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Abstract

The application of superconductors has always fascinated engineers because of their
ability to provide very small resistive losses. Electric machines developed using
superconductors provide the advantage of lower volume, and higher efficiency compared

to conventional machines with similar specifications.

High temperature superconductors (HTS) display the property of superconductivity at
relatively higher temperatures compared to conventional superconductors. The use of
HTS in electric machines provides substantial benefits in terms of less energy spent on
refrigeration. In the field of computational electromagnetics, HTS in low frequency
devices pose a few unique challenges that demand different approaches from the existing
techniques applied in normal materials and conventional superconducting materials. This
dissertation investigates the properties of HTS and then attempts to address various issues

that arise while modeling and optimizing HTS based devices.

The high degree of non-linearity in HTS presents significant difficulty for a solution to
converge. This thesis models the behavior of HTS based low frequency examples, and
suggests an approach that improves the convergence and reduces the computation time.
In this effort, the successive substitution method and the Aitken approximation were used

to develop the proposed algorithm.

Subsequently, a multiphysics model of HTS based current leads was developed. To
analyze the magnetic field problem, a 2D technique was considered, and the analysis of
thermal behavior used a 3D approach. This study helped in determining the approach to
solve both types of field problems associated with current leads and coupling the two sets

of problems.

Computational approaches to solve HTS based problems are still in their infancy and
there is a shortage of data in this field. In order to generate more data, which could then

be used in optimization or modeling of HTS devices, this work examined statistical
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methods that could be applied in such scenarios. In this thesis, aspects such as sampling
methods of search space and methods to construct surrogates were researched; the use of
Latin hypercube sampling (LHS) and Generalized Regression Neural Network (GRNN)

are proposed.

This dissertation ultimately considers a real world example of HTS current leads to
address some of the challenges associated with them, specifically the reduction of heat
leakage, the material used and the AC loss. To achieve these three goals, multi-objective
optimization was considered and Differential Evolution (DE), a stochastic based
technique was used to achieve the optimization goals. This facet of the thesis establishes
the viability of stochastic methods to optimize systems with multiple goals to satisfy and
having HTS a highly non-linear material in them, along with the possible objective

functions and constraint relations.
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Résumé

L'application des supraconducteurs a toujours fasciné les ingénieurs en raison de leur
capacité de fournir de trés petites pertes résistives. Les Machines é€lectriques développées
en utilisant les supraconducteurs offrent 1'avantage de réduire le volume et une plus
grande efficacité par rapport aux machines traditionnelles avec des spécifications

similaires.

Les supraconducteurs a haute température (HTS) font prevue de propriété de
supraconductivité a des températures plus élevées compares aux supraconducteurs
conventionnels. L'utilisation de HTS dans les machines électriques offre des avantages
substantiels en termes de réduction d'énergie dépensée sur la réfrigération. Dans le
domaine du calcul de propogation electromagnétique du champ, HTS en appareils de
basse fréquence posent quelques défis uniques qui demandent différentes approches dés
techniques autre que celles existantes appliquées dans des conditions normales aux
matériaux classiques. Cette thése est consacrée a l'etude des propriétés de HTS et tente
ensuite de traiter de diverses questions relier a la modé¢lisation et l'optimisation

d’appareils de HTS.

Le haut degré de non-linéarités de HTS présente une difficulté significative pour qu une
solution converge. Cette these modele le comportement d'exemples HTS a basse
fréquence et suggere une approche qui améliore la convergence et réduit le temps de
calcul. Dans cet effort, la méthode de substitution successive et 'approximation Aitken

ont été utilisés pour développer 1'algorithme propose.

Par la suite, un modéle multiphysique de conducteurs HTS a été développé. Pour analyser
le probléme de champ magnétique, une technique 2D a été considérée et l'analyse de
conduite thermale a utilis¢ une approche 3D. Cette ¢étude a aidé a déterminer de
l'approche pour résoudre les deux types de problémes de champ associés au conducteurs

et I'couplage HTS.
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Les approches informatiques pour résoudre des problémes HTS sont encore dans
I'enfance et il ya un manque de données dans ce domaine. Afin de générer plus de
données, qui pourraient ensuite étre utilisés dans l'optimisation ou la modélisation de
dispositifs HTS, ce travail a examiné plusieurs méthodes statistiques qui pourraient étre
appliquées dans de tels scénarios. Dans cette thése, des methodes de sondage d'espace de
recherche et les méthodes de construction de substituts ont été¢ explorés; l'utilisation
d'échantillonnage d'hypercube latin (LHS) et la Régression Généralisée le Réseau

Neuronal (GRNN) est proposée.

Cette these consideére finalement un exemple du de monde réel conducteurs HTS méne
pour adresser certains des défis qui leur sont associés; en particulier la réduction de perte
de chaleur, les matériaux utilisés et les perte CA. Pour atteindre ces trois objectifs,
l'optimisation multi-objectif a été examiné et 1’évolution différentiel (DE), une technique
stochastique a été utilisée pour atteindre les objectifs d'optimisation. Cette facette de la
thése ¢établit la viabilité des méthodes stochastiques pour optimiser les systémes avec
plusieurs objectifs a satisfaire et qui contiennent des HTS, de matériaux fortement non

linéaires, avec possible fonctions objectifs et relations de contrainte.
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CHAPTER 1

1 Introduction

1.1 Motivation and Overview

Electric machines play a significant role in the modern era, whether it is their use in a dishwasher
or an entity as big as a ship, life without them is unimaginable. The electrical machine design
community has tried over the years, new designs and approaches to create machines that are
more efficient, have a high power density, and low noise. In this endeavor the phenomenon of
superconductivity provided a promising avenue, as materials exhibiting such behavior have zero
resistive loss for direct current (DC) and very small losses for alternating current (AC). In the
superconducting state, materials have the potential to allow the passage of high current density;
this in turn provides the possibilty of constructing machines, which have a lower volume, and

higher efficiency compared to a conventional machine with similar specifications.

Superconductivity was discovered by Heike Kamerlingh Onnes in the year 1911 [1], [2], [3] and
till the mid 80’s, the known materials that showed this property were usually metals such as
Mercury, or compounds of metals, kept at cryogenic temperatures. The high cost involved in
maintaining extremely low temperatures, usually close to absolute zero, to sustain the property of
superconductivity, has been the main reason behind the limited success of this technology in
electric machines. The quest to find new materials that could act as superconductors at higher

temperatures led to the discovery of High Temperature Superconductors (HTS) two decades ago.

The name HTS is self explanatory, it is a class of materials that attains the property of
superconductivity at higher temperatures, compared to the conventional metal based
superconductors. They could act as superconductors at temperatures as high as 135K, and are
composite materials, usually compounds of copper oxide and other elements. It is due to this
advantage of an operational temperature, which is achievable at a low price, that the potential use
of HTS materials is being explored actively, and they have made significant contributions. More
recently, HTS based machines have been used to drive the propellers of large ships and their

application in space exploration is also being investigated [4], [5], [6], [7]. Still their wide scale




use remains elusive because of the cost involved in manufacturing such materials, and their
usage in the design of machines is further complicated by the fact that the materials are brittle in
nature. In such a scenario, computer based simulations and models could play a crucial role for
the analysis and design of such machines. This would not only help in reducing cost, but also

facilitate a wider spread of research activity.

As discussed earlier, the superconducting property of HTS allows a large amount of current to
flow without any substantial resistance, which in turn could produce high magnetic fields. In the

construction of electric machines, the use of HTS provides the following advantages:

i.  High power density - The HTS field windings achieve higher magnetic field densities
than those of conventional machines, due to this there is significant reduction in the

weight and size, and substantial increase in the torque density [4], [8].

ii.  High efficiency — The machines have reduced rotor ohmic, iron, and windage losses due
to zero resistance. Even when the energy component spent on refrigeration is included for
efficiency calculations, the gains are in the region of 2% for generators , and as high as 4%

or more for motors [9], [10].

ii1.  Low noise — They have lower sound emissions than conventional machines because of

the absence of iron teeth .

iv.  Low synchronous reactance - HTS air-core (ironless rotor) machines provide greater

stiffness during transients [4], [8].

To build computational models of such devices, it is essential that the material properties are
investigated first and an accurate representation of the material behavior is prepared. The
crystalline nature of HTS materials, introduces a high degree of non-linearity in their magnetic
and electrical behavior (refer to Appendix B), and such nonlinearities introduce a major
challenge in the modeling of HTS materials. There are a number of representations that have

been used to describe the unique behavior of HTS materials, such as the Bean Critical State




(BCS), the E-J, and the Kim models, which involve high order mathematical functions. This, in
turn, results in numerical instability and also the computation time is considerable. Apart from
this, temperature too plays a crucial role; a slight variation above the critical value of the material

could make it lose its superconductivity.

The inherent complications associated with the HTS materials, as described, above get reflected
when they are used for constructing electric machines. The critical values, here being the current
and the electric field, are dependent on the temperature and the magnetic field. When conditions
cause the current, the magnetic field or the electric field to go beyond their critical limits, the
material begins to behave as a normal conductor, which in turn may result in damage to the
device. In addition to the physical complexity, computational models for such devices have
stability issues due to the nonlinearity, and field simulations require considerable time. In brief it
could be stated that HTS based systems present a multiphysics problem, in which the relation
between the field and the thermal behavior is further compounded due to the high degree of
nonlinearity. Under the conditions highlighted so far, the numerical modeling of HTS based
devices provides a significant scope for contribution and challenges, and it becomes imperative

to investigate how well computational techniques could be applied in this area.

1.2 Research contributions and objectives

The originality of this work lies mainly in the use of ideas present in other disciplines such as
Physics, Applied Mathematics, Statistics, and Optimization in the design of electromagnetic
devices and when a new material HTS (type Bi-2212) is present. This study considers Bi- 2212,
an example of the first generation of HTS technology because it has widely been investigated
over the years. The data and test cases involving Bi-2212 are relatively easy to find in the
literature compared to the new generation HTS, such as YBCO [1], apart from this, the general
behavior of conductivity and other material properties are similar in all the classes of HTS and
the ideas that are suggested in this thesis could be extended to them also. It should be
emphasized here that the second generation HTS materials provide both performance benefits in
terms of higher operating magnetic fields and temperatures, and also reduced cost. An attempt

has been made in this work to develop a simple implementation, which will help in the




generalization of the proposed concepts. The following, to the best of the author’s knowledge,

are the original contributions that this dissertation incorporates:

1l

1il.

1v.

Development of a methodology that uses an A-V based formulation and FEM to solve a
magnetic field problem involving HTS. The proposed algorithm applies successive
substitution and the Aitken method which provides improvement in the convergence of
field computation. A scenario that comprises HTS and ferromagnetic material is also
investigated to test the feasibility of the approach when materials having a non-linear
conductivity and a non-linear permeability are present in the problem environment.
Derivation and a comparative analysis of derivative free method of successive

substitution and the derivative based Newton Raphson method are presented.

Establishes a method that couples, two different problems in HTS based current leads, an
example of a multiphysics scenario that involves the determination of AC loss on one
hand and the estimation of the thermal field on the other. A 3D model is used to solve the
heat equation, and 2D approach to calculate AC loss that incorporates the effects of

magnetic field and temperature on critical current density.

Proposes possible objective functions and constraints that could be applied to reduce heat
leakage, the amount of HTS material used, and AC loss, these desirable attributes are
common to HTS based devices. This work considers the concepts in multi-objective

optimization (MOO) to address such issues and improve the performance of HTS devices.

Development of statistical based methods to deal with the problem of data scarcity that
persists in the field of HTS, such approaches could provide immense benefits because the
material is expensive, and also assist in device modelling and optimization. This work
investigates sampling techniques that could be used, and suggests the application of the
Latin Hypercube Sampling (LHS) method. Surrogate methods are reviewed, and the use
of Generalized Regression Neural Networks (GRNN) is proposed to generate a crude

HTS device representation, which is computationally less demanding. Differential




Evolution (DE), a stochastic based technique has been used for the first time in the field

of HTS device optimization and the benefits of DE are highlighted.

This dissertation will first attempt to simulate the behavior (magnetic and thermal) of systems
containing HTS material, and then try to optimize a simple HTS based device. In these efforts,
this thesis explores a number of subjects as mentioned earlier and in the process will make the
contributions highlighted above. The use of HTS to construct low frequency machines presents
few interesting challenges that are different when compared to electromagnetic devices involving
conventional materials and conventional superconductors. This work demonstrates the potential
of computational electromagnetics to deal with them , and it will also describe the methods that

could be applied in such scenarios.

1.3 Thesis outline

This dissertation is divided into five chapters. In this chapter, the High Temperature
Superconducting (HTS) material is introduced by presenting the unique properties of HTS and
the advantages such materials have over conventional superconductors. The present chapter also
highlights the benefits the use of HTS provides in the construction of low frequency devices, and
the difficulties such materials pose in developing computational models. The reasons behind
exploring the field of computational approaches in HTS are then discussed, they form the basis

for this research work, and the thesis contributions are outlined.

In the next chapter, a brief introduction has been included that highlights the progress made in
the field of superconductivity, and also the major successes achieved in recent years in the field
of HTS based engineering. This chapter further goes into the details of magnetic field, thermal
field and structural behavior of HTS and discusses the necessary physics involved. The ideas
mentioned in this chapter form the foundation for the numerical modeling of HTS material which

is dealt in the following chapter.

In Chapter three, finite element method (FEM) and A-V formulation is used to determine the AC
loss. To implement temporal discretization FDM was considered. A comparison between the

mathematical treatment of the successive substitution method and the newton raphson technique




in such a scenario involving HTS has been provided. This work proposes an algorithm that
considers successive substitution methods to construct the solvers for HTS materials, and in
order to improve the convergence, the use of Aitken method has been suggested. Simulations
that use the new algorithm to solve HTS problems are executed and the results are validated.
Apart from this, an example that involves both HTS and ferromagnetic material, iron, is
examined and the success of the algorithm is verified. This chapter further investigates the
approach that could be applied to solve a HTS based multiphysics problem. This work provides a
simple framework that considers 2D to solve the magnetic field problem and uses 3D to estimate
the thermal behavior and then couples the two problems. The outcome of this approach is tested

in the subsequent chapter.

Chapter four first describes HTS based current leads and the mechanism behind their operation.
It then describes the possible actions that could be considered to improve the performance of the
leads and reduce the cost of manufacturing them, by defining the necessary objective functions
and constraints. In this work, multi objective optimization is investigated and the manner in
which it could be applied in the present scenario is examined. This chapter also probes the
sampling techniques that could be considered in the present optimization process, and identifies
the Latin hypercube method as a suitable approach. In order to generate computationally less
expensive models of the HTS lead, the use of Generalized Regression Neural Network (GRNN)
is studied and the benefits of this approach are stressed. Subsequently, a stochastic method,
specifically Differential Evolution (DE), is examined. The advantages are highlighted and then
integrated into the proposed optimization framework to obtain the desired goals. Finally, this
chapter presents the optimized lead geometry when the optimization framework is applied to

HTS current lead problem.

The fifth and the final chapter summarizes and concludes this dissertation work. A few
suggestions in regards to further possible exploration of this research area have been included.

This chapter is followed by references and appendices.




CHAPTER 2

2 The High Temperature Superconductor

2.1 Introduction

The age of superconductivity in engineering was ushered in 1954, when the first superconducting
magnet was designed at the University of Illinois Urbana-Champaign. The next major
contribution in this field was again from the same university in 1957, when the Nobel Prize
winning theory of superconductivity was published. This theory introduced the well known
concept of Cooper pairs, the superconducting carriers described as two electrons with equal or
opposite spin and momentum [1]. In the year 1962, Brian D Josephson from Cambridge
University discovered a phenomenon unique to superconductors now known as the Josephson
effect, which earned him a Nobel Prize. This effect is the tunneling of superconducting current
through thin insulating layers separating two superconducting electrodes, which creates a phase
difference between electrons in the two electrodes resulting in a potential difference. The
Josephson effect forms the basis of the Superconducting quantum interference device popularly
known as the SQUID. Another engineering marvel that came into existence during the late 60°s
with notable success in Germany, and Japan was levitation technology in the form of maglev

vehicles, which uses the Meissner effect of superconductors [3].

The first commercial superconducting wire was manufactured in Westinghouse laboratories
using niobium and titanium (NbTi) an example of a low temperature superconductor (LTS) in
1962. The first few topologies of rotating machines that were successfully constructed using
NbTi in the 70’s included DC homopolar and AC synchronous machines [11]. The earliest
example of such a device was a SMW generator for the US Air Force constructed by
Westinghouse. The dawn of HTS technology could be attributed to Georg Bednorz and Alex K.
Mueller, the duo while working at IBM Zurich Research Laboratory discovered high temperature
superconductivity in 1986; the pair was awarded the Nobel Prize in Physics the next year. A
joint initiative undertaken by the American Electric Power Research Institute (EPRI) and

Reliance Electric Corp. led to the successful demonstrations of HTS based synchronous motors




in 1993; the two motors developed were of 2HP and SHP capacity [12]. A conceptual design for
a 100 MVA HTS based generator was provided by General Electric [13] in 1994 and
Westinghouse and American Superconductor Corp. (AMSC) further contributed to HTS
generator designs later. Over the years the use of HTS technology for electric machines has

evolved and it has grown to an extent where the development of more powerful devices is now

feasible [14].

Certain materials behave as superconductors when the temperature, magnetic field and current
density are below specific critical values; Fig 2.1 provides the critical surface in 3-dimensional
space involving the three. Under such a state, substances exhibit zero resistance and the
Meisnner effect. It should be highlighted here that in the Meisnner effect the magnetic flux is
always expelled and the field is zero inside the superconductor, whereas when a conductor is
cooled to a very low temperature below the critical value, the field always remains fixed and it
could have either zero or a nonzero value. To elaborate the second scenario further, when the
temperature of a conductor drops to a value less than the critical temperature and then a magnetic
field is applied, the flux does not enter the specimen and is excluded from its interior. On the
other hand, if a magnetic field is applied prior to the cooling of a conductor, and subsequently
the specimen is subjected to a temperature less than the critical value and then the external

magnetic field is removed, the flux inside the sample remains u