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Preface
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The main focus of the study is to assess the feasibility of using superconductors in a lin-
ear actuator. Throughout the period of 8 months various aspects of superconductivity were
investigated.

First, the theoretical background of superconductivity was researched. Second, the achiev-
able magnetic fields using commercially available superconducting bulk and superconducting
wire were determined. Third, the performance of a superconducting actuator and a reference
permanent magnet actuator were evaluated. Last the electromechanical, thermal and commer-
cial feasibility were determined.
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Abstract

High precision systems have an ever increasing demand on the throughput. To accommodate the
higher throughput demand the acceleration of the actuators must be increased. The acceleration
can either be increased by increasing the magnetic field at the armature or the armature current
density.

In this thesis the feasibility of using superconductors to generate a magnetic field in an actua-
tor is studied. The first objective of the thesis is to determine the achievable magnetic fields with
commercially available superconductors. Second a superconducting actuator and its cryostat are
designed. Finally the superconducting actuator is evaluated on its electromechanical, thermal
and commercial feasibility.

As approach to the first goal a method is developed to determine the maximum achievable
fields using the critical characteristics. For high (77 and 65 K) and low (20 and 4 K) temperatures
coil designs are made and the maximum achievable fields are determined. Additionally bulk
superconductors are also considered as magnets.

Several design options for the cryostat and actuator topologies are provided throughout this
thesis. The stator magnets, the armature and the cryostat of a superconducting linear actuator
are designed.

Provided a comparable high performance permanent magnet actuator the superconducting
linear actuator is evaluated electromechanically. The thermal load of the cryostat and the costs
of both actuators are also assessed.

For superconducting coils at 20 K, the magnetic field at the armature is increased with a
factor of 9. Furthermore the acceleration of the actuator is increased by a factor of 8.

A cryostat is designed which only envelops the superconducting magnets. The heat load is
calculated and compared to the available cooling power evaluating the thermal feasibility.

The cost of both the superconducting and the permanent magnet actuator is determined.
The price per performance ($ per N/kg) of superconducting coils is about a factor of 10 higher
than the cost per performance of permanent magnets.

It is found that superconductors can be feasible in linear actuators. However it is only
feasible for certain applications where high performance is the primary concern and the cost is
less important.
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Glossary

Anisotropic

Characteristics are directionally dependent

BCS theory

Theory on the electron-phonon interaction by
Bardeen, Schrieffer and Cooper

Coherence length

Length over which superconductive properties cannot
change

Cooper pair

A pair of electrons bound by a weak attractive force

Critical Temperature

Temperature after which a material loses its supercon-
ductive properties

Cryogen A liquid that boils at a temperature below 110 K
Cryostat A stable environment at cryogenic temperatures
FEM Finite Element Modeling

Fluxon Quantized amount of flux

GABCO Material consisting of Gadolinium, Barium, Copper

and Oxygen

High Temperature Superconductor

Superconductor not sufficiently described by the BCS
theory

Liquefaction

Proces of condensation of a gas

Low Temperature Superconductor

Superconductor sufficiently described by the BCS the-
ory

Nb3Sn Material consisting of Niobium and Tin

NbTi Material consisting of Niobium and Titanium

Perfect Conductor Material without resistivity

Quench The loss of superconductive properties

SmBCO Material consisting of Samarium, Barium, Copper and
Oxygen

TFM Trapped field magnet

YBCO Material consisting of Yttrium, Barium, Copper and
Oxygen
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Chapter 1

Introduction

Contents
1.1 Motivation . . . . . . ¢ o i i i i i ittt e e e e e e e e e e e e e e
1.2 Thesisscopeandgoals .. ... ..................0.... 3
1.3 Layout of thethesis . . ... ... ... .. ...

This chapter focuses on the background of the thesis. First the motivation of researching su-
perconductivity is explained in section 1.1. Second the scope and the goals of the thesis are
explained in section 1.2. Last the layout of the thesis is discussed in section 1.3.

1.1 Motivation

Linear actuators are used for many applications in present time. A linear actuator, in contrast
to a rotational actuator, creates a motion in a straight line.

Currently Philips Innovation Services’” Mechatronics Technologies department designs high
precision linear synchronous machines for assembly equipment, wafer scanners, inspection equip-
ment and many other applications.

These high precision system stages mostly use multiple stages to keep the accuracy high while
the acceleration requirements increase. Long- and short-stroke linear actuators are utilized to
achieve high precision. These actuators can either be planar or linear motors. An example of a
high precision stage is shown in Figure 1.1.

Figure 1.1: Planar actuator implemented in an ASML lithography machine
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CHAPTER 1. INTRODUCTION

The stator in a linear synchronous machine consists of either a one-sided or two-sided plate
with permanent magnets. This configuration can also make use of a back iron or a Halbach
magnet array to further enhance the magnetic field.

The mover in this application consists of a three-phase armature. The armature windings
are generally concentrated copper (or aluminum) windings.

The acceleration requirements of the linear actuators continually rise with a higher through-
put demand of high precision systems. By Newtons second law the acceleration is proportional
to the force density (N/kg) or equivalently, for a fixed armature design, the force.

The force generated in these linear actuators can, in general, be simplified to be dependent
on both the field generated by the stator and the current flowing in the armature. Consequently
the force can be approximated by Equation 1.1.

F ~ KpBal, (1.1)

Where K,, is a machine constant, B, is the magnetic field at the armature and I, is the current
flowing in the armature.

From Equation 1.1 it becomes clear the performance of the linear actuator can be increased
either by increasing the current in the armature or the field generated by the magnets.

The maximum current that can flow through the copper armature windings is heavily de-
pendent on the cooling of these windings. In the armature heat is generated by resistive losses
(Joule heating). This heat needs to be transported elsewhere to prevent the armature from
overheating and eventually melting. Generally water is used to cool the copper windings. Using
an extensive water cooling system a maximum current density of 50 A/mm? can be achieved in
copper armatures.

Employing permanent magnets in the stator severely limits the maximum magnetic field
achievable at the armature. The maximum field achievable at the surface of a permanent mag-
net usually lies around 1.5 T. Mainly due to the air gap the maximum field achievable at the
armature is realistically around 0.7 T.

With current technology the limitations are reached for the current density in copper and the
magnetic field generated by permanent magnets. Possible successors of these technologies are
superconductors. The main merits of superconductors are that they have virtually no resistance
and can carry high current densities.

In the armature superconductors may provide means to increase the maximum achievable
armature current. The superconductors can also be used to generate a magnetic field. Therefore
the feasibility of the employment of superconductors in a linear actuator is investigated.
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1.2. THESIS SCOPE AND GOALS

1.2 Thesis scope and goals

The previous section explained the motivation to study the feasibility of using superconductors
in linear actuators.

To fully understand superconductors and thoroughly design an actuator using superconduc-
tivity extensive knowledge of physics, thermal engineering and mechanical engineering is required.
The time and resources to acquire this knowledge is very limited however. Therefore it is impor-
tant to define a clear scope and clear goals of the thesis.

The scope of the thesis is limited on three aspects of designing a superconducting linear
actuator.

First, AC operation of superconductors is not considered. AC operation of supercon-
ductors differs greatly of the DC operation. When a superconductor carries a DC current no loss
mechanisms are present in the superconductor. However when a superconductor carries an AC
current a loss mechanism exists (similar to the hysteresis losses in iron). The analysis of this loss
mechanism can be very extensive and is therefore be disregarded.

Superconductors can either be used in the armature or be used to generate magnetic fields.
The scope of the thesis is however limited to the DC operation of superconductors. Therefore
the use of superconductors in the armature is not considered.

Second, extensive mechanical and thermal calculations are omitted. A complete de-
sign of an actuator using any form of superconductors requires extensive thermal and mechanical
engineering. The scope of the thesis however does not envelop the thermal and mechanical part
of the design process.

An electromechanical design is made. Additionally the thermal feasibility of the actuator is
investigated. However the extensive calculations necessary to evaluate mechanical strengths and
local temperatures in the actuator are not done.

Third, several specifications for the linear actuator are given. The stroke length of
the actuator is chosen to be 40 cm.

Additionally the most important specification of the actuator is the force density (N/kg).
The often used steepness parameter (N?/W) is less important in this case, as power efficiency is
less crucial. The force density is determined by dividing the force of the armature by the mass
of the armature copper. The mass of an actual mover is about 5 to 6 times higher. However the
total mass of the mover is irrelevant as the superconducting actuator is evaluated by comparing
it to a high performance permanent magnet actuator with a similar mover.

Moreover the weight and volume of the stator are considered unimportant as these do not
influence the force density.

The maximum current density in the armature coils is assumed to be 50 A/mm?. This cur-
rent density is reasonable for an extensively water cooled copper armature.

The goals of the thesis can be split up in three separate parts:

e Determine the achievable magnetic fields with commercially available superconductors.

e Make a basic design of a superconducting linear actuator including the magnets, armature
and cryostat.

e Evaluate the electromechanical, thermal and commercial feasibility of the designed super-
conducting linear actuator.
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CHAPTER 1. INTRODUCTION

1.3 Layout of the thesis

The previous section discussed the scope and the goals of the thesis. In this section the several
chapters and their contents are enumerated.

Chapter 2 - The thesis first discusses the history of superconductivity and the history of the
extraction of helium. The discovery of superconductivity and the history of the various theories
regarding superconductivity are discussed.

Chapter 3 - In Chapter 3 the theory necessary to understand the several aspects of super-
conductivity is reviewed. The theoretical physics background is discussed. Furthermore the
characteristics, their implications and the classification of superconductors are explained.

Chapter 4 - Chapter 4 discusses the maximum achievable fields at high temperature (77 and 65
K). Coil and trapped field (bulk) magnets are considered. The achievable magnetic field inside
and outside these magnets are determined.

Chapter 5 - Again the maximum achievable fields are determined in Chapter 5 but now at low
temperatures (4 and 20 K). In this chapter the maximum achievable field inside and outside coil
magnets are calculated.

Chapter 6 - In Chapter 6 the several thermal aspects of the cryostat are discussed. The equa-
tions to calculate the heat load for a cryostat are reviewed. Additionally several cryostat systems
are considered.

Chapter 7 - Chapter 7 discusses several possible linear actuator topologies. Conventional and
unconventional machines are discussed.

Chapter 8 - A basic design is made for a superconducting linear actuator in Chapter 8. Several
design choices are made with respect to topology, magnet, cryostat and operating conditions.
Additionally a superconducting coil magnet and an armature is designed.

Chapter 9 - Chapter 9 analyzes the designed superconducting linear actuator in accordance
to electromechanical performance, thermal feasibility and cost. Moreover a high performance
permanent magnet machine is introduced as reference.

Chapter 10 - In Chapter 10 the results of the thesis are recapped and recommendations are
given for future research.

Appendix A - The first Appendix of the thesis contains the Opera2D FEM models used for the
several computations in the thesis. Additionally the field distribution are shown for some models.

Appendix B - Appendix B contains a paper written using the thesis as a basis. This paper can
be freely published when the confidentiality embargo has been lifted.
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Chapter 2
History of superconductivity

Contents
2.1 Liquefaction of helium .. ... ... .............0..0.0.. 5
2.2 Discovery of superconductivity . . . . v v v v i ittt e et e e e e 6
2.3 Superconductivity theories history . . . . . . ... ... 8

Before going into technical details in Chapter 3 and onwards it is important to outline the history
of superconductivity theories.

Section 2.1 first discusses the discovery and production of liquid helium in the early days of
cryogenics. After this the discovery and history of superconductivity are reviewed in sections 2.2
and 2.3 respectively.

2.1 Liquefaction of helium

The liquefaction of helium starts at Heike Kamerlingh Onnes in Leiden. When Onnes was
appointed as professor at the University of Leiden in 1882 he urged the board of governors to
renovate the physics laboratorium to be able to keep up with other universities (and fit to his
personal research agenda). During the following years many important discoveries in cryogenics
were made such as the production of liquid oxygen (1892) and the discovery of helium (1895).

Working to prove the theory of his compatriot J.D. van der Waals by measuring 'permanent’
gasses over a wide range of temperatures Onnes used his new (cryogenics) laboratorium, which
consisted of mostly home brew equipment, to successfully liquefy helium in 1908. He did so using
a Joule-Thompson expansion of the helium after it was precooled by liquid hydrogen.

At this time the procurement of helium itself was quite complicated and time-consuming.
Helium could only be obtained by isolating it from monazite sand. For the extraction of one
cubic meter of helium gas one ton of monazite sand was necessary. This complication was wors-
ened by the fact that this sand was only readily available in America. In 1909 an alternative
had presented itself to Onnes when the Welsbach firm offered him a trade. The company pro-
duced thorianite mantles for gas lamps for which they processed large quantities of thorianite
also producing helium as a waste product (thorianite contains a small amount of helium). In
return for flasks of helium Onnes would send the monazite sand waste (still containing thorium)
which would otherwise be discarded. [1, 2, 3, 4]

At present time helium is mainly extracted from natural gas using fractional distillation
which enables semi-large scale use. The helium extraction takes place in three stages namely
the removal of large impurities, extraction of high-molecular-weight hydrocarbons and finally
cryogenic processing after which crude helium (50-70%) is obtained. It is also possible to extract
helium from the atmosphere although this is often not economically viable. [5]
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CHAPTER 2. HISTORY OF SUPERCONDUCTIVITY

2.2 Discovery of superconductivity

Due to the progress made by Onnes temperatures as low as 1 K were available for various research
areas. Heike Kamerlingh Onnes himself was studying the resistance of metals at temperatures
nearing 0 K. On this topic different theories emerged. Kelvin believed that the electrons would
freeze in place and no conduction could take place (leading to infinite resistivity). Matthiessen
thought that the resistance would eventually decline to a certain value depending on the impurity
of the sample. Dewar on the other hand believed the decline of resistivity would continue
eventually leading up to zero resistivity. [1, 2] The three theories are illustrated in Figure 2.1.

Resistivity

- 7

_Mgtt—hi;ssen e
7
7

7
7 Dewar

7
7
7

Temperature

Figure 2.1: Theories on resistance at temperatures near 0 K

Onnes set out to measure samples of gold and silver. The results of these measurements were
in favor of Matthiessens theory, the resistance remained constant after a certain temperature. As
Onnes was keen on studying even purer metals and his research team had considerable experience
purifying mercury their next experiment involved distilled mercury. [2]

During the purified mercury experiment Onnes wrote in his notebook 'kwik nagenoeg nul’ [6]
meaning mercury nearly zero. Further experiments resulted in the graph shown in Figure 2.2.
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Figure 2.2: Resistance of mercury nearing 0 K [7]
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2.2. DISCOVERY OF SUPERCONDUCTIVITY

The results of the experiments had proved the existence of superconductivity, a state where
the resistance is zero. More interestingly the transition from the resistive to the superconductive
state is not gradual but abrupt as the material is cooled down below a certain ’critical’ temper-
ature as seen in Figure 2.2. Onnes proved shortly after that impure mercury exhibits the same
characteristics implying none of his colleagues’ theories were correct.

Soon the desire to use superconductivity to obtain strong magnetic fields emerged. Onnes
quickly encountered that a relatively low magnetic field would 'quench’ (extinguish) the super-
conductive properties of the sample. [2]

It was not until 1933 that significant progress was made in the field of superconductivity.
Meissner and Ochsenfeld reported superconducting materials having an additional characteristic
besides the zero resistivity. Superconducting material exhibits, what would later be called 'the
Meissner effect’, an expulsion of magnetic field. The Meissner effect is shown in Figure 2.3.

According to Meissner applying sufficient magnetic field forces the magnetic field to re-enter
the sample cancelling superconductive properties, much like the results of Onnes. Furthermore,
decreasing the field subsequently results in a reinstatement of the superconductive properties
implying a thermodynamic equilibrium. [§]
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Figure 2.3: The expulsion of magnetic field below the critical temperature
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CHAPTER 2. HISTORY OF SUPERCONDUCTIVITY

2.3 Superconductivity theories history

In 1934 F. London described, with his brother H. London, the electrodynamics of superconduc-
tivity in an attempt understand the Meissner effect. Later, in 1938, F. London was the first to
propose that superconductivity had correlations with a Bose-Einstein condensation. In 1950 he
described the phenomenon in his pair of books explaining the relation between magnetic field
and the current in superconductors (Unlike Ohm’s law relating the current to the electric field).

According to F. London current flowing in a superconductor flows in an outer shell that
effectively screens any magnetic field. Due to this effect the current density and magnetic field
decay over a short depth inside the superconductor as shown in Figure 2.4. This would later be
known as the 'London penetration depth A’. [9]

In the same year F. London published his books Ginzburg and Landau published their theory
which largely explained macroscopic properties of superconductors and would lead to Abrikosov
predicting the existence of two types of superconductors (now known as type I and type II).

Not long after, Bardeen and Schrieffer argued their microscopic theories on the Meissner effect
and paired electrons respectively. In collaboration with Schrieffer they combined and published
their theories in 1957 which would later be known as 'the BCS theory’.

According to the BCS theory, when the temperature is sufficiently low, electrons form Cooper
pairs (by lattice phonon interaction) and condense into a Bose-Einstein condensate (The topic
of Cooper pairs is elaborated in Chapter 3). [10]

The formation of Cooper pairs was not deemed possible at temperatures above 30 K until
Bednorz and Miiller published their discovery of (high temperature) superconductivity at 35 K
in 1986. The discovery questioned the validity of the BCS theory (for these ’high temperature
superconductors’) as lattice phonon interactions are believed to be overcome by thermal lattice
vibrations at temperatures above 30 K. [11]

The search for an alternative mechanism causing the formation of Cooper pairs began. Ever
since many theories have arisen yet none have been proved. ..
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Figure 2.4: Magnetic field inside a superconductor
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Chapter 3
Superconductivity theory
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Chapter 2 presented several concepts and theories of superconductivity and their respective
discoveries. This chapter discusses the theory necessary to comprehend the limitations and the
design of the superconducting linear machine in the following chapters.

First the origin of superconductivity is discussed in detail in section 3.1. Second basic charac-
teristics of superconductors are reviewed in section 3.2. Subsequently the different classifications
and the critical characteristics of superconductors are considered in sections 3.3 and 3.4 respec-
tively. Last different superconductive materials are discussed in section 3.5.

3.1 Superconductivity physics

This section discusses the theoretical physics behind superconductivity. If this background poses
no interest to the reader this section can be skipped. The basic characteristics are reviewed in
section 3.2.

The origin of the characteristics of superconductivity can only be explained by describing
superconductivity both microscopically and macroscopically. The BCS theory is used to de-
scribe the superconductivity phenomenon on microscopic scale while the macroscopic behavior
is described by starting with the London equations.
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CHAPTER 3. SUPERCONDUCTIVITY THEORY

3.1.1 Microscopic physics

The equations of Bardeen, Schrieffer and Cooper are beyond the scope and necessity of this study
and thus their theory are only conceptually evaluated.

Essential for the properties of superconductivity is the formation of so called Cooper pairs.
These Cooper pairs are formed when two electrons are mutually attracted by a weak force at
low temperatures. [13]

In conventional (LTS) superconductors the attractive force between the electrons is caused by
electron-phonon interaction. This interaction can be explained by an electron moving through a
lattice as shown in Figure 3.1. The electron attracts the local positively charged ions deforming
the lattice creating a local concentration of positive charge. The local concentration of positive
charge attracts another electron and if this attraction is not overcome by thermal lattice vibration
(at temperatures below the so called critical temperature) or Coulomb repulsion a Cooper pair
is formed. [13, 14]

In unconventional (HTS) superconductors the attraction is said to be caused by magnetic
interaction or one of the many other possible mechanisms but none have been proved. [15]

Figure 3.1: Electron interaction with a lattice

The average maximum distance between the electrons of a Cooper pair is called the coherence
length and is denoted by &. The coherence length can also be seen as the length long enough so
the Coulomb repulsion has sufficiently been screened but still small enough for phonon interaction
to facilitate the formation of a Cooper pair. [14]

Care must be given to not address the Cooper pairs as two mutually exclusive paired elec-
trons. Electrons go in and out of the bound states and pair with other electrons.

Electrons in a Cooper pair have a spin of 1/2 or -1/2. Consequently a Cooper pair has a spin
of 0,1 or -1 (depending on the pairing mechanism). As Cooper pairs have integer spin they are
Bose particles (quasi-bosons) which do not obey the Pauli exclusion principle. Consequently
these Cooper pairs condense into a Bose-Einstein condensate possessing a wave function with
identical phase for all pairs (phase coherence). [15]

The coherence of the pairs results in a resilience to split even a single Cooper pair of the con-
densate. This leads to a finite amount of energy required to break up one pair of the condensate.
The required energy at 0 K is given by:

2A(0) = 3.5kpT, (3.1)
Where kp is the Boltzmann constant and 7 is the critical temperature. [10, 14, 15]
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3.1. SUPERCONDUCTIVITY PHYSICS

Resistance in normal metals is caused by scattering of the electrons which happens at any
infinitesimal small amount of energy. But as the electrons in a superconductor are bound in a
Cooper pair they cannot be scattered unless the energy is higher than the energy gap 2A(0)
removing them from the condensate and breaking the pair. It was already discussed that at
sufficient low temperatures the thermal scattering energy due to lattice vibration is insufficient
to break a Cooper pair. As there are no other scattering mechanisms able to break a Cooper
pair this leads to the zero resistivity of a superconductor. [14]

3.1.2 Macroscopic physics [9, 15]

The origin of the Bose-Einstein condensate and consequently the phase coherence and zero resis-
tiv