importance
when designing SMBs for high rotational speeds.

In order to study the levitation force and stiffness behaviour under the influence
of reciprocating motion around the working height of a superconductor-magnet
system and the grain orientation of YBCO bulks, Xu et al designed and conducted
experiments in both ZFC and field cooled (FC) conditions [49]. According to
their results, levitation force at the same operating height remains the same after
several cycles of moving upward and downward under both cooling conditions.
They explained this behaviour by flux distribution memory and said that after
reciprocating motion, flux lines could be gradually and stably redistributed in a
more optimal way, resulting in suppression of the levitation force decay. After such
motion, magnetic stiffness tends to increase under ZFC and decrease under FC

conditions, which affects the natural resonance frequency of the system. This study
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was meant to mimic the real vibrations in HTS levitation systems. However, the
amplitude of the reciprocating motions is much larger than what would happen in
real vibrations. The impact of the rate of reciprocating motions could have been
studied as it can influence the maximum levitation force and the shielding currents
induced in YBCO bulks. The relaxation was reported as being logarithmic, but,
no qualitative nor quantitative analysis of this decay and its relation to magnetic

flux memory was reported.

2.7 fibre Bragg Grating (FBG) Sensors: Appli-
cation in SMBs

fibre Bragg grating sensors [50] have been widely used in the field of applied
superconductivity for temperature and/or strain measurement because of their
numerous advantages over conventional electronic sensors. These sensors are
light weight and small-sized. They are also electromagnetically insulated, which
makes them a favorable option in high-field applications such as superconducting
magnets. The low thermal conductivity of the fibre and thermal insulation between
sensor and data processing unit allow FBG sensors to be employed at cryogenic
temperatures [51-55].

The thermal expansion coefficient of a melt-textured YBCO sample was measured
in orientations of its crystal planes (ab-direction and c-direction) by FBG sensors
over the temperature range of 30 —300 K [56]. In this experiment, a block of YBCO
was mounted on a copper disc which was in direct contact with the cold head of a
cryocooler. The quantitative data analysis might be problematic because the impact
of vacuum chamber deflection on strain was not taken into account. Moreover, they
used a fibre with a single FBG in it mounted on the copper disc and used it as the
reference sensor to subtract the temperature effect from the other sensors’ readings.
The authors have mentioned that the reference sensor was not mechanically attached
to the copper disc to prevent strain from being read by the sensor. However, if the
freezing point of the adhesive used to attach the fibre to the copper disc was in the
range of 30 — 300 K, a finite amount of strain would be transferred to the sensor.

Flux-pinning-induced strain in a YBCO disc during FC and ZFC magnetization
cycles was measured over the disc surface as a function of disc radius and magnetic
field with six FBG sensors inscribed in a single fibre at 60 K [57]. This study is
of great significance from an applied and practical point of view because it widens
our understanding on mechanical stresses in bulk superconductors for levitation,

and bulk superconducting magnet applications. The experimental results were
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compared with simulations and the reasons for large discrepancies were discussed.
However, the impact of vacuum chamber deflection on strain has been neglected
as a potential source of discrepancy.

Despite being used in many superconducting applications, FBG sensors have
not been employed in actual SMB environments. In practical SMBs, measuring
the temperature of the HTS assembly surface facing the rotating PM structure is
challenging with conventional sensors. Apart from usually limited mounting space,
electromagnetic interference can seriously influence the output signal of electronic
sensors. Poor thermal insulation of electronic sensors is another issue when using
them in SMBs. Multi-point temperature and/or strain sensing is also not trivial
due to the limited mounting space. All these issues, however, might be solved by
appropriately introducing FBG sensors to SMB environments. Considering the
impact of temperature on decay behaviour in HTS bulks, FBG sensors seem to be

useful tools to monitor HT'S bulk temperature in relaxation studies.

2.8 Rotational Loss

The contactless rotation of a PM above a superconductor bulk in vacuum seems to
be lossless, however, this is not the case. The loss mechanism in SMBs is rather
complicated, which has been investigated by many researchers [4, 58-66].

The rotational loss in SMBs is mostly due to the azimuthal inhomogeneity of the
PM magnetic field [58, 67, 68]. It has been said that the rotational loss has two main
components; hysteresis loss and eddy current loss. The former, which arises from
flux pinning inside the superconductor, is considered as frequency independent [69].
However, some researchers claimed that there would be a small frequency dependence
in hysteresis loss [4]. The latter can be created in all electrically conducting parts
which are subjected to an AC magnetic field from either a rotating PM or an
inhomogeneous HTS magnetization. In a bearing with a simple structure where a
PM disc rotates above an HTS disc, if the PM magnetic field is inhomogeneous in
the azimuthal direction, the HTS disc and all surrounding conductors see an AC
field which induces eddy currents. The HTS trapped magnetic field may also be
inhomogeneous, due to either the discrete structure of the HTS bulks arrangement
or the inhomogeneous shielding current of a single HTS bulk, which induces eddy
currents in rotating conductors such as PM rotor [70, 71].

In 1983, Wilson formulated hysteresis generated in a superconducting slab and

a long superconducting disc in a varying magnetic field [72]. Afterwards, many
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researchers developed this formula and utilized different methods to simulate and
calculate the hysteresis loss [58, 60, 73, 74].

Weinberger et al. [75] presented the coefficient of friction (COF) as a parameter
to calculate the rotational loss, and as a figure of merit to compare different types
of SMBs. Afterwards, the COF, which is obtained from spin-down tests, has
been used by other researchers as a reliable tool when studying rotational loss
in HTS bearings [59, 61, 62, 76-80].

The main challenge in performing spin-down tests in SMBs is to engineer a
driving system to accelerate and decelerate the levitating PM. Gas jets [58, 81],
electrical motors [58, 63, 69, 82|, a 3-phase handmade brushless motor [64, 83],
eddy current clutches [61, 63, 84-87], and magnetic gears [88] have been employed
to accelerate the rotating part of superconducting bearings. These methods are
associated with complex coupling structures, loss creation, limited maximum speed,
and lack of precision when it comes to speed control.

Trentiev et al. [70] performed an experiment to investigate the AC loss
mechanism by measuring the quality factor of an oscillator. This factor determines
how damped the system is. They attached a PM to an oscillator and made it
resonate near the surface of an HTS disc. In order to investigate the contribution
of eddy current loss to the total dissipation, they used a non-conductive PM and
found that the total loss showed almost cubic dependence on the magnetic field
inhomogeneity. This dependence changed to a square law when they attached a
thin copper disc to the PM. This result shows the AC magnetic field experienced by
the copper disc can also be seen by the PM. They reported, at low frequencies, the
hysteresis loss is the main component of the total dissipation in a superconducting

bearing which means the total loss is almost proportional to the third power of

ac

3J.d
equation. The authors also reported that in cases where the bearing rotates at the

magnetic field inhomogeneity (W = ) which was consistent with Wilson’s
speed of a few kHz, the eddy current loss in the conducting PM becomes dominant
as it is dependent on frequency. This implies that the AC loss would be almost
proportional to the second power of the magnetic field inhomogeneity. In this
paper, two magnets are used in the oscillator; one facing the YBCO bulk, and the
other one facing the resonator coil. These two magnets are attached together on a
cantilever beam. the impact of the resonator magnet on the magnetic field profile
of the levitation magnet has not been discussed. Moreover, the YBCO bulks used
in these experiments were multi-grain, which may add to the inhomogeneity of the
trapped field in the YBCO bulk, and hence, may change the AC loss behaviour.

The authors have assumed the main source of eddy current loss is the conductive
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PM. Although eddy currents are induced in all conductive parts, study shows [89]
that the eddy current loss mechanism appears in HT'S bulk at frequencies much
lower than it appears in conductive magnets.

Kordyuk et al. [90, 91] investigated the AC loss mechanism in a PM-HTS
configuration with the non-contact resonance oscillation technique. They measured
the quality factor with respect to the amplitude of vibrations with the assumption
that the AC field is a linear function of vibration amplitude. They showed that
the Q7! factor has a linear relation with the amplitude (« + SA), so the formula
for energy loss would be: W = aA? + BA3, where o and 3 are constants and A
is the amplitude of vibrations. This says that energy loss has two components,
hysteresis and viscous. They have mentioned that the viscous part (the first term
in the equation) is frequency dependent, but, no frequency analysis was reported
in the paper. The amplitude dependence of AC loss can change with frequency
from quadratic at kHz frequencies to cubic at low frequencies. The equation they
proposed for AC loss seems to be a superposition of both regimes, which requires
further detail about their experimental frequency.

A group of scientists [92] proposed a formula to model the magnetic field inho-
mogeneity of a PM and then performed simulations to model the relation between
inhomogeneity and rotational loss. According to their simulations, rotational loss is
proportional to the second power of the ratio of magnetic field inhomogeneity to
the mean value of magnetic field. In this paper, the authors mention using liquid
nitrogen, but, no temperature dependent analysis was performed or presented. The
inhomogeneous magnetic field was defined as an AC component by a sinusoidal
function, which does not represent a real inhomogeneous PM. Simulations were
performed at the rotational speed of 600 rpm with and without the effect of s
stainless steel cryostat. The contribution of the conductive cryostat was presented
for a single rotational speed, but a frequency sweep analysis would have been helpful,
since the origin of loss in a conductive cryostat is strongly frequency dependent. In
another paper [93], they have mentioned that the rotational loss is proportional to
f?B?, where f is frequency and B is field amplitude. They have considered eddy
current loss in conductive rotor as the main component of the rotational loss. In
this paper, authors have suggested an optimal arrangement for HT'S bulks in order
to reduce the inhomogeneity of the magnetic field trapped in an arrangement of
bulks. However, they have completely ignored the impact of rearrangement on
hysteresis loss as the main component of rotational loss at low frequencies.

Simulations have been conducted to examine the rotational loss reduction ideas.

According to the literature, there are ideas to reduce the eddy current loss in rotating
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parts, to enhance the homogeneity of the trapped magnetic field in the HTS bulks,
and to enhance the azimuthal homogeneity of the levitation PMs [60, 66, 93, 94].

Ferromagnetic shims were used to reduce the inhomogeneity of a PM [60].
Spin-down experiments showed that the low-velocity COF was improved for the
shimmed PM, but, the high-speed COF remained unchanged. In this paper a
figure of merit, ¢, for PM was defined as:

o= Z Z [AB.(r,0,)]? (2.3)
T Oi—0,27
which is indicative of its expected hysteresis loss. Here, r is the radius and @ is

the azimuthal angle. In equation 2.3, AB, is defined as:
AB,(r,0) = |B,(1,0)|maz — B2(7,0)|min (2.4)

The authors have reported an improvement of a factor of &~ 3 in ¢ after shimming.
However, the periodicity of B, in a 2r rotation has been factored out in equation
2.4. This periodicity can affect both hysteresis and eddy current losses.

Masaie et al. [95] simulated the influence of superconductor bulk shapes on
the levitation force and the rotational loss. However, they did not validate their
simulations by experimental results. They proposed three shapes for the HTS bulks
used in a SMB for a flywheel energy storage system. According to the authors,
changing the shape of the HTS bulks can reduce the rotational loss by 50 %.

In another paper focusing on the rotational loss of a SMB [66], Koshizuka
investigated the impact of changing the HTS bulks shape on the rotational loss of a
100 kW h flywheel energy storage system. He mentioned the rotational loss can be
decreased by taking this measure. Moreover, he investigated the eddy current loss
in the PMs, and proposed that laminating the PMs can reduce the eddy current
loss. In fact, it has not been clarified whether the reduction of the rotational loss is
due to reduction of the eddy currents in the PM or is due to the change in magnetic
field distribution after laminating. It could be better if the author had mapped the
magnetic field of the PM before and after laminating. Moreover, the contribution
of the eddy current loss in the PM to the total rotational loss is not determined.

The Boeing group [84] investigated the impact of cooling methods on the
rotational loss in a superconducting flywheel energy storage system. A liquid
nitrogen bath and conducting copper bars connected to a coldhead were used as
two different cooling systems. The authors concluded that the eddy current loss
is mainly created in the rotor structure, but they have not clarified the origin

of eddy current loss in the rotor structure. The spin-down measurement results
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presented in the paper are very difficult to compare, since the experiments were
performed at different temperatures, air gaps, and with different rotor releasing
mechanisms. Furthermore, the impact of temperature on eddy current loss was
only taken into account for conducting copper bars, and was neglected for the
magnetic field trapped in the HTS bulks.

One the most important advantages of superconducting bearings over con-
ventional bearings is removing the speed limit in rotary machines. Hence, re-
searchers have studied high-speed performance and loss mechanism of supercon-
ducting bearings.

A high-speed superconducting bearing prototype was built and its drag torque
was studied by Moon [83] where the drag mechanism was attributed to the magnetic
field inhomogeneity of levitation PM and was said to be independent of rotational
frequency. However, several studies showed the frequency dependence later.

Hull et al. [64] performed spin-down experiments on a superconducting bearing
configuration similar to the system described in [83] and discussed the frequency
dependent term appearing in the deceleration curve. They described the frequency
dependent term as a result of pushing HTS bulks into the flux flow regime. This
dependency was believed to be governed by skin depth at high frequencies, which was
in agreement with AC susceptibility measurements performed on superconductors
[89, 96]. At high frequencies, when the rotational loss is governed by skin depth,
the shielding currents flow in a narrow region near the circumference of the bulk.
Because of material inhomogeneities and finite thermal conductivity of YBCO,
maintaining an isothermal condition is of great significance. In this study, however,
the YBCO bulks were cooled by a conduction cooling method with their back
surface (not facing the levitation magnets) attached to copper bars. Although in
this configuration conductive parts such as copper bars are separated from magnets,
the HTS region where the shielding currents flow is not in direct contact with cold
copper. In the flux flow regime, currents induced in the HTS bulk are greater than
J. and dissipate heat, which must be removed from the bulk before it disrupts
isothermal condition of the experiment. Heat management in the driving coils is
also important, as these coils operate in a vacuum chamber. Despite successful
operation, no explanation was given about the driving system heat management.

The key points of AC loss studies can be outlined as follows:

o AC loss (rotational loss) in SMBs is mainly created by magnetic field inhomo-

geneity.

o AC loss in SMBs is evaluated by performing spin-down measurements.
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o COF has been used as a figure of merit to characterise the deceleration rate

of SMBs.

o AC loss in SMBs has two main components, namely hysteresis loss and eddy

current loss.

o AC loss is mainly dominated by hysteresis loss at low rotational frequencies,

but dominated by eddy current loss at high rotational frequencies.

o Hysteresis loss is intrinsic to HTS material, whereas eddy current loss can

occur in all conducting parts in an SMB.

» Hysteresis loss is said to be independent of rotational frequency, whereas eddy

current loss is dependent on rotational frequency.

o Hysteresis loss has been formulated based on Bean’s critical state model.
However, the periodicity of the magnetic field in a complete rotation in an

actual SMB has not been taken into account in that formulation.

o AC loss studies lack experimental evaluation of the relationship between

magnetic field inhomogeneity and AC loss in an actual SMB environment.

o Simulations show that AC loss is dependent on the shape of the HTS assembly
in SMBs, because the field trapped in the HTS assembly is changed by the
shape of the bulks.

e kHz-rated spin-down experiments show that HTS bulks may be driven into

resistive flux-flow regime.

2.9 Summary

According to Earnshaw’s theorem, PM-PM systems are unstable. introducing
HTS materials can make them stable. Passively stable superconducting magnetic
levitation can be achieved by type-II superconductors in mixed state, where the
levitation force is provided by the diamagnetic response of the superconductor and
passive stability is provided by flux pinning feature of type-II superconductors. This
feature of superconductors has attracted much attention resulting in the design
and construction of SMBs. However, before manufacturing SMBs, their behaviour
should be simulated and predicted. Several numerical and analytical models have
been proposed, among which finite element models have been widely developed.

In this thesis, the H-formulation developed by Queval et al. [31] is adopted and
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will be modified to model and simulate the electromagnetic behaviour of SMB,
because of its flexibility and capability to simulate different HTS structures in 2D
and 3D configurations. Moreover, detailed experimental results are provided to
validate simulation results, which makes this model reliable.

The levitation force decays logarithmically due to thermally activated flux creep
in HTS bulks. The decay amplitude and rate depends on several parameters such
as temperature, the initial cooling condition, the variation of the external magnetic
field, and the vibration around the operating point. There are also several ways,
such as preloading and cooling, to suppress the force decay. The magnetic relaxation
in type-II superconductors is related to their E-J relationship. Levitation force
decay can be related to the non-linear F-J power law, and creep exponent n can
be extracted from levitation force decay measurements. However, experiments
assessing this hypothesis have not been reported elsewhere.

Although providing cryogenic temperatures for HTSs is no longer a major
challenge, maintaining an isothermal operating condition is crucial for practical
applications. This requires precise and reliable temperature monitoring and
controlling. In some applications of bulk superconductors such as superconducting
magnets, flux-pinning-induced tensile stresses can cause micro-cracks or can break
a single large superconducting bulk into some smaller domains. In order to avoid
such breaks, the mechanical stress on superconducting bulks must be monitored.
For both strain and temperature measurement, there are several electronic sensors
available on the market, but the main problem with these sensors for high-field
superconducting applications (such as superconducting bearings) or for applications
with high magnetic field variation (such as superconducting bearings, and maglev)
is electromagnetic interference and poor thermal insulation. Optical FBG sensors,
however, are not affected by electromagnetic fields and offer an acceptable thermal
insulation. These sensors have been studied widely for applied superconductivity
projects. One of the important parameters in SMBs is the temperature of the HTS
bulk surface facing the levitation PM. Conventional temperature sensors do not
seem practical in bearing projects where the air gap between HTS stator and PM
rotor is of a few millimeters and sensor is subjected to a varying magnetic field.
Monitoring magnetostrictive behaviour of HTS stator in a real SMB system can
also widen our understanding about the mechanical properties of HTS bulks. Up
to the date of writing this thesis, FBG sensors have not been used in a SMB.

Rotational loss, also known as AC loss, is a significant property in SMBs which
affects the performance of the bearing system. Spin-down tests have been widely

performed to measure rotational loss. Magnetic field inhomogeneity is said to be the
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primary source of AC loss in SMBs, which can create hysteresis loss in HTS bulks
and eddy current loss in all conductive parts, including HTS bulks. Several measures
such as changing the HTS bulk shape, and cooling methods have been proposed to
reduce the AC loss. But the contribution of the magnetic field inhomogeneity to the
AC loss components, and the extent to which these measures can mitigate the AC loss
components is not clear. According to Bean critical state model, AC loss has been
formulated as a cubic function of magnetic field inhomogeneity. However, this model
has factored out the impact of magnetic field periodicity and the distribution of AC
loss over the surface of the bearing. Furthermore, by the time of writing this thesis,
there was no experimental evaluation of the inhomogeneity-AC loss relationship
in an actual SMB environment. High-speed superconducting bearings have also
been built and studied. But the loss mechanism in superconducting bearings at
kHz-rated rotational frequencies has not been fully studied. As one of the major
advantages of SMBs is overcoming speed limits imposed by mechanical bearings,
building and studying a high-speed motor/generator prototype can contribute to the
understanding of high-speed loss mechanisms and can help develop our capability
of employing these bearings for practical applications.

The key findings of this chapter can be summarized as follows:

o Type-II superconductors in the mixed state can provide passive stable levita-

tion/suspension:

— Levitation/suspension is provided by the diamagnetic response of type-11
superconductors.
— Stability is provided by flux pinning.

o H-formulation is adopted and will be modified to model and simulate the

electromagnetic behaviour of SMBs, because of its flexibility and reliability.
« Levitation force decay can be related to the non-linear £-J power law.

— Creep exponent, n, can be extracted non-destructively from decay
experiments.
— This is of great importance for HT'S bulk simulations.

e Precise and reliable temperature monitoring is crucial for maintaining an

isothermal condition in practical SMB applications.

— In conduction-cooled applications, the temperature of the HTS surface

may be different to the temperature of coldhead.
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— It is difficult to monitor the temperature of HT'S bulk surface with
electronic sensors, due to limited space, thermal insulation, and electro-

magnetic interference.

— FBG sensors seem to be a potential solution for temperature monitoring

at the bearing surface.
o AC loss is mainly caused by magnetic field inhomogeneity in SMBs.

— It is measured in spin-down experiments.

It has two components; hysteresis and eddy current loss.
— Hysteresis loss has been formulated based on Bean model.

— Magnetic field periodicity in one rotation and the distribution of AC loss

over bearing surface have not been considered in that formulation.

— AC loss mechanism at kHz-rated rotational frequencies has not been

fully explored.

— At kHz-rated rotational frequencies, HTS bulk is pushed into resistive

flux-flow regime.

In the past two chapters the motivation for writing this thesis, the research
questions to study, as well as a review of the work done were presented. Having
known the questions, the next step is to employ the methods required to answer the
questions. Some of these methods were already designed and were already available,
whereas some other methods were designed and built during the course of this thesis.

A detailed report of these methods will be provided in the next chapter.



Methodology

3.1 Introduction

Elaborated in this chapter are the basic methods used to design and build ex-
perimental setups and to simulate electromagnetic behaviour of high-temperature
superconductor bearings. In total, five experimental setups, which were used to
perform the experiments reported in this thesis, are described in this chapter.

Two experimental setups were used to study levitation force decay and its
relationship with flux creep exponent, n-index, in HTS bulks. In one setup a
liquid nitrogen cryostat was used, but in the other one a dry cryo-cooled coldhead
was employed.

In order to study AC losses in SMBs, two further experimental rigs were designed
and built. In the first rig, the relationship between AC losses and magnetic field
inhomogeneity is studied in a thrust bearing, where the axis of rotation is parallel
to the levitation force axis. In this rig a novel coupling mechanism is designed,
built, and tested at rotational speeds up to 10000 rpm. The second rig was designed
and built to prove the principle of SMB application in a laboratory-scale high-
speed motor/generator prototype. Furthermore, this rig allowed AC losses to be
studied at kHz-rated frequencies in SMBs.

An additional experimental setup was used to map and characterise the magnetic
field of permanent magnets used in AC loss studies. This experimental setup, along-
side AC loss setups, is essential for exploring the relationship between AC losses and
magnetic field profiles. This rig will also be required for practical SMB applications,
where magnets with the least contribution to AC losses should be selected.

The corresponding results and further explanations about the basic physics,
experimental setups, and experiment procedures will be presented in the subsequent

chapters separately.

3.2 FE modelling

The PM-HTS interaction was simulated in COMSOL Multiphysics [97]. The H-
formulation method presented in [98] and developed by Queval et al. [99] was

24
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Figure 3.1: Left: the 2-D axisymmetric meshing of the superconductor (blue) and thin
air (gray) domains. The enclosing air region is 1 mm larger in either direction. Right:
the movement scenario depicted by the arrow.

adopted. This method has been independently verified by our group [100]. Here, the
applied magnetic field from a stationary PM is calculated from the A-formulation
and exported to a look-up table. The time dependence of the external magnetic field
H (z, y, z) is taken into account by shifting the stored H (z, y, z) within the spatial
frame. The total magnetic field, which is the sum of the external magnetic field from
the PM (H.,:) and the self-field from the superconductor domain (H,¢) is applied
as a Dirichlet boundary condition to the boundaries of a thin air region enclosing the

superconductor. The non-linear resistivity of the superconductor is given by [100]:

pns-psc(J)

~ pus + pse(d) 3

where, pys = 3.5 x 107% Q.m is the normal state resistivity [100], and p..(J) is

superconductor resistivity defined as [100]:

n—1

E.

stZi
psc(d) 7.

J

T (3.2)

J is the current density inside the superconductor, and J. is the critical current
density at the electric field criterion E. = 107 V/m. For simplicity, J, is taken
to be field-independent and spatially homogeneous. Mapped and free triangular

meshes were applied to superconductor and air domains, respectively (figure 3.1).
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Simulations were performed in a 2D-axisymmetric geometry with the relative
tolerance of 1072 for A-formulation and 10™* for H-formulation [99]. The levitation

force along the z-axis is calculated from:
F:/Jdev (3.3)

where the integral is performed over the volume of the superconductor. The
displacement Z represents the vertical distance between the PM and superconductor
(figure 3.1). In the simulations, the PM remanent flux density was 1.32 T, and the

stored magnetic field was shifted from Z = Z;,;; to Z = Zy;,, at various velocities.

3.3 Magnetic Field Mapping

Studying AC loss mechanisms in SMBs requires comprehensive study of the applied
magnetic field profiles. Considering the rotation of the levitated magnet around
its axis of symmetry in an SMB, magnetic field profiles in the azimuthal direction
need to be characterised. In order to achieve this, a benchtop setup (figure 3.2) was
designed and built. The magnetic field was measured by a P15A Hall sensor supplied
by AHS [101]. The Hall sensor was driven by a Keithley 2400-c sourcemeter [102]
at 1 mA, and was read by a NI USB-6009 card supplied by National Instruments
[103]. The sensor is mounted on the tip of a cylinder made of G10. The 3D motion
(along z, y, and z axes) with a resolution of 0.05 mm is realized by linear stages.
Two linear stages work in parallel along the z-axis. A rotary table for rotating an
object beneath the sensor with the resolution of 1.8°, gives a fourth axis around
which the table rotates. PMs of different sizes can be installed on the center of the
rotary table. The sensor mount and PM are aligned axially with an accuracy of
10 um. The rotary table and all linear stages are controlled by an MC 405 controller
supplied by TrioMotion [104]. There are some limitations in this setup. Mounting
the Hall sensor parallel to the G10 cylinder surface and PM surface was challenging.
In order to keep the sensor level on the tip of the G10 cylinder, a thin PCB circuit
was used on top of the sensor, which increased the minimum distance between

the sensor and the top surface of PM to 2.6 mm.
3.4 Force Decay Characterisation Setup: Liquid
Nitrogen Cryostat (Tinius Olsen rig)

An experimental test rig was designed and built to measure levitation force decay

in a superconducting thrust bearing. The superconducting bearing consists of a
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Figure 3.2: Photo of the magnetic field mapping setup. This setup was used to measure
the magnetic field of PMs around their circumference.
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Figure 3.3: Schematic (left) and photo (right) of the experimental test rig showing the
cryogen level. Note that the liquid nitrogen at no point exceeds covering the YBCO bulk
and is never in direct fluid contact with the PM
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20 mm diameter, 12 mm thick cylindrical N45-grade NdFeB PM, and a cylindrical
superconducting bulk 28 mm in diameter and 10 mm thick. The bulk is melt-
textured Y BayCuzO7_s, capable of trapping magnetic field up to 0.9 T at 77 K,
and was provided by CAN Superconductors [105]. The superconducting bulk was
fully recessed into an aluminium plate to provide a stable thermally conductive
mount for the bulk. A thin layer of thermal grease was used to enhance thermal
contact between the disc and the plate. The aluminium plate was placed inside
a stainless steel container and fixed by bolts welded to the container bottom
surface. The container was mounted on a G10 plate. The container side walls
and bottom surface were thermally insulated using polystyrene pieces and Aerogel,
respectively. The entire assembly was fixed with bolts to a larger G10 base plate.
Liquid nitrogen was used as a cryogen to provide isothermal conditions, and no
temperature controller was in operation in this experimental rig. The schematic
and picture of the assembly is shown in figure 3.3.

The displacement was provided by a Tinius Olsen HIOKT machine [106], whose
crosshead can move vertically at velocities ranging from 0.001 mm/min to 1000
mm/min. This machine was controlled by LabVIEW software [107]. As the
levitation force was predicted to be smaller than 100 N, an s-type loadcell with a
range of +20 kg was attached to the crosshead of the machine. The PM was bonded
to an aluminium plate with a two-part epoxy [108]. A 40 mm long G10 rod was
mounted between the PM and the loadcell to provide thermal insulation between
the loadcell and cryogenic environment. The entire test setup was covered by a
plastic bag to provide a positive pressure volume created by nitrogen gas inside
the bag. This minimizes airflow inside the cryogenic environment and prevents
ice formation on cold surfaces.

In this experiment, the YBCO bulk was cooled down to the boiling temperature
of liquid nitrogen, 77 K, with the PM far enough to achieve a ZFC condition. The
displacement, Z, represents the vertical distance between the bottom surface of the
PM and the top surface of the superconductor. The vertical (Z) axis of the PM and
the YBCO bulk were aligned to minimize undesirable lateral forces during levitation
force measurement. After reaching an isothermal cryogenic condition and performing
a zeroing of the load cell, the PM which was initially at a displacement of Z = 60
mm, was moved downwards to a minimum displacement of Z = 1 mm at a velocity
of 1 mm/s, then held at that position until the first derivative of the normalized
force fell below the noise level of the loadcell, which for this rig was almost 1.6 x 10~*
N. This criterion confirms that the levitation force has reached a steady-state level.

This process was repeated for minimum displacements of Z = 2 mm and Z = 3 mm.
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During each movement, the levitation force and PM position were measured at an
acquisition rate of 10 Hz. After each measurement, the superconductor was warmed

above its critical temperature to remove any trapped flux [100, 109, 110].

3.5 Force Decay Characterisation Setup: Dry
Cold Head

Another experimental setup was designed and built to measure levitation force decay
from cryo-cooled bulks in a vacuum chamber [111]. Two SMBs were studied in this
experimental rig. The first consists of a disc-shaped HT'S bulk and a disc-shaped
PM identical to the SMB described in section 3.4. The second consists of a conical
frustum-shaped N50-grade NdFeB PM, supplied by SuperMagnetMan [112], and an
HTS assembly including a trapezoidal toroid, inside which a small disc is placed.
The entire HTS assembly is melt-textured Y BayCuszO7_5 and was provided by
Can Superconductors [113]. The HTS assembly is fixed to an aluminium plate by
clamping it to avoid movement due to electromagnetic interaction with PM. Vacuum
grease is used to enhance thermal contact between the toroid and the clamp.

Another aluminium plate is directly mounted on the cold head of a Cryomech
ALG63 cryocooler. The HTS part of both SMB configurations is mounted on this
aluminium plate. The wider (top) surface of the PMs is bonded to an aluminium
plate, which is mounted to a 3-axis Galoce load cell sensor model GPB161 with
a measurement range of £500 N [114]. This load sensor is mounted on a linear
movement system realizing lateral and vertical displacement which is controlled
by TrioMotion MC464, a National Instruments Compact DAQ hardware, and
LabVIEW software. Two linear variable differential transformers (LVDTs) model
DC-EC 500 ASSY with a full stroke range of = 12.7mm are used to measure
linear displacement [115]. The configuration and dimensions of the HT'S assembly
and PM in both configurations are shown in figure 3.4. Figure 3.5 illustrates
the experimental test arrangement.

Temperature measurement is carried out using XP-100 platinum [116] and S950-
SM silicon diode [117] cryogenic thermal sensors. In order to measure the toroid
temperature, a small slot is cut onto the clamp and a XP-100 sensor is bonded
to the shaved side of the toroid through that slot. A thin layer of thermal grease
is applied to improve the thermal contact between the XP-100 and toroid. The
XP-100 is retained using a zip tie which applies more pressure and enhances the
contact between the sensor and toroid. Two XP-100s are also used to measure

the temperature of aluminium plates to which the HTS assembly and the PM are
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Figure 3.4: Cross-sectional view of the studied SMB configurations. Dimensions are in
mm.

Figure 3.5: Drawing and photo of the test rig with the toroid-shaped HTS assembly and
frustum-shaped PM, showing the load cell sensor (purple), displacement sensors (yellow)
and translational stage and motors (red). Some parts have been removed from drawing

for clarity.
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Figure 3.6: Photo of the disc-shaped HTS bulk with the FBG sensor installed on top of
it.

attached. In addition, a diode sensor is mounted on the aluminium plate which is in
direct contact with the cryocooler cold head. A 4-channel Cryocon-26 temperature
controller [118] capable of operating from 500 mK to 1500 K, and in proportional
(P), proportional-integral (PI), and proportional-integral-derivative (PID) modes is
used to control the temperature. Four 50 W heater resistors are controlled by the
controller. The XP-100 attached on the toroid side and the diode sensor provide
feedback signal in the trapezoidal toroid SMB and disc-shaped SMB, respectively.
The HTS assembly temperature can be stabilized from 42 K to 90 K in both
configurations. XP-100s were calibrated by reading the diode sensor output as the
reference temperature and matching them with the PT100 resistance at the same
time, during warming up from 40 K to room temperature. The warming process
is more gradual, and therefore any thermal gradients will be suppressed and the
setup is more likely to be isothermal. This results in a more accurate calibration.

The entire setup is housed inside a turbo-pumped vacuum chamber, capable

of reaching the pressure of 10~3 hPa.

3.6 Temperature and Strain Measurement with
FBG Sensors

FBG sensors have not been employed in actual SMB environments. In practical
SMBs, measuring the temperature of the HTS surface facing the rotating PM is

challenging with conventional sensors due to electromagnetic interference, limited
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mounting space, and poor thermal insulation. Employing FBG sensors in SMB
environments, however, can address these issues.

In order to attempt to measure the temperature at the top surface (facing the
PM) of the HTS bulk in the disc-shaped SMB configuration, a germanium doped,
single mode silica fibre, manufactured by FBGS Technologies using Draw Tower
Gratings (DTG ®) was employed [119]. The fibre is Ormocer coated [120] with
a diameter of 170 ym. The fibre contains one FBG whose reflection spectrum is
centered at 1540 nm. A V-shaped groove was machined on the aluminium plate to
hold the fibre on the HT'S bulk center line. The groove cross section is an equilateral
triangle with side length of 0.9 mm. A thin layer of Apiezon N grease [121, 122] was
applied between the FBG and the bulk to maintain a consistent contact between the
fibre and the bulk. The fibre was sleeved into a PTFE tube (ID of 0.305 mm, OD of
0.762 mm) and was retained using aluminium clamps installed at either side of the
HTS bulk. A thin layer of latex was used between the clamps and the fibre to prevent
damage. Extra care should be taken when tightening the clamps to avoid three-point

bending caused by levitation force. Figure 3.6 shows the experimental setup.

3.7 Dynamic Measurement rig: Vertical Config-
uration

The SMB in this rig is a thrust bearing that consists of a disc-shaped PM and a
disc-shaped HTS bulk supplied by Magnets NZ [123] and Can Superconductors [105],
respectively. In general, this rig consists of three main parts, namely the driving

system, vacuum chamber and cooling system, and sensors and measurement devices.

3.7.1 Driving System

The main challenge in this rig was to spin up the PM, release it, then capture
it again. Figures 3.7b and 3.7c show the schematic and a photo of the driving
system in this rig. A high-speed brushless direct current (BLDC) motor, whose
characteristics are shown in table 3.1, is used to spin the PM. The motor is model
ECXSP22L BL KL A STEC 48V supplied by MaxonMotor [124]. This motor is
controlled by a built-in Maxon controller and software. Because the motor operates
in vacuum where heat dissipation through convection is not possible, the motor
is encased in an aluminium heat sink to cool it. This heat sink with the motor
inside is mounted on a vertical linear displacement stage.

A power transmission mechanism consisting of two main parts was designed

and built to transfer power from the motor shaft which is 4 mm in diameter to
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Table 3.1: Motor Parameters

Parameter Value
Nominal voltage 48 V
No load speed 57300 rpm
No load current 263 mA
Nominal speed 55500 rpm
Nominal torque (max. continuous torque) 25.5 mNm
Nominal current (max. continuous current) 3.42 A
Max. efficiency 91.6%

the PM which is 17 mm in diameter. The first part includes the male side of
the PM coupling. This part is a hollow cylinder inside which the PM is bonded.
The male part is made of acetal (polyoxymethylene) because it is a high strength,
low friction, and easy-to-machine engineering plastic. Moreover, it prevents eddy
currents from being induced in the male part by the magnetic field trapped in the
HTS bulk. The ID and OD of the cylinder are 18 mm and 30 mm, respectively.
The top surface of the cylinder is machined to form a P4C-like polygon based on
DIN 32712 (see figure 3.7b). At the upper edge of the polygon a chamfer with the
aspect ratio of 1 : 1, and dimensions of 3 mm x 45° is machined. This chamfer
helps self-centring during coupling and decoupling processes. These characteristics
are chosen due to machining equipment limitations. The second part consists of
a 65 mm long aluminium shaft. The bottom surface of the shaft is a cut-through
P4C-like polygon with the same chamfer characteristics as that of the male part
and serves as the female side of the PM coupling. The upper part of the shaft is
a jaw-type coupling and connects the aluminium shaft to the motor shaft. The
aluminium shaft is fixed and supported by two ceramic ball bearings embedded at
two ends of an aluminium box. This box improves the bearing’s axial alignment
and enhances heat dissipation. The shaft is made of aluminium because it is
lightweight and easy to machine. Moreover, since it is not ferromagnetic, it does
not interact with the PM and the motor.

A shielding box made of polycarbonate is used to protect sensitive parts like
sensors from being hit by the PM during an unexpected unstable rotation. This

material can absorb high kinetic energy without breaking. Moreover, the material
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is cheap, easy to machine, and transparent which allows monitoring the rotation
process. This box covers the PM, coupling systems, and the HTS bulk.

A thin aluminium spacer mounted on a vertical linear displacement stage, is
provided to adjust the cooling height of the PM above the HTS bulk surface. This
spacer together with the linear stage are mounted on another lateral linear stage,
which can move the spacer aside after reaching the desired temperature. All linear

stages are controlled by an Arduino-based controller.

3.7.2 Vacuum Chamber and Cooling System

The whole test setup is housed inside a cylindrical stainless steel vacuum chamber,
which is 600 mm in both diameter and length. Two windows are machined on the
side wall of the chamber, allowing non-vacuum-rated displacement sensors to be
installed outside the vacuum environment. The base plate of the chamber allows the
cold head of the cryocooler and electronic connections to be fed through (figure 3.7a).

A two-stage Edwards T-Station 85[125] is used to evacuate the chamber. The
Edwards T-Station 85 seamlessly combines an nEXT85H turbomolecular pump
with a dry diaphragm backing pump (XDD1) and a simple controller. This system
is capable of providing vacuum to below 1 x 107% mbar, thereby ensuring the
stability of the cryogenic environment.

The HTS bulk is a melt-textured Y BayCu3zO7_s disc [105] and is 28 mm in
diameter and 10 mm in thickness. The HTS disc which forms the stator part of
the SMB is partially recessed into a copper plate mounted on the Coolstar 0/40
cold head of a GM cryocooler supplied by Ozford Cryosystems [126].

3.7.3 Sensors and Measurement Devices

In this test rig we are interested in measuring the vibrations of the PM during
spin-down measurements especially when it passes through its resonance frequencies.
For this purpose a Keyence IB-30 laser displacement sensor [127] is employed. A
Monarch Instrument remote optical sensor model ROS-W [128] mounted on the
setup frame measures the rotational frequency of the PM by detecting a reflected
pulse from a reflective tape attached to the side surface of the male part of the
PM coupling. This sensor is capable of measuring speeds up to 250 krpm, which is
well above our maximum desired frequency. A small plug & play camera, capable
of 60 frames per second, and the associated light source are installed inside the
vacuum chamber to monitor and record the experimental process. An S950-SM

silicon diode sensor [117] mounted on the copper plate is used as the temperature
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Figure 3.7: Schematic demonstration of the test rig (a), the driving system (b), and a
photo of the driving system (c).

reference. The temperature of the motor and ceramic bearings is measured by
XP-100 sensors. The XP-100 sensors were calibrated against the standard curve
of the diode sensor by mounting them together on a copper plate during a cool-
down/warm-up measurement sequence. The temperature of the superconducting

puck is controlled by a Cryocon-26 controller [118].

3.8 Dynamic Measurement rig: Horizontal Con-
figuration

A dynamic test rig was designed and built based on the setup of Hull et al. [64].
In this configuration the rotational axis is perpendicular to the levitation force,
so it can be considered as a journal bearing. In general, The test rig consists of
a PM rotor levitated by HTS bulks, driving system, and cryogenics and vacuum

system. The general scheme of this SMB is shown in figure 3.8.

3.8.1 Rotor

The rotor consists of a fibreglass tube and three cylindrical PMs. The tube, supplied
by Kilwell Fibre Tube [129], is 148 mm long, and its OD and ID are 12 mm and
10 mm, respectively. Identical N40 grade NdFeB PMs, 9.53 mm in diameter and
12.7 mm in length, with a remanent flux density of 1.25 T, are embedded at either
end of the tube. These PMs are magnetized axially and interact with HTS bulks
to act as the rotor of the superconducting bearing. The third PM is placed at the
midpoint of the tube, forming the rotor of the driving system. This transversely
magnetized N52 PM is of the same size as the levitation PMs. All PMs were
supplied by SuperMagnetMan [130]. A small hole is drilled at either end of the
tube to balance the pressure inside and outside the rotor, enhancing its operation

under vacuum. The rotor parameters are shown in table 3.2.
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Table 3.2: Rotor Parameters

Parameter Value
Tube ID 10 mm
Tube OD 12 mm
Tube length 148 mm
PM diameter 9.53 mm
PM length 12.7 mm
Total mass 29¢g
Moment of inertia 2.48 x 1077 Kgm?
Driving system ~ Fiberglass shaft

stator

N

Figure 3.8: Schematic of the bearing and the driving system. Red arrows on PMs
indicate their magnetization direction.

3.8.2 Driving System

The driving system consists of a three-phase winding connected in star configuration
and a cylindrical PM, forming a BLDC motor. Solid 20 AWG copper wires
are handwound on a non-conducting core made of a stack of three polymethyl
methacrylate (acrylic) pieces, onto which the core pattern was cut (figure 3.11).
Each core piece was 4.5 mm thick. This non-conductive core was chosen to eliminate
eddy current and iron losses that act as disruptive forces on the rotor. The length
of the core can be altered by adding or removing individual pieces.

A three-phase relay together with associated power electronics is used to switch
the windings to an open circuit configuration after reaching the desired rotor speed.
This prevents eddy currents from being induced in the winding during spin-down

tests; otherwise, the induced currents would act as a magnetic brake on the rotating
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Table 3.3: Driving System Parameters

Parameter Value
Core ID 17 mm
Core OD 60 mm
Core length 13.5 mm
PM diameter 9.53 mm
PM length 12.7 mm
Copper wire diameter 0.85 mm
Turns per phase 44
Phase inductance 10.8 uH

shaft. A SuperVolt speed controller model OOTDTY is used to adjust the rotor
speed [131]. The driving system parameters are shown in table 3.3.
In order to hold the rotor in place while cooling the HTS bulks, a mechanical

arm driven by a servo mechanism was used.

3.8.3 Superconducting bearings, cryogenics and vacuum
system

The stator part of the superconducting bearing consists of two Y BasCusO7;_s discs,
both of which are 28 mm in diameter and 10 mm thick [105]. The HTS discs are
fully recessed in L-shaped copper bars. The L-shaped copper bars are mounted
on a base copper plate which is connected via a flexible thermal link to a Coolstar
single stage 0/40 coldhead (42 W @ 77 K) driven by a K450 helium compressor.
The thermal link consists of a stack of 10 copper foils. Each copper foil is 150 mm
long, 40 mm wide, and 0.2 mm thick. These foils are soldered together over over
25 mm of their length at either end. The flexible path provides more damping
than a rigid busbar and can absorb the vibrations imposed by the cryocooler. It
also provides more contact surface area compared to copper braids which enhances
the cooling process. Figures 3.9 and 3.10 show the cryogenics system and the
top view of the whole setup, respectively.

The driving system winding was potted with Stycast ®2850 FT and tinned
copper braids were employed to transfer heat generated in windings to the base
plate of the vacuum chamber (see figure 3.11d). Stycast ®2850 FT was used
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Figure 3.9: Photo of the cryogenics system, showing the flexible thermal link connecting
the base copper plate to the cold head of the cryocooler. Indium foils were used between
contact surfaces.

Figure 3.10: The top view of the experimental setup installed in the vacuum chamber.
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Figure 3.11: a) Design of the core pattern, b) One core piece, ¢) The stator made of a
stack of core pieces shown in b and the copper winding, and d) The stator winding as
used in the vacuum chamber.

because of its high thermal conductivity and low thermal expansion. This improves
thermal stability of the stator during experiments in the vacuum chamber where
convective heat transfer cannot happen.

A two-stage Edwards T-Station 85 [125] vacuum system was used to maintain a
pressure of 1077 mbar inside a 0.228 m?® (600 mm x 600 mm x 800 mm) stainless
steel vacuum chamber. Because of the size of the vacuum chamber, an Edwards
nXDS 6 vacaum pump [132] was employed to pump down from room pressure
to the set point of the Edwards T-Station 85 (5 mbar).

An S950-SM silicon diode sensor [117] mounted on the bottom end of the
flexible thermal link is used as the temperature reference. The temperature of
the driving system stator and YBCO bulks is measured by XP-100 sensors. The
XP-100 sensors were calibrated using the same method explained in section 3.7.3.
The temperature of the YBCO bulks is controlled by a Cryocon-26 controller [118].
Another XP-100 sensor is bonded to the driving system winding, in order to monitor
its temperature during operation. In order to mitigate the radiation heat transfer,
the whole setup was enclosed in a plastic box covered with a shield made from
multi-layer insulation (MLI). A Monarch Instrument remote optical sensor model

ROS-W [128] mounted on the setup frame measures the rotational frequency of
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the shaft. Sensor data was acquired using National Instruments CompactDAQ

hardware and LabVIEW software.



A Non-Destructive Method for Estimating
E-J Power Law Parameters in
High-Temperature Superconducting Bulks

4.1 Introduction

Electromagnetic FE models can be used to simulate the key parameters of SMBs
such as levitation force, stiffness, and losses prior to construction [32, 99, 133, 134].
Precise knowledge of the relation between electric field (E) and current density (J)
in superconducting bulks is required to perform accurate FE simulations [98, 99, 109,
135]. Transport measurements on coated conductors show that the E-J relation can
be approximated by a power law equation as E' = a.J" [136]. However, unlike coated
conductors, it is not possible to determine the E-J relation in large bulks using
electrical transport measurements. Other researchers have attempted to measure
the transport properties of bulk superconductors from trapped flux in bulks [137] or
destructively by cutting I-shaped samples from a Gd-Ba-Cu-O bulk and performing
transport measurements [138]. It may be possible to extend this destructive
technique in order to measure the n-index of a bulk. An alternate way to extend
this work is to calibrate the n-index predicted with the levitation force decay method.

This chapter covers the basic physics of estimating n-index and critical current
density of high-temperature superconducting bulks via a non-destructive method.
These two parameters can well describe the E-J power law in high-temperature
superconductors. This chapter also explains experiments designed and performed
to evaluate the method, and discusses the experimental results obtained from two
test setups. Elaborated in this chapter is also the application of FBG sensors in
SMBs to measure temperature and strain of the HTS bulk. The results of this
chapter are partially published in [139].

4.2 Theory

Magnetic relaxation in type-1I superconductors can be related to their £-J char-

acteristics [136, 140-142]. This is based on the motion mechanism of Abrikosov

41
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flux lines in type-II superconductors. Flux lines trapped at pinning centers in
a type-II superconductor are not distributed evenly over the bulk volume. This
density-gradient configuration of flux lines can cause flux lines to exert a force in
the form of Lorentz force on each other [143]. When this force exceeds pinning
force, flux lines can move inside the superconductor. This motion can create an
electric field because each flux line contains a quantized magnetic flux ®,. The
electric field induced by flux line motion is proportional to the velocity of flux
lines in the direction of the Lorentz force. This velocity is a linear function of
current density in normal materials, which results in a linear E-J relationship. In
type-II superconductors, however, the velocity of flux lines is a nonlinear function
of current density because of pinning [42]. This means that the E-J relationship
in type-II superconductors is nonlinear.

According to the flux creep model, thermally activated flux motion which

U/ksT pegults in flux lines’ and their associated

happens at a rate proportional to e~
current loops’ redistribution, thus changing the superconductor magnetization with
time. Here, U is the activation energy, kp is Boltzmann’s constant, and T is
temperature. In this model, the energy barrier U has been assumed to decrease
linearly with current density J as:

Uuy—%<y—J> (4.1)

Jeo

Where J, is the self-field critical current density [42]. This linear dependence

combined with time evolution of U described as [144]:

U(J) =kgTIn(t/ty) (4.2)
yields a logarithmic time dependence of current density as [42, 136]:
kT t
J=Jo|l- 1<1 ) 43
- (4 )] (1)

where U, is the activation energy barrier in a non-penetrated sample, and tg
is effective hopping time. Other models were proposed to describe the decay
phenomenon in high-temperature superconductors, a detailed review of which
can be found in [42]. Sun et al. assumed a power law E-J relation for a thin
YBCO film in its critical state, and solved Maxwell’s equations to derive the time

dependence of current density as [136]:

J@p:%<1—im<1+;>> (4.4)

Compared to the flux creep model, % has been replaced with 1/n in Sun’s model.
They showed experimentally that the magnetization decay is inversely related to

the n-index of E-J power law.
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4.2.1 FBG Sensors Principle

The principles of FBG sensors are well described in [50]. These sensors are photo-
inscribed into the core of an optical fibre by transversely exposing intense UV
patterns or infrared femtosecond pulses [145]. An FBG reflects the incident light
in the shape of a Gaussian-like spectrum at its Bragg reflection wavelength A\p,
which is dependent on the effective refractive index of the core (n.ss) and the

periodic spacing of the gratings in a FBG (A):
)\B = 2Aneff (45)

Several Bragg gratings can be inscribed in one fibre, each having a different \p.
When a FBG experiences a change in temperature and/or strain, both the grating
period (A) and the refractive index of the core (n.ss) will change. The sensitivity

of a FBG to temperature and longitudinal strain can be described as [145]:

Alp
AB

= (a+ AT + (1 + pe)e (4.6)

where, p. is photo-elastic constant, « is the coefficient of thermal expansion, and &
is the thermo-optic coefficient of the fibre material. p. and ¢ determine the change

of refractive index due to longitudinal strain and temperature, respectively.

4.3 Results and Discussion

The relationship between decay parameters and superconductor characteristics was
investigated by performing a parametric sweep study on n, J., and Zy;, using
the FE model described in section 3.2. Figure 4.1 shows the simulation result
for n-index = 21, Z =1 mm (Z,), J. = 2.4 x 108 A/m? and V = 1 mm/s. It
can be seen that the FE model adopted predicts the logarithmic levitation force
decay while the PM is held at Zy;,. As the PM moves towards the superconductor,
the levitation force increases and reaches a maximum at Zg;,,. Then, the PM
is held at this position and the levitation force starts to decay with time. The
movement and decay sections are indicated in the figure with green arrows, and
a logarithmic curve is fitted into the decay section.

Based on the linear relation between levitation force and current density (Eq.
3.3), the decay model proposed by Sun et al. [136] was adopted which results in

an equation for levitation force decay as:

Ft) = Py (1 S (1 + f)) (4.7)

n 0
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Figure 4.1: Simulated levitation force with respect to time for n-index = 21, Z = 1 mm,
Je =24 x 108 A/m?, V = 1 mm/s. The red line shows the logarithmic curve fitted into
the decay section with an R? value of 0.999. The inset shows the PM movement scenario.

Here, F,,.. is the maximum levitation force and n is the exponent of the E-J
power law. Equation 4.7 was fitted to the data using Origin software [146] to
determine parameters F,.., n, and ¢y (Fig. 4.1).

The extracted flux creep exponent n., was found to be independent of velocity.
Therefore, for all simulations and measurements, a constant velocity of 1 mm/s
was used. Figure 4.2 shows the relationship between the actual flux creep exponent
and n., at different J. and displacement values. A wide range of n-index was
studied in order to explore the sensitivity of the method. This wide range covers the
realistic values of n-index (10-50) as well as large values (100 and 200) to explore
the sensitivity when it tends toward the Bean’s model (n = 00).

A linear relationship between the actual n-index and the values extracted from
the fits can be observed. However, the slope of the fit values versus the actual flux
creep exponent is not universal. Although Eq. 4.4 was proposed for fully penetrated
films, this method is still applicable for partially penetrated samples. The levitation
force still decays logarithmically, but at a rate different to that of the shielding
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current [110]. This can cause a deviation between the extracted creep exponent and
the true n-index of the model. This deviation is due to incomplete penetration of
the bulk. The effect of the amount of field penetration on the extracted n-index was
investigated. Figure 4.3 shows the extracted n-index with respect to the applied
magnetic field for different actual n-indexes used in the model. The applied magnetic
field refers to the remanent magnetization of the PM in A-formulation. As can be
seen, all curves become constant beyond a certain applied field (roughly indicated by
the dashed line) at which point the shielding current occupies the entire volume of
the bulk. The deviation between the actual and extracted n-indexes is significantly
reduced when the bulk is fully penetrated. However, there is still a constant offset
between them, which can be investigated in the future studies.

The levitation force decay measured in the experimental rig described in section
3.4 is shown in figure 4.4. In general, the levitation force behaviour was as expected.
However, a restoration of the observed levitation force (highlighted in figure 4.4)
can be seen which may be due to a decrease in the PM temperature. The results
show a force increase of around 1.6 %. This is consistent with the expected increase
in magnetization caused by the PM cooling to at least 220 K [147].

To determine J,. from the data, a parametric sweep study of maximum force vs
J. was carried out for n-index = 21, Z = 1 mm, and V = 1 mm/s. The measured
maximum force (42.61 N) matched for a J. of 6.46 x 107 A/m?. J, can also be
estimated using trapped field measurements, where By, = KpuoJ.a. Here, a is
the sample radius, and K is a geometric factor [137, 148]. According to the data
provided by the manufacturer, this bulk is capable of trapping a magnetic field of 0.9
T in an applied field of 1.9 T in FC condition at liquid nitrogen temperature (77 K).
This method implies a self-field J. of 1.28 x 10® A/m?. In the experiments carried
out the average flux density at the surface is 0.36 T (figure 4.5) which would reduce
the in-field J.. According to J.(B, 8, T) data for REBCO in the HTS wire database
[149] a 0.36 T applied field can reduce J. to 48 % of the self-field value. This gives
a J. (0.36 T) of 6.13 x 10" A/m? which is in close agreement with the inferred .J, of
6.46 x 10" A/m?. A similar J,(B) behaviour has also been reported for GABCO [150,
151} and YBCO [152, 153] bulks. Some discrepancies might be due to differences in
the J.(B) behaviour between bulks and wires, the impact of surface degradation of
the bulk on the trapped field characteristics, and the angle of the applied magnetic
field with respect to the surface of the superconductor. Next, a parametric sweep
using this J. with n-indexes of 10, 21, 40, 60, 100, and 200 was carried out, allowing
a comparison to be made with the experimental results in figure 4.6. These results
imply a flux creep exponent of between 40 and 60. It should be noted that there is
some uncertainty in fitting the force decay curve due to the previously mentioned
impact of temperature on the remanent magnetization of the PM.
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Figure 4.4: Experimental results of levitation force decay measured at Z = 1 mm, 2 mm,
and 3 mm. Equation 4.7 was fitted into the initial decay stage of all curves. Highlighted
boxes show the levitation force restoration.
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Figure 4.6: Extracted flux creep exponent (n.;) versus displacement obtained from
simulations (solid lines) and measurements (dashed line). The critical current density in
simulations is 6.46 x 107 A/m?2. Error bars do not show in the graph scale.

4.4 Levitation Force Decay in Conduction Cooled
Disc-Shaped Bearing

In the previous section, the impact of temperature on levitation force decay
behaviour was observed and discussed. In this section, levitation force decay
is studied in a cryo-cooled SMB housed in a vacuum chamber. This section also
describes implementation of FBG sensors in superconducting bearing environment
for temperature and strain measurements.

In order to mitigate thermal variation impact on PM magnetization and
consequently on levitation force decay, experiments were carried out on the disc-
shaped SMB in the dry cryo-cooled experimental rig described in section 3.5. As the
PM is not exposed to cold nitrogen gas, it is expected that its magnetization
will remain constant.

Ideally, HTS bulk should be in an isothermal condition during levitation
force decay experiments, because temperature fluctuations may disrupt flux line
distribution in the bulk which can change decay behaviour. In experiments
performed in the Tinius Olsen rig described in section 3.4, isothermal conditions
were achieved by using liquid nitrogen. The temperature of the top surface of HTS

bulk in the cryo-cooled rig described in section 3.5, however, may be different to
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Figure 4.7: Experimental results of levitation force decay measured at Zs;, = 1 mm, 2
mm, and 3 mm in the disc-shaped bearing. Equation 4.7 was fitted into the initial decay
stage of all curves. No force restoration was observed during these experiments.

the temperature read by the diode sensor, due to the thermal resistance and time
constant between the HTS bulk and the sensor.

Conventional electronic sensors such as PT100 and diode could be employed to
monitor the HTS bulk top surface temperature. The output signal of these sensors,
however, may be affected by the varying magnetic field created by PM movement
in levitation force decay experiments. In order to prevent any electromagnetic
interference, an FBG sensor was used to measure the top surface temperature of
the HTS bulk in this experimental rig (section 3.6).

Levitation force decay measurements were performed on the disc-shaped SMB.
The PM was 48 mm from the HT'S bulk (along Z axis) during the cooling process to
achieve ZFC condition. The PM was then moved towards the HTS bulk at a velocity
of 1 mm/s. Figure 4.7 shows the results of levitation force decay for Z;, = 1 mm,
2 mm, and 3 mm. The levitation force increases and reaches a peak at Zy;,, before
decaying logarithmically from f,,,, with time. As can be seen, levitation force

does not restore while the PM is held at Zy;,. Under ideal conditions, forces in x
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Figure 4.8: Extracted flux creep exponent (n.;) versus displacement obtained from
simulations (solid lines) and two sets of experiments (dashed lines). The critical current
density in simulations is 6.46 x 107 A /m?.

and y directions should be zero. However, a finite force was measured in x and y
directions which could be caused by PM-HTS misalignment or inhomogeneities in
HTS bulk and/or PM [111]. Although the same PM and a different HT'S bulk with
the same dimensions as described in section 3.4 were used, the maximum levitation
force measured in the vacuum chamber is smaller than that measured in section
4.3. Possible causes include the PM-HTS bulk misalignment along X and Y axis,
an HTS bulk of lower quality with smaller Je, or deflection-induced miscalculation
of displacement along the Z axis in the vacuum chamber.

Figure 4.8 shows that the extracted flux creep exponent versus displacement
obtained from both experimental rigs are in good agreement. Compared to
simulations, the new results also suggest a flux creep exponent between 40 and
60 for the bulk used in this experiment.

Figure 4.9 shows the FBG sensor readings associated with levitation force decay
experiments in the disc-shaped bearing shown in figure 4.7. In each case, Ap at
the isothermal condition before moving the PM (at 77 K) was considered as \g.
The spectrum centroid wavelength decreases and then becomes constant during
levitation force decay measurements. The decrease in spectrum centroid wavelength
could be caused by a temperature-dependent strain and/or magnetostrictive strain.
Figure 4.10 shows the calibration curve during a natural warm up process in the
rig. In the calibration curve, A\ is Ap at 77 K (1537.28 nm). The diode sensor
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Figure 4.9: Left: spectrum centroid wavelength in levitation force decay experiments
for 3 different displacements. Right: The sensor was bonded to the center point of the
HTS disc with Apiezon N grease.

was used as the temperature reference. According to the data presented in figures
AN

4.9 and 4.10, a > of 2.7 x 107% could imply a temperature decrease of almost
0.7 K. However, during the levitation force decay experiments, the temperature
was controlled by a PID loop and it was expected to increase slightly by radiative
heat from the PM and/or Joule heat created by shielding currents. As a result,
temperature was unlikely to decrease in these experiments.

The wavelength drop in figure 4.9 indicates the fibre was subjected to contraction.
This contraction could be the flux-pinning-induced tensile stress in the bulk [154].
The applied magnetic field in these experiments (0.36 T at Z¢;,, = 1 mm) was smaller
than the penetration field (B, = uoJer = 1.14 T); thus, according to Bean model
the Lorentz force acting on flux lines would be towards the center of the HT'S disc
[57, 154]. This contracting force, however, was not properly read by the FBG sensor
because it was bonded to the HTS disc center point, where the magnetic field has
not penetrated. Figure 4.11 shows the flux-pinning-induced tensile stress mechanism
in a partially penetrated HTS disc in a longitudinal magnetic field. As the magnetic

field has partially penetrated the HTS disc from its circumference to a depth r,, it
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Figure 4.10: Calibration curve of the FBG sensor employed in levitation force decay
experiments. Ap at 77 K (1537.28 nm) was considered as \o.

is expected that the flux-pinning-induced strain would be distributed over the disc
radius [57, 154]. In order to investigate this, the fibre was bonded to the HTS disc
surface with Apiezon N grease at two points almost 20 mm apart, along the disc
diameter. No adhesive was applied between the FBG sensor (the sensing length
of the fibre) and the disc. The same decay experiments were performed on the
bearing and the results are shown in figure 4.12. The % measured in this method
is larger by almost two orders of magnitude than those shown in figure 4.9. This
implies that the fibre may have been bonded to the region where magnetic field
penetrated and hence it could pick up the flux-pinning-induced tensile stress. As
the applied magnetic field increases (or Zy;, decreases), more flux lines are trapped
inside the disc, which increases the flux-pinning-induced tensile stress in the disc.
This is consistent with the results reported in [57, 154, 155].

In order to map the flux-pinning-induced stress distribution across the HTS
surface, two individual FBG sensors were bonded to the top surface of the HTS
bulk along its diameter by Apiezon N grease (see figure 4.13). The same levitation
force decay experiment at Zs;,, = 1 mm and v = 1 mm/s was carried out. Figure
4.13 shows the response of the FBG sensors. As can be seen, the amplitude of
ﬁ—;\ is of the same order of magnitude as those shown in figure 4.9, where the
sensor was bonded to the center point of the bulk. This implies that almost no
stress distribution was recorded during decay experiments. The larger magnitude

of ﬁ—;\ reported in figure 4.12 might be caused by the difference between bonding
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Figure 4.11: Magnetic field penetration pattern and Lorentz force mechanism in a
superconductor disc subjected to axial (Z direction) magnetic field
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Figure 4.12: Left: spectrum centroid wavelength in levitation force decay experiments
for 3 different displacements. Right: the sensor was not bonded to the HTS disc. fibre
was bonded with Apiezon N grease to the HTS bulk at two points close to the bulk
circumference along its diameter.
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Figure 4.13: Left: spectrum centroid wavelength in levitation force decay experiment
for at v =1 mm/s and Z = 1 mm. Right: 2 sensors were bonded to the HTS disc surface
near its circumference.

methods in the two experiments. The FBG sensor (the sensing length of the fibre)
in figure 4.12 was not bonded to the HTS bulk and the fibre was bonded to the
bulk at two points near the bulk circumference by Apiezon N grease. This can
make the sensor susceptible to three-point bending caused by the levitation force,
which can contract the fibre and the sensor.

In this section, the importance of monitoring the temperature of HTS bulk
surface facing the PM, and the issues of employing electronic sensors for this
temperature monitoring were discussed. In order to overcome these issues, FBG
sensors were successfully implemented into an actual SMB environment. The results
show that the temperature at the surface of interest was accurately measured,
and did not change over the course of the experiment. However, an unexpected
behaviour was seen in the output signal of the FBG sensor, which was believed to
be created by flux-pinning-induced tensile stress. The output signal also appeared
to be influenced by bonding methods, which can be investigated in future studies.

The non-destructive method, introduced in this section, will be applied on a

novel SMB configuration in the next section.

4.5 Levitation Force Decay in a Trapezoidal
Toroid-Shaped Bearing

4.5.1 Introduction

Paihau-Robinson Research Institute has been developing an HT'S motor for a hybrid

aircraft propulsion system [156]. High-speed low-loss superconducting bearings seem
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to be a solution to overcome speed limits and increase the power-to-weight ratio
of hybrid propulsion systems. Since the main disadvantage of SMBs is their low
stiffness compared to mechanical bearings, a novel thrust SMB was designed and
built at the Institute aiming at enhancing bearing stiffness. Levitation force and
stiffness of this SMB have been studied before [100, 111]. In order to estimate the
flux creep exponent (n-index) of the trapezoidal toroid HTS assembly in this bearing
(described in section 3.5), levitation force decay experiments were performed and

results are presented in this section.

4.5.2 Results and Discussion

In these experiments, the HTS assembly was cooled to 68 K, with the PM far
enough to achieve ZFC condition. The displacement Z represents the vertical
distance between the bottom surface of the PM and the top surface of the small
HTS disc. The minimum achievable displacement with this test setup is 2.2 mm
to avoid physical contact between PM and HTS bulk. After reaching the desired
temperature and performing zeroing of the load cells, the PM which was initially at
a displacement of Z = 45 mm above the HTS, was moved downwards to a minimum
displacement of Zs;, = 2.6 mm, 3.7 mm, and 5 mm at the velocity of 1 mm/s.
Then, it was held at Z;,, until the first derivative of the levitation force with respect
to time fell below the load sensor noise level. Figure 4.14 shows the results of decay
experiments performed on this SMB. Equation 4.7 was fitted to the decay curves.
An unexpected two-stage decay was observed in the data which is not seen
in simulations (see figure 4.15). In order to investigate this behaviour further,
levitation force decay experiments were performed at different velocities for Z¢;, = 5
mm. Figure 4.16 shows the experiment results at velocities of 0.05, 0.1, 0.5, 1, 5,
and 10 mm/s. The maximum levitation force becomes larger and levitation decay
occurs faster as the velocity increases. After a sufficient time, all curves converge
to the same force. Although this may lead us to think that higher movement
velocity could lead to higher levitation force, there is a threshold of velocity above
which the levitation force plateaus out. These results agree with those reported
in [38]. This can be discussed from two points of view. First, as the velocity
increases, the induced current in the HTS bulk will increase, which, based on the
E — J power law, leads to an increase of superconductor resistivity. The increased
resistivity, in turn, suppresses the rise in current. As a result, the levitation force
which is dependent on the induced current inside the HTS bulk can not be raised
without limitation. Second, when the current inside the HTS bulk increases, it

helps trapped flux lines leave the pinning centres. In other words, increasing the
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Figure 4.14: Experimental results of levitation force decay measured at Z = 2.6 mm,
3.7 mm, and 5 mm in the trapezoidal toroid-shaped bearing. Equation 4.7 was fitted into
the initial decay stage of all curves. A two-stage decay can be seen in all cases.
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Figure 4.15: Levitation force decay simulation in the trapezoidal toroid-shaped bearing
for Z¢i, = 2.6 mm, v =1mm/s, J. =21.6 x 10 A/m?, and n = 40. The two-stage decay
is not seen in the simulations.
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Figure 4.16: Levitation force decay from the maximum to the steady state at different
velocities and Zy;, = 5 mm. The two-stage behaviour becomes more intense at velocities
above 1 mm/s.

velocity enhances the flux flow which decreases the shielding current. This can
limit the increase in the maximum levitation force [38].

The two-stage behaviour appeared at all velocities, but it was more intense at
velocities above 1 mm/s. This two-stage decay was not observed in the disc-shaped
SMB configuration, nor in the simulations of the trapezoidal toroid-shaped puck.
This might be a temperature related effect which is not modelled in simulations. The
trapezoidal toroid HTS assembly is not recessed in the aluminium plate. Considering
the thermal conductivity of YBCO, thermal resistance and time constant between
the feedback sensor on the outer side of the toroid and the cryocooler coldhead, the

temperature at the inner surface of the toroid may be different to that read by the
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Figure 4.17: Levitation force decay measurement at Zs;, = 5 mm and V' = 10 mm/s in
the trapezoidal toroid-shaped SMB with the controller in PI and PID modes. The inset
shows the temperature measured by feedback sensor mounted on the toroid outer side.
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Figure 4.18: Extracted flux creep exponent (n.;) versus displacement obtained from
simulations (solid lines) and experiment(dashed line) performed on the shaped bearing.
The critical current density in simulations is 21.6 x 10% A/m?.
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feedback sensor. In order to test this possibility, figure 4.17 shows the levitation
force decay measured at Zy;, = 5 mm and V' = 10 mm/s with temperature controller
operating in PI and PID modes. The isothermal condition was not achieved in
either case, but temperature fluctuation and the two-stage decay behaviour are
more intense when the controller operates in PI mode. As a result, the two-stage
decay is shown to be due to non-isothermal conditions of the bulk, most likely
from heating of the upper surfaces of the HTS due to the nearby room-temperature
magnet and/or dissipative shielding currents.

A parametric sweep using J, = 21.6 x 10% A/m? with n-indexes of 10, 20, 40, 60,
100, and 200 was carried out, allowing a comparison to be made with experimental
results. This J. was calculated before by our group [111]. According to the data
shown in figure 4.18, the n-index of the HTS assembly in this bearing matches

with the simulation data for m-index of 40.

4.6 Summary

The nonlinear E-J characteristics of a bulk superconductor can be identified through
levitation force decay measurements. Linking an FE model of levitation force with
a simple flux creep model should allow superconducting critical current and flux
creep exponent (n) to be extracted from a physical measurement of force vs time. In
section 4.3 the deviation between the actual and extracted n-indexes was found to
be a function of the amount of field penetration experienced by the superconductor.
This technique was applied to experimental force decay and obtained a flux creep
exponent between 40 and 60 for the HT'S bulks used in decay experiments performed
in liquid nitrogen and in the cryo-cooled chamber. The same non-destructive method
was applied to estimate the n-index in a trapezoidal toroid-shaped SMB, which
resulted in an n-index of 40 for the HTS assembly in this configuration. The results,
however, appeared to be affected by the temperature-dependent magnetization of
PMs and by semi-iso-thermal condition of the HTS assembly.

The temperature of the top surface of HTS bulk in cryo-cooled SMBs may
be different to the temperature of the cold head, due to the thermal resistance
and time constant between the HTS bulk and the cold head. Measuring the
temperature of the HT'S surface facing rotating PM is challenging with conventional
sensors due to limited mounting space, electromagnetic interference, and poor
thermal insulation of electronic sensors. FBG sensors seem to be a potential
solution for these issues. The implementation of FBG sensors in a cryo-cooled SMB

environment was explained in this chapter. The data gathered by FBG sensor
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during levitation force decay measurements showed a decrease in %}A which was
unlikely to be caused by thermal variation. Flux-pinning-induced tensile stress in
the HTS bulk, whose amplitude was dependent on the sensor bonding method,
was believed to be the source of %\ decrease.

In this chapter, a significant phenomenon in SMBs and its relationship to HTS
E-J characteristics was studied. It was shown that creep exponent, n-index, of HTS
assembly in a superconducting bearing can be estimated non-destructively through
levitation force relaxation experiments. This parameter is of great importance
in simulating HTS electromagnetic behaviour. In the next chapter, AC loss
phenomenon in SMBs will be explored, both analytically and experimentally. The
analytical formulation of hysteresis loss and the impact of the periodicity of the
magnetic field as well as the impact of the distribution of AC loss over the bearing
surface will be investigated by using the experimental data gathered using the

setups described in sections 3.3 and 3.7.



AC Loss in Superconducting Magnetic
Bearings: Vertical Bearing

5.1 Introduction

AC loss mechanisms in bulk high-temperature superconductors have been studied
since the discovery of HT'S. Hysteresis loss as one of the main components of AC loss
has been formulated from a macroscopic point of view based on Bean’s critical state
model. The main parameter in the hysteresis loss formulation is said to be magnetic
field inhomogeneity. This chapter investigates other contributing parameters of the
magnetic field such as periodicity and its distribution over the bearing surface, and
introduces an updated formulation for hysteresis loss in SMBs. This chapter also
covers the spin-down measurements performed in an actual rotating SMB, studies
the relationship between magnetic field inhomogeneity and AC losses created in
the SMB, and explores the impact of magnetic field inhomogeneity on the dynamic
behaviour of the SMB. The design, build, and early spin-down measurement results
of the experimental rig used in this chapter can be found in [157]. Extensive AC

loss studies and results in this chapter have been published in [158].

5.2 Theory

Azimuthal inhomogeneity in the applied magnetic field has been said to be the
main source of AC losses in SMBs [4]. This magnetic field inhomogeneity can
cause two loss mechanisms to happen in SMBs, namely eddy current loss and
hysteresis loss. The rotating inhomogeneous PM induces dissipative eddy currents
in all conductive parts in its vicinity. On the other hand, the PM rotates in an
inhomogeneous magnetic field trapped in the HTS bulk. This can induce eddy
currents in conductive rare earth PMs. When an inhomogeneous magnet rotates
above the HTS surface, the superconductor experiences a steady (DC) magnetic

field with an alternating (AC) component [89]. This AC component can create
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hysteresis loss, which according to the Bean model for a long superconducting disc

in the critical state, can be analytically described as [72]:

_ By (28 P
B2 (2 1
QZM(%_W> for 5>1 (5.2)

By,
Where g = B with B,, being the peak-to-peak amplitude of AC component

of the magnetic ﬁepld and B, = 2uoJ.r being the penetration field. For disks of finite
length, equations 5.1 and 5.2 are multiplied by a geometry factor of the order of unity.

According to equations 5.1 and 5.2, the hysteresis loss in a SMB is not dependent
on the rotational frequency of the bearing, but the periodicity of the magnetic field
in one complete (27) rotation has not been taken into account in these equations.
In other words, the frequency of the AC component of the magnetic field (B,,)
has been assumed to be f,, = 1. In order to take the magnetic field periodicity
into account, the magnetic field of the PM was measured circumferentially by the
magnetic field mapper described in section 3.3 along the Z-axis for » = r; mm to
r =ry mm in 1.8° and 1 mm intervals along the azimuthal and radial directions,
respectively. Discrete Fourier transform analysis was performed on B — Bjcan
measured along each radius to derive the amplitude (4;) and frequency (f;) of its

components. Using the Fourier transform results, equation 5.1 can be re-written as:

1 < , B2,
0= 150, with @ =Y/« ( (26, - @2)) 53)
ny = i 6/110
where, @), is the hysteresis loss along each radius, n, the number of radii along
Bmi
which the magnetic field has been measured, B,,; = 2A4;, and §; = 5 The
p
total inhomogeneity of the PM, ¢, is given by:
an 2Amam,T
p = Zo2omans (5.4)

Where, A4z, is the maximum component of the magnetic field measured along each
radius.

As a first-order approximation, the frequency of the magnetic field along each
radius can be assumed as f,, = 1 and the peak-to-peak AB along each radius can be

taken as B,,. Applying these assumptions, equations 5.3 and 5.4 can be written as:

2

_ 1 J : _ ABr(pfp)
Q= TZZ_QT with Q= — =8 (26, - 62) (5.5)
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> e ABrp—p)

= 5.6
o= S (5:6)
where, AB,,_p) is the peak-to-peak amplitude of the AC component of the magnetic
AB,(,_
field measured along each radius, and 3, = %.

P

The best PMs have been reported to have an AC component of almost 1% of
the average field at a fixed radius above the rotating surface [4]. This magnetic field
inhomogeneity acts as a drag force on the rotating body in a superconducting bearing,

causing a gradual deceleration. The stored energy in the rotating PM is given by:

1
E= 51& (5.7)

where I = mR, is the moment of inertia, w = 277 f is the angular velocity. Here, m
is the mass of rotor, IR, is the radius of gyration, and f is the rotational frequency.

The energy loss per cycle is given by:

1dE df
Poe = ——— = —2mR*n? 2L 5.8
vele = T (58)

Here, R is the outer radius of the rotor.

Equations 5.1, 5.3, and 5.5 can be used to calculate the hysteresis loss per
cycle per unit volume. According to equation 5.8, the AC loss (hysteresis loss +
eddy current loss) per cycle in a superconducting bearing can be determined by
measuring the deceleration rate (df /dt) of the freely spinning PM.

The coefficient of friction (COF), which characterises the deceleration rate of
the rotating PM, has been used as a figure of merit when studying rotational
loss in SMBs and is given by [58]:

Fp 27TR,2Y df

COF =2 =
FL gRD dt

(5.9)

where, Fp is the drag force, F7, is the levitation force, 12, is the radius of gyration,
g is the acceleration due to gravity, and Rp is the mean radius at which the drag
force acts. Rp has been usually taken to be the outer radius of the rotating part
of the SMB, because the AC loss mechanism and its distribution over the bearing

radius has not been fully explored [4, 58].

5.3 Experimental Evaluation

AC losses in HTS bulks have been studied before, but only a few reports are
directly related to an actual superconducting bearing environment, where a PM

rotates freely in the vicinity of an HTS assembly. In order to study the relationship
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Figure 5.1: Spin-down experiment steps.

between AC losses and magnetic field inhomogeneity of the PM, spin-down tests
were performed in the vertical levitation rig described in section 3.7 with 6 PMs
of different levels of inhomogeneity.

Figure 5.1 shows the experiment steps. First, the PM was placed on the
aluminium support and was coupled to the shaft. The male and female sides of the
PM coupling slid and mated due to their chamfered structure. Next, both vertical
linear stages moved the aluminium support and the driving system towards the
HTS bulk, at a common velocity, to the cooling height. The HTS was then cooled
down to the desired temperature with the PM in its vicinity (FC condition). In
the next step, the support was moved down and then aside, allowing the driving
motor to be spun up. After reaching the desired speed, the motor and the shaft
were moved upward and released the PM to be freely levitated and rotating above
the superconductor. The rotation speed of the PM decreased gradually due to AC
losses. During the spin-down period, rotation speed, vibrations, and temperature
were measured and recorded. Once the experiment was complete and the PM
was stopped, the aluminium support was moved back into position between the
PM and the HTS bulk. This coupling mechanism allows the user to change the
speed of the PM or to stop it at a certain speed. For this purpose, the motor
speed can be adjusted to just below that of the spinning PM, then the coupling
mechanism can be moved downward slowly. When the male and female parts of
the PM coupling mate, the PM rotation speed can be decreased or increased to

another spinning rate by changing the motor speed.
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5.4 Results and Discussion

The magnetic field of the PMs was measured circumferentially by the magnetic
field mapper described in section 3.3 along Z-axis for r = 1 mm to r = 12 mm in
1.8° and 1 mm intervals along azimuthal and radial directions, respectively. All
PMs were N45-grade NdFeB, 17 mm in diameter and 10 mm thick. The vertical
separation between the PM and the Hall sensor was 2.7 mm, equal to the vertical
separation between the PM and the HTS bulk during spin-down measurements.
Figure 5.2 shows the magnetic field of PM number 6 measured along 12 discrete
radii, and the associated Fourier analysis. A threshold of 1 x 10~* T was defined
to determine the data points that contribute to equation 5.3. Because of the 3"
and the 4" power of B,,; in equation 5.3, the contribution of components with
amplitudes smaller than the threshold is negligible. The same technique was applied
to all magnets. Figures of the magnetic field of magnets 1 to 5 and their associated
Fourier transform analysis are presented in appendix A.

In order to compare AC loss measurements with analytical values, equations 5.1,
5.3, and 5.5 were used to calculate hysteresis loss from magnetic field inhomogeneities,
and equation 5.8 was used to calculate AC loss from deceleration rates below
resonance, because AC losses in SMBs are mainly dominated by hysteresis loss below
the resonance frequency of the rigid body. AC losses measured below resonance
were used because AC losses above resonance are believed to be influenced by
additional factors excited by external vibrations. In this comparison, the value of
Je = 6.46 x 107 A/m?, estimated from levitation force decay measurements, was
used to calculate B, (see section 4.3). Figure 5.3 shows the AC loss measured
in spin-down tests below resonance frequency in comparison with hysteresis loss
calculated with equations 5.1, 5.3, and 5.5. In figure 5.3a, PM inhomogeneities on
the X-axis were considered as the maximum peak-to-peak AB;.

In all graphs, experimental values are in a good agreement with those calculated
analytically, but the order of magnets on the graphs varies because the values of
inhomogeneity are not the same. In 5.3a, the theoretical values are larger than the
experimental data points for PM6, PM5, and PM3. This is inconsistent with the
nature of spin-down experiments. Other factors of magnetic field inhomogeneity
(radial (AB,) and vertical (AB,)) are involved by the experimental procedure and
contribute to the total loss, whereas in analytical calculations these factors are
ignored and only the azimuthal magnetic field inhomogeneity has been considered.
As a result, the experimental data points are more likely to be larger than theoretical

values. Furthermore, equation 5.1 does not completely capture the physics of
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Figure 5.2: Left: magnetic field (in the Z-direction) of PM6 measured azimuthaly over
its surface with r= 1 mm being the innermost radius. Radius of the magnet is 8.5 mm.
Right: the discrete Fourier transform of B — B,,eqn over three radii. The red dashed line
indicates the 1 x 10~* T threshold, above which the data points are included in equation
5.3.

hysteresis loss because it ignores the periodicity of the magnetic field and the
distribution of the magnetic field inhomogeneity over the surface of the bearing.
In figures 5.3b and 5.3c, however, all experimental data points are larger than
theoretical values, which is consistent with the physics and nature of the experiments.
In figure 5.3b, although PM6 has the lowest inhomogeneity level, it generates a
larger AC loss than PM4 and PM1. This can be explained by equation 5.3 which
captures the physics of hysteresis loss by considering the impact of magnetic field
periodicity and the distribution of AC loss over the surface. PM6 shows that a
magnet with a smaller level of inhomogeneity, but a more periodic magnetic field,

can generate a larger AC Loss. Figure 5.3c¢ shows that equation 5.5 which is the
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Figure 5.3: AC loss generated in an HTS bulk 28 mm in diameter and 10 mm thick
versus magnetic field inhomogeneity calculated analytically and measured in spin-down
experiments.

first order approximation of equation 5.3, can still provide an acceptable prediction
of AC loss by only considering the distribution of magnetic field inhomogeneity.

The largest discrepancy is seen for PM3 and PM2 in figure 5.3a, but this
discrepancy happens for PM2 and PM5 in figures 5.3b and 5.3c. Considering
the more comprehensive definition of hysteresis loss by equations 5.3 and 5.5, the
discrepancy for PM3 in figure 5.3a can be caused by equation 5.1 itself. The
discrepancy for PM2 and PM5 in figures 5.3b and 5.3c, however, might be caused
by the challenging experimental procedure and the PM coupling system.

Figure 5.4 shows the COF as a function of rotational frequency for the 6 PMs of

the same size but with different levels of inhomogeneity. PM5 could not be released
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Figure 5.4: COF versus rotational frequency for 6 PMs of the same size but with
different levels of inhomogeneity. The separation between PM and HTS was 2.7 mm.

at frequencies well above the resonance frequency, due to coupling imbalance and
vibrations at higher frequencies. Comparing figure 5.3 and figure 5.4, it can be seen
that although PM3 generates a larger loss by all definitions (equations 5.1, 5.3, and
5.5), it has a smaller COF than PM5. This can be explained by the definition of
COF'. In COF calculations Rp is usually taken as the outer radius of the rotating
PM [4, 58]. This assumption simply ignores the distribution of inhomogeneity and
AC loss over the surface of the PM. Figure 5.5 shows the hysteresis loss distribution
over PM3 and PM5 surface calculated by equations 5.3 and 5.5. This figure shows
that the distribution of hysteresis loss is more towards the center of PM3, whereas
it is more towards the outer radius of PM5.

The radius of drag force, Rp, is given by [159]:

= =7 1

where, r; is the 7" radius over which the magnetic field is measured circumferentially,

and AB; is the peak-to-peak AC component of magnetic field over radius r;. This
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Figure 5.5: Hysteresis loss distribution over the surface of PM3 (a) and PM5 (b)
calculated by equations 5.3 and 5.5.

equation is also missing the periodicity of the magnetic field over radius r;. In

order to take the periodicity of the magnetic field into account, equation 5.10 can

be updated by using equation 5.3 as:

_ > TiQi
2 Qi

where (); is the hysteresis loss over r; calculated by equation 5.3. Figure 5.6 shows

Rp

(5.11)

the COF values calculated by using the updated values of Rp. As can be seen, by
taking the AC loss distribution and magnetic field periodicity into account, the COF
curves are updated in an order matching the AC loss order shown in figure 5.3.
The dynamic behaviour shown in figure 5.6 has been widely reported for disc
shaped SMBs [4]. The COF shows a major resonance behaviour in all cases and is
almost independent of rotational frequency below and above the resonance region.
This main resonance mode has been said to be the radial resonance frequency for
disc shaped bearings [4]. The large COF value in the resonance region is due to
radial vibrations of large amplitude. The COF is generally larger at frequencies
above resonance than below resonance. This can be explained by the transition
of the center of rotation. Below resonance the PM rotates around its center of
magnetism (or center of geometry), and above resonance, it rotates around its center
of mass. This can add a radial factor to magnetic field inhomogeneity [4]. Other
vibration modes can be induced by the coupling mechanism which consequently
add to the hysteresis loss. As can be seen in PM2, PM4, and PM6 graphs, the
COF is mostly independent of frequency below and above the resonance region.
In all graphs, a slight increase in the COF was observed below the resonance
region at very low frequencies which might be caused by cogging torque created

by magnetic field inhomogeneity [159].
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Figure 5.6: COF versus rotational frequency updated by using equation 5.11 to calculate
Rp values.

As shown in figure 5.6, the resonance region widens and the peak rotational
frequency decreases with AC loss generated by the magnets. This means that the
bearing dynamic stiffness, which is related to the resonance frequency by K = mw?,
decreases with magnetic field inhomogeneity. Here, m is the mass of the rotor,
w, = 27 f, is the resonance angular velocity, and f, is the resonance frequency.
The larger the inhomogeneity, the deeper the AC component penetrates into the
HTS bulk and the more flux lines are influenced. This AC component helps flux
lines escape from pinning centers which in turn decreases bearing stiffness. This
is consistent with the work reported in [160], [161], and [162] where the resonance
frequency of a levitated PM was found to be inversely proportional to the amplitude
of excited vibrations. Lower levels of inhomogeneity can result in higher stiffness,
but passing through higher resonance frequencies in practical applications requires
extra safety measures. Other local peaks can be observed (mainly 15 Hz — 20 Hz,
and 70 Hz — 80 Hz regions) in the COF graphs which might be attributed to vertical,

whirling, and other modes of motion excited externally. PM6 shows more local
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resonance modes than the other magnets. These modes might have been excited

by external vibrations during an imbalanced release process.

5.5 Summary

AC losses in superconducting magnetic bearings are said to be generated by magnetic
field inhomogeneity. Analytical models based on the Bean model for the critical state
have been developed to calculate AC losses at low frequencies in superconducting
bulks. However, these models do not take the magnetic field periodicity, nor the
distribution of AC loss into account. Furthermore, no data has been reported about
the relationship between AC losses and magnetic field inhomogeneity in an actual
superconducting bearing environment. In this chapter, the analytical hysteresis loss
model in HTS bulks was updated which, now, takes the distribution of AC loss
and the frequency of the magnetic field during one complete rotation into account.
The relationship between magnetic field inhomogeneity and AC loss was studied
experimentally in spin-down measurements by using permanent magnets of the same
size but with different levels of inhomogeneity. The results show that the relationship
measured experimentally was consistent with the updated analytical calculations.
The data reported in this chapter also reveals a relationship between magnetic field
inhomogeneity and the dynamic behaviour of the superconducting bearing. The
resonance region widens and the resonance frequency of the rigid body, and hence
the bearing stiffness, decreases with inhomogeneity. This is of further importance
when designing and building superconducting bearings for practical applications.

In the next chapter, the high-speed spin-down experiment performed in [64] will
be repeated with some improvements in the experimental setup. The main purpose
of this replication is to design, build and test a prototype high-speed motor/generator
for projects being currently developed in New Zealand. Furthermore, the AC loss

mechanism at kHz-rated rotational frequencies will be discussed in the next chapter.



AC Loss in Superconducting Magnetic
Bearings: Horizontal Bearing

6.1 Introduction

The contactless motion and the ability to overcome speed limits have attracted
attention to high-speed applications of SMBs. High-speed spin-down measurements
(deceleration rate) in actual bearings and their relationship with rotational frequency
widens our understanding about the AC loss mechanism in HTS bulks, which is of
crucial importance when designing SMBs for high-speed applications. Studied in
this chapter is a kHz-rated benchtop motor/generator demonstration where a pair

of SMBs are employed to levitate the shaft in a horizontal configuration.

6.2 Theory

As predicted by the Bean model, AC losses in superconducting bearings show no
rotational frequency dependence at low rotational frequencies where AC losses
are mainly dominated by hysteresis losses. Studies, however, show that rotational
frequency dependent terms appear in AC loss measurements at rotational speeds
well above the rigid body resonance frequencies. This behaviour, which can be
explained by magnetic diffusion phenomenon, has been observed in both deceleration

rate measurements [64, 96] and AC susceptibility measurements [89, 96].

6.3 Experimental Evaluation

The horizontal bearing setup described in section 3.8 was used as a prototype
motor/generator demonstration to prove the principle of application of high-
temperature superconductor magnetic bearings in electrical machines. Several
test runs were first performed in a benchtop bell jar vacuum chamber to examine
the driving and control systems. Having validated the design, spin-down tests
were performed in the vacuum chamber setup.

In order to increase the air gap between levitation PMs and HTS bulks, another

rotor with the same configuration as described in section 3.8.1 was built. The airgap
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was increased to avoid mechanical friction between the shaft and HTS bulks. The
new rotor shaft was 2 mm shorter in length. The air gap between each HT'S bulk and
its associated levitation PM was adjusted to 1 mm for the 148 mm shaft and 2 mm
for the 146 mm shaft. The shafts, the HTS bulks, and the stator were aligned axially
with an accuracy of 10 um. Air drag was minimized by performing the experiment
at a pressure of approximately 1 x 107% mbar. The temperature of the HTS bulks
was controlled at 60 K for the 148 mm shaft, and at 59 K for the 146 mm shaft. At
operating temperature, the shaft supports were removed and speed was controlled

using a PWM signal generated by a commercial controller and LabVIEW software.

6.4 Results and Discussion

A challenging issue was to cool the HTS bulks in the vacuum chamber. The
cryogenic performance of the flexible thermal link described in section 3.8.3 is shown
in figure 6.1. According to the data provided by the manufacturer, the cryocooler
provides ~ 12 W of cooling power at 60 rpm at the minimum coldhead temperature
of 31 K. Heat flux for a homogeneous, isotropic solid whose thermal conductivity

is independent of direction is given by Fourier’s law [163]:
q=—kVT (6.1)

where q is heat flow per unit volume, VT is temperature gradient, and k is thermal

conductivity. For the flexible thermal link equation 6.1 can be written as:

 kAAT

P
l

(6.2)

where P is the heat flow rate, A is the material cross section, and [ is the path
length. According to the temperature difference between the cryocooler coldhead
(31 K) and the HTS bulks (55 K) shown in figure 6.1, = 5 W of heat power was
transferred by the thermal link. The rest of the heat load (12 W — 5 W =7
W) could be generated by radiation.

Spin-down experiments were performed on both shafts to study the AC loss
in SMBs at high rotational frequencies. At a rotational frequency of 1916 Hz,
mechanical friction was observed between the shafts and stator, so the rotational
frequency was not increased beyond this level. This maximum rotational frequency
is 130 Hz faster than that achieved by Hull et al. [64]. This horizontal bearing
setup is believed to be the fastest superconducting bearing made in New Zealand.
The rotational frequency was then decreased to 1500 Hz to avoid friction. Figure
6.2 shows the spin-down results for both shafts from ~ 1.5 kHz. At this rotational
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Figure 6.1: Temperature of HT'S bulks, stator winding, and coldhead versus time during
cool down from room temperature. The pressure inside the vacuum chamber was of the
order of 1075 mbar.

frequency, the stator windings were switched into open circuit mode and the
rotational frequency of each shaft was recorded as a function of time. The output

power of the prototype motor is given by:
P =r1w (6.3)

where 7 is the axial torque and w = 27 f is the angular frequency of the shaft. At f =
1500 Hz, the mechanical power of the motor was &~ 3 W. This operational frequency
was maintained with an input voltage of 12 V at a duty cycle of 0.5 and phase
current of 0.18 A rms, which provided ~ 3.24 W of input power. Considering the
phase resistance of 0.2 €2 and wiring resistance of 0.3 2, the power dissipated by Joule
heating in the stator windings and cables was 0.02 W and 0.03 W, respectively. The
remaining power loss might have occurred in the switching circuit of the controller.

The magnetic field of the levitation PMs embedded in the shafts used in spin-
down experiments (see table 3.2) was measured circumferentially by the magnetic
field mapper described in section 3.3 along Z-axis for r = 1 mm to r = 10 mm in
1.8° and 1 mm intervals along azimuthal and radial directions, respectively. The
separation between the magnet surface and the Hall probe was set at 3 mm due to
physical limitations of the setup. Figures 6.3 and 6.4 show the B — B,cq, measured
over the levitation magnets of the 146 mm shaft and the 148 mm shaft, respectively.

Discrete Fourier transform was performed and a threshold of 1 x 10~* was applied to
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Figure 6.2: Rotational frequency of the two rotors as a function of time.
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Figure 6.3: Magnetic field (z-axis) of the levitation magnets used in the 146 mm shaft.
The field was measured circumferentially at a distance of 3 mm above the magnets.
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Figure 6.4: Magnetic field (z-axis) of the levitation magnets used in the 148 mm shaft.
The field was measured circumferentially at a distance of 3 mm above the magnets.

determine the components that contribute to AC loss and inhomogeneity calculations.
The magnetic field inhomogeneity of the PMs in the 148 mm shaft was 27 mT
and 17.25 mT, and for those in the 146 mm shaft was 18 mT and 20.5 mT. These
numbers were calculated from equation 5.4.

The deceleration rate of the shafts is shown in figure 6.5. A detailed analysis of
AC losses in these experiments is complex, because two superconducting bearings
with two different levels of inhomogeneity are mechanically coupled through a shaft
and contribute to the total AC losses. However, some noticeable behaviour can
be seen in the graphs. Both graphs show a resonance behaviour at low rotational
frequency, with the resonance frequency of the 148 mm shaft being almost twice
as large as that of the 146 mm shaft (shown in figure 6.6). This can be explained
by the airgap between the levitation PMs and HTS bulks, which is 1 mm for the
148 mm shaft and is 2 mm for the 146 mm shaft. At a smaller airgap, more flux
lines are pinned in the HTS bulks, which increases the bearing stiffness. The larger
the stiffness, the larger the resonance frequency.

In both experiments, apart from near resonance, the deceleration rate is

independent of rotational frequency up to &~ 250 Hz for the 148 mm shaft, and
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Figure 6.5: Deceleration rate of the two shafts versus rotational frequency.

~ 125 Hz for the 146 mm shaft. This is because in that region, losses are mainly
dominated by hysteresis loss intrinsic to HT'S bulks. Deceleration rates below and
above resonance are almost equal in both experiments, which can be attributed to
an accurately balanced rotor [4]. The deceleration rate increases gradually with
rotational frequency and reaches a peak which is followed by a decrease for the
148 mm shaft. This behaviour is consistent with what has been reported for high
frequency measurements [64, 89, 96] and will be discussed presently. For the 146
mm shaft, however, the peak in deceleration rate was not observed up to 1500 Hz.

The dependence of the deceleration rate on rotational frequency can be explained
by flux line motion in HTS bulks. As frequency increases, HT'S bulks experience
a variation in the applied magnetic field, caused by the intrinsic azimuthal inho-
mogeneity of the magnets. This AC magnetic field induces an electric field, F,
whose magnitude is dependent on frequency and can make flux lines escape from
their pinning sites in the HTS bulks. This electric field creates dissipative normal
currents in an eddy-current-like mechanism, and drives HT'S bulks from the flux
creep regime (£ < E.) to the flux flow regime (£ > E.) (see figure 6.7).

From Maxwell’s equations:

0B
VXE= 5 (6.4)

V x B = poJ (6.5)
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and assuming a power-law E-J relationship, the following equation of non-linear
magnetic diffusion in superconductors can be derived:

0B

B) = —n—
V x (pV x B) Ho gy

(6.6)

where p(J) is given by:
_ E(J) )"
P=

For a slab of width 2a along the z-axis and infinitely long in the y and =z

(6.7)

directions, equation 6.6 can be written as:

0 0B, 0B,

—(Dp———) = :
8x< Ox ) ot (6:8)
Where D,, is the magnetic diffusion coefficient and is given by:
D, =) (6.9)
Ho

According to the theory of magnetic diffusion in type-II superconductors, as
frequency increases, the penetration depth decreases to a thin region near the
surface of the HT'S bulk [164]. The penetration depth (skin depth) is given by [164]:

§ =1/2D,,/w (6.10)

Equation 6.10 is highly nonlinear because of the strong dependence of p on
current density, temperature, and magnetic field in single-domain high-temperature
superconductors. Since the HTS bulks were pushed into the flux flow regime, AC
losses would be in the form of Joule heating (o< pJ?). This AC loss would result
in a temperature gradient across the HTS bulk due to the finite specific heat and
thermal conductivity of YBCO. In the spin-down experiments reported in this
chapter, however, the temperature of the bulks was continuously monitored and
controlled at a constant set point. This means the cryogenic system had enough
time to remove the heat generated in HTS bulks, especially in the regions near their
circumference. As a result, the flux flow resistivity and hence the magnetic diffusion
coefficient can be considered constant in these experiments. At the peak frequency
(1382Hz) of the 148 mm shaft, the skin depth § is ~ 4.3 mm, which is almost
the radius with the maximum AB, over which the AC component of the applied
magnetic field acts. Beyond this frequency, the magnitude of the shielding currents
become large enough to prevent AC magnetic fields from penetrating the bulk, and
the skin depth becomes smaller [64, 164-167]. As a result, the deceleration rate

which is a measure of AC losses in SMBs, decreases with frequency.
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A similar loss mechanism can happen in conductive PMs. The magnetic
field trapped in superconductors may be inhomogeneous due to magnetic field
inhomogeneity of the PMs and/or structural impurities of the HTS bulk lattice
[89]. When the conductive NdFeB PM rotates in the magnetic field trapped in
the superconducting bulk, it experiences an AC field component which can cause a
similar eddy-current-like loss mechanism in the PM. Rare earth PMs have shown
metallic behaviour in AC susceptibility measurements, but their peak frequency is

in the order of 10* Hz due to their poor electrical conductivity [89].

6.5 Summary

The principle of application of high-temperature superconducting magnetic bearings
for high-speed motors/generators was proved by designing, building, and testing
an experimental rig. The maximum rotational frequency achieved by Hull et al.
[64] was increased to a new record of 1916 Hz, which is believed to be the fastest
superconducting bearing made in New Zealand. A rotational frequency of 1500
Hz was maintained with an input power of 3.24 W. The cryogenic performance
of a flexible thermal link was evaluated. It proved to be capable of removing
excessive Joule heating created at kHz-rated operational frequencies. Spin-down
measurements performed on two shafts showed that at higher rotational frequencies,
well above the resonance frequency of the rigid body, another mechanism of
AC loss is present which cannot be explained by the Bean critical state model.
At higher rotational frequencies, although hysteresis loss still exists, AC losses
are mainly dominated by an eddy-current-like mechanism and are dependent on
rotational frequency, which can be explained by nonlinear magnetic diffusion in

high temperature superconductors.



Conclusion & Future Work

7.1 Conclusion

High-temperature superconducting bearings seem to be a potential solution to
speed limits imposed by conventional bearings in rotating machinery. Although
SMBs have significant advantages over mechanical bearings, there are some issues
that should be addressed, among which the relaxation of levitation force and AC

loss mechanisms are of great importance.

7.1.1 Levitation Force Decay

Levitation force decay measurements allow the nonlinear E-J characteristics to
be identified in HTS bulks non-destructively. This non-destructive method was
developed by linking a FE model of levitation force with a simple flux creep model,
allowing the superconducting critical current and flux creep exponent (n) to be
extracted from a physical measurement of levitation force. The deviation between
the actual and extracted n-indexes was found to be a function of the amount of
field penetration experienced by the superconductor. This technique was applied
to a disc-shaped thrust SMB and a flux creep exponent between 40 and 60 for
the HTS bulk was obtained. The same non-destructive method was applied to
estimate the n-index in a trapezoidal toroid-shaped SMB, which resulted in an
n-index of 40 for the HTS assembly in this configuration. The results, however,
appeared to be affected by temperature dependence of the PM magnetization and

the semi-isothermal condition in bearings.

7.1.2 Application of FBG Sensors in SMBs

The temperature of the top surface of an HTS bulk in cryo-cooled SMBs may be
different to the temperature of the cold head, due to thermal resistance and time
constant between the HTS bulk and the cold head. Measuring the temperature
of the HTS surface facing a rotating PM with conventional sensors is challenging
due to limited mounting space, electromagnetic interference, and poor thermal

insulation of electronic sensors. In this thesis, FBG sensors were implemented
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in an actual SMB environment as a solution to overcome the issues imposed by
electronic sensors for temperature and strain measurement. Levitation force decay
measurements were performed on a dry cryo-cooled SMB, and the temperature
of the top surface of the HTS bulk was successfully measured by an FBG sensor
during the decay experiments. Furthermore, a flux-pinning-induced tensile stress
was detected by FBG sensors during levitation force decay measurements. The
results, however, appeared to be sensitive to the sensor bonding method.
These studies were conducted to address the first research goal:
Developing a non-destructive method based on levitation force relaxation mechanism

to estimate HTS assembly parameters in SMBs.

7.1.3 AC loss

AC losses in SMBs are said to be generated by magnetic field inhomogeneity.
Analytical models based on the Bean model show that the hysteresis loss in HTS
bulks is proportional to the cube of magnetic field inhomogeneity. However, in these
models, neither the frequency of magnetic field in one complete rotation nor the
distribution of AC loss over the bearing surface is taken into account. Furthermore,
the relationship between AC losses and magnetic field inhomogeneity in an actual
SMB environment has not been explored experimentally. A new analytical model
was proposed in this thesis which takes both magnetic field periodicity and AC loss
distribution into account. Performing spin-down measurements with magnets
of different levels of inhomogeneity tested the new analytical expressions. A
relationship between magnetic field inhomogeneity and the dynamic behaviour
of the superconducting bearing was also revealed in the spin-down measurements
results. The resonance region widens and the resonance frequency of the bearing,
and hence the bearing stiffness, decreases with inhomogeneity. This should be
considered when designing SMBs for real applications. The experiments performed
in chapter 5 were the most challenging in this thesis. This chapter was devoted to
the second research goal:

Investigating the AC loss and its relation with magnetic field inhomogeneity in

actual SMB conditions.

7.1.4 High-speed Application of SMBs

The principle of application of high-temperature SMBs for high-speed motors/generators
was proved by designing, building, and testing a high-speed experimental rig. The

frequency dependence of AC losses in SMBs was studied in a motor/generator
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prototype. This prototype is believed to be the fastest superconducting bearing
made in New Zealand. A rotational speed of 90000 rpm was maintained for a
shaft of about 28 g mass with an input power of 3.24 W. Spin-down measurements
showed that a frequency-dependent term appears in deceleration rate vs rotational
frequency graphs. This means that at high rotational frequencies, an eddy-current-
like mechanism exists as well as hysteresis loss. However, this eddy-current-like loss
mechanism becomes dominant and it initially increases with rotational frequency,
then decreases again, which can be explained by the nonlinear magnetic diffusion
theory in high-temperature superconductors. The cryogenic performance of a flexible
thermal link was also evaluated. It proved to be capable of removing excessive
Joule heating created at kHz-rated operational frequencies.

The experimental rig built for these experiments was the most promising in
this thesis since it demonstrates the engineering capabilities of Paihau-Robinson
Research Institute for an ongoing technological project in New Zealand. Chapter 6
of this thesis was devoted to the third research goal:

Designing, building, and testing a high-speed motor/generator demonstration in
order to prove the principle and to develop our capabilities of manufacturing SMBs

that can meet our project requirements.

7.2 Future Work

The following paragraphs outline the questions that were raised during the course
of this thesis, yet not studied due to the limited time. I hope these questions, as
well as those covered in this thesis, inspire other researchers to follow the work
done in this thesis and to investigate the unaddressed problems.

In chapter 4, the flux creep exponent (n-index) was estimated from levitation
force relaxation in a high-temperature SMB. In this method, the classic Kim-
Anderson model was used. Although being evaluated in many high-temperature
relaxation experiments, including this thesis, the Kim-Anderson model was for-
mulated for low-temperature superconductors. More detailed models have been
formulated to describe relaxation in high-temperature superconductors. A potential
future study can employ these models to study levitation force decay and to estimate
decay parameters. All levitation decay experiments reported in this thesis were
performed at a constant temperature of 77 K. The impact of temperature on
the non-destructive method explained in chapter 4, can improve the applicability

and the accuracy of this method.
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The application of FBG sensors in SMBs for temperature and strain measure-
ments was studied during levitation force decay experiments. Considering the main
advantages of FBGs over conventional electronic sensors, FBGs can be employed
in dynamic high-speed measurements, and can become a useful tool to monitor
temperature and strain on HTS bulk surfaces in practical SMB applications. The
flux-pinning-induced strain distribution was measured at a constant temperature
and velocity. The impact of temperature and velocity on flux-pinning-induced
strain can be studied in the future.

Chapter 5 covered the relationship between magnetic field inhomogeneity and
AC losses as well as the impact of inhomogeneity on the stiffness of the SMB.
The main challenge in performing spin-down measurements was to engineer the
experimental rig. As it was discussed, the PM coupling imposed a speed limit and
caused vibrations during the release process. More efficient coupling systems can
be designed in future allowing the loss mechanism and dynamic behaviour to be
studied more accurately and over a wider frequency range.

For practical SMB applications, where the rotor is an assembly of PMs, the
assembly with the lowest contribution to AC losses should be selected. Furthermore,
a figure of merit can be defined for the magnetic field trapped in the HTS
assembly. The inhomogeneity of the magnetic field trapped in the HTS assembly
also contributes to AC losses in a different way, which requires a different definition
of figure of merit.

In chapter 6 the rotational frequency dependence of AC losses was studied over
a wide rotational frequency range from a magnetic diffusion point of view. There
are only a few studies which have performed such high-speed measurements due
to the complexity of the design and operation at kHz-rated rotational frequencies.
The impact of temperature and magnetic field inhomogeneity on the frequency
at which the deceleration rate peaks appears to be of practical importance for

high-speed projects.
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Magnetic Field and Discrete Fourier
Analysis of Permanent Magnets

The following graphs are the magnetic fields of the PMs used in section 5.4 and
their associated discrete Fourier transform.
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Figure A.1: Left: magnetic field of PM1 measured azimuthaly over its surface with
r= 1 mm being the innermost radius. The radius of the magnet is 8.5 mm. The distance
between the Hall sensor and the magnet surface is 2.7 mm. Right: the discrete Fourier
transform of B — Bean-
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Figure A.2: Left: magnetic field of PM2 measured azimuthaly over its surface with
r= 1 mm being the innermost radius. The radius of the magnet is 8.5 mm. The distance
between the Hall sensor and the magnet surface is 2.7 mm. Right: the discrete Fourier
transform of B — Byean.
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Figure A.3: Left: magnetic field of PM3 measured azimuthaly over its surface with
r= 1 mm being the innermost radius. The radius of the magnet is 8.5 mm. The distance
between the Hall sensor and the magnet surface is 2.7 mm. Right: the discrete Fourier
transform of B — Bean.-
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Figure A.4: Left: magnetic field of PM4 measured azimuthaly over its surface with
r= 1 mm being the innermost radius. The radius of the magnet is 8.5 mm. The distance
between the Hall sensor and the magnet surface is 2.7 mm. Right: the discrete Fourier
transform of B — Bean-
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Figure A.5: Left: magnetic field of PM5 measured azimuthaly over its surface with
r= 1 mm being the innermost radius. The radius of the magnet is 8.5 mm. The distance
between the Hall sensor and the magnet surface is 2.7 mm. Right: the discrete Fourier
transform of B — Bpean-
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Figure A.6: Left: magnetic field of PM6 measured azimuthaly over its surface with
r= 1 mm being the innermost radius. The radius of the magnet is 8.5 mm. The distance
between the Hall sensor and the magnet surface is 2.7 mm. Right: the discrete Fourier
transform of B — Bean-
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